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Introduction

Since their discovery more than a hundred years ago, much has been found out
about the class of RR Lyrae stars. Nowadays we know about their evolutionary
stage, we can estimate their age, we know their source of energy, the structure of
their interior, and the mechanism that causes their pulsation. Evolutionary models
can calculate their probable evolution in the future, and with hydrodynamical
models it is possible for theorists to reproduce their light and velocity curves. RR
Lyrae stars have also served as important tools in many astrophysical fields, from
distance determination based on their known absolute magnitude and their period-
luminosity-color relation to tracing the chemical history of our Galaxy through
abundance analysis of those old objects.

There are, however, still some crucial unsolved questions that need to be an-
swered. Without the answer to these, one cannot claim that we truly understand
these important astrophysical objects. The most intriguing one among the unsolved
puzzles is the so-called Blazhko effect – a phenomenon that affects a very large
fraction of the fundamental mode RR Lyrae stars and manifests itself as a modu-
lation of the pulsation amplitude and/or phase on timescales of weeks or months.
The percentage of stars known to be affected by this phenomenon has been in-
creasing continuously with the availability of increasingly precise photometry, from
20-30% estimated by Szeidl (1988) to around 50% after dedicated ground-based
surveys had been conducted (Jurcsik et al. 2009) and when satellite data became
available (Benkő et al. 2010).

It is not only the frequency of occurrence of this effect that makes it so im-
portant, but it is also its strength that makes it impossible to dismiss. There are
stars in which the modulation decreases the amplitude of the pulsation to its half,
and for one case, during the minimum of the modulation, the pulsation is even
barely recognizable as that of an RR Lyrae star. An effect of this strength needs
an explanation before we can say that we understand stellar pulsation.

Through their evolutionary stage, RR Lyrae stars also connect to other im-
portant types of stars. During their main sequence life time, they most probably
had masses similar to (and slightly less than) the sun, and there is a small chance
that the sun itself evolves into an RR Lyrae star, provided that the mass loss is
large enough. After their main sequence life, they evolve up the red giant branch,
becoming similar to those objects which are at the moment studied intensely with
the help of asteroseismology through their stochastic oscillations. Only after they
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2 INTRODUCTION

have lived through all those stages of evolution, they will finally experience the
helium flash and settle on the horizontal branch. Provided they will then have the
correct combination of mass and metallicity, they might then end up between the
borders of the instability strip and commence pulsations as new-born RR Lyrae
stars.

Satellites have now enormously improved our possibilities to study the Blazhko
effect, and the CoRoT and Kepler missions have initiated a golden age of variable
star research. While the best ground-based photometry usually had a precision of a
few millimagnitudes, the space photometry suddenly supplied asteroseismologists
with data sets with an unbelievable precision in the micromagnitude range, making
it possible to observe details that had remained hidden during the century of RR
Lyrae observations that preceded the space age.

But it was not only the precision that made those data sets so valuable, it was
also the length of the time base of the observations, as well as the uninterrupted
sequences of measurements. Unlike ground-based data, space photometry is not
interrupted by gaps caused by bad weather, daylight, or seasons in which the star
is not visible. For Blazhko RR Lyrae stars this meant that for the first time, contin-
uous measurements over several modulation cycles became available which allowed
to study long-term effects, and provided an unprecedented frequency resolution.
Detailed studies of two very peculiar Blazhko stars observed by the CoRoT and
Kepler satellites, respectively, making use of continuous data sets covering several
subsequent cycles are presented in Section 3 of this thesis.

In addition to the long-term stability of the Blazhko effect, another question
could be tackled with the help of satellite data, namely whether additional pulsa-
tion modes beyond the classical radial pulsations are present in RR Lyrae stars.
Overtone (so-called RRc stars) and double mode pulsators (RRd stars) had been
known for decades. Other pulsation features, especially non-radial modes had not
been unambiguously found in ground-based data, even though they were predicted
by theory (e.g, Cox 1993; Van Hoolst et al. 1998), and their existence would be
plausible. There was a time when the peaks in the frequency spectrum caused by
the Blazhko effect were suspected to be non-radial modes, with the other compo-
nents of the multiplets being combination frequencies of those. This approach is
mathematically still widely used in the Fourier analysis of Blazhko RR Lyraes. The
highest multiplet component is then considered an independent frequency, and the
other peaks are fixed to the frequency values of calculated combinations.

While this is a mathematically valid method of fitting the light curve, the
presence of those peaks in the Fourier spectrum is by itself no proof that those
frequencies are indeed pulsation modes inside the star. In spite of some claims
(Olech et al. 1999, for example assumed those multiplet peaks were non-radial
modes), no confirmed detection of non-radial modes had been made before the
space age. Gruberbauer et al. (2007) were the first to unambiguously find non-
radial modes in the RRd star AQ Leo observed with data from the MOST satellite.
This was the first thorough study of the pulsation of an RR Lyrae star with space
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photometry. Unfortunately, AQ Leo remained the only RR Lyrae star observed by
MOST so far, so the community had to wait for CoRoT and Kepler to continue to
use the extremely high precision of space photometry for the study of RR Lyraes.
In this thesis, I present a detailed analyses of two stars observed from space which
show a zoo of additional frequencies well away from the classical multiplet typical
for modulated stars.

But new insight is not only gained from satellite data, also from the ground
it was possible to obtain measurements that in this form had not been available
previously for RR Lyrae stars, and which help to study the nature of the Blazhko
effect. For example, the question about the cause for the Blazhko effect was closely
related to the question whether RR Lyrae stars in general (and Blazhko stars in
particular) have strong magnetic fields. Among many other models (which will
be discussed in more detail in Section 1.5), one very promising explanation for
the Blazhko effect suggested a strong dipole magnetic field as the cause for the
modulation, similar to the mechanism that has been proposed as an explanation
of the behaviour of the group of rapidly oscillating Ap (roAp) stars.

Such a field would introduce a non-radial component to the pulsation. Assum-
ing that the magnetic field is then inclined to the rotation axis, one would observe
a modulation with the period of the rotation. Of course, magnetic fields can be
measured through spectropolarimetry, but the history of magnetic field measure-
ments in RR Lyrae has been controversial with several detections as well as non-
detections reported in the literature. Also for a long time, the measurements were
restricted to the brightest member of the class, RR Lyrae itself. Only a few years
ago (at the starting point of this thesis), Kolenberg & Bagnulo (2009) extended
the measurements to a larger sample of stars using low-resolution spectroscopy.
In this thesis, we use high-resolution spectroscopy instead, extending the sample
and verifying that the low resolution was not the reason for the non-detections
of Kolenberg & Bagnulo (2009), and ultimately exclude the magnetic model as a
cause for the Blazhko effect.

The thesis is structured as follows: the introductory Chapter 1 provides infor-
mation on the basic characteristics of RR Lyrae stars, their evolutionary path,
the previous knowledge about the Blazhko effect, both from photometry and from
spectroscopy, and the models trying to explain the phenomenon. Some results ob-
tained with the help of high-resolution ground-based data can be found in Chap-
ter 2, in which I present magnetic field measurements of RR Lyrae stars. It is
followed by the analysis of the satellite photometry in which I describe how the
space observations changed our view of the Blazhko effect as a simple and periodic
phenomenon, and present the findings on irregular modulations and additional
frequencies in two Blazhko stars observed by CoRoT and Kepler , respectively
(Chapter 3). Chapter 4 describes the analysis of the spectral line bisectors of the
prototype RR Lyrae, which was used to study the dynamic atmosphere of RR
Lyrae.
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Even though in the framework of this thesis we were able to gain some more
insight into RR Lyrae stars, there remain many other exciting mysteries about
this class of stars, and a lot of work is still to do. The outlook in Chapter 5 of this
thesis will provide an an overview of some of the open questions, and of work that
should and hopefully will be done in the future to bring even more light into the
mechanisms operating inside these important stars.



Chapter 1

Known facts and open questions

RR Lyrae stars are rather well-studied objects, with the history of their obser-
vations starting already at the end of the nineteenth century. This chapter is in-
tended to give a short overview of the basic facts about them, starting with a stroll
through the history of the studies of RR Lyrae stars, then describing their basic
and their pulsational characteristics and evolution, concluding with a description
of the Blazhko effect, which is the most stubborn unsolved problem in the study of
RR Lyrae stars. Of course, such an introduction can never be complete, especially
not when it is about such extensively studied objects, but can give the reader a
rough idea about the objects studied in this thesis and highlight a few selected
milestones in their history.

1.1 A short history of the study of RR Lyrae

stars

The old name for what is now called the class of RR Lyrae stars was cluster
variables, owing to the fact that at the end of the nineteenth century many of
them were first discovered in globular clusters. One of the most important works of
that time, among others, is the survey initiated by Solon Irvin Bailey, an extensive
program of photographic observations of globular clusters. Dozens of variable stars
with amplitudes between half a magnitude and two magnitudes were found in the
course of this survey (Pickering & Bailey 1895).

Only much later, after many stars with the same characteristics had also been
found in the field, and long after Willamina Fleming (Pickering et al. 1901) discov-
ered a bright star of the same type in Lyrae (now called RR Lyrae), the whole class
was renamed to RR Lyrae stars. Because of its brightness, the star discovered by
Fleming became the eponym of the group. This was decided at the 1948 meeting
of the International Astronomical Union.

Of course, at the time of the discovery, the mechanism that causes the variation
in brightness was not yet known. Bailey also introduced his famous classification
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6 CHAPTER 1. KNOWN FACTS AND OPEN QUESTIONS

(RRa, RRb, and RRc type stars, Bailey 1902) solely based on the light curve
shape and the typical period of the stars, and without the knowledge that RRc
stars are indeed physically different from the other subgroups, now united to the
group RRab. Decades passed until Schwarzschild (1946) unveiled on the basis of
theoretical models what must be the reason behind the difference of the groups,
namely that RRc stars are overtone pulsators while RRab stars are pulsating in
the fundamental mode.

Also in the 1940s, peculiarities were for the first time detected in the spectra of
RR Lyrae during rising light: Struve (1947) found hydrogen emission, and Sanford
(1949) for the first time detected the hydrogen line doubling that we also see in
the data used for this thesis. Both phenomena were later attributed to the passage
of a shock front through the stellar atmosphere.

Several groundbreaking results concerning the three-dimensional structure of
our Galaxy were obtained in the 1950s. RR Lyrae stars were used extensively in
these studies to determine the distances to the Galactic center, to bulge compo-
nents and to halo objects. However, efforts to refine our maps of the Galaxy are
still ongoing today, and RR Lyrae stars are nowadays still used for this purpose
(see for example Sesar 2010).

The study of RR Lyrae stars was soon extended to systems outside the Milky
Way. The first extragalactic system in which RR Lyrae stars were studied exten-
sively with 133 RR Lyrae stars detected was the Draco dwarf galaxy (Baade &
Swope 1961), in a study performed by Baade shortly before his death. Comparing
the characteristics of the variables, the study allowed to determine an approximate
distance to the Draco galaxy, and to find differences between other systems and
our own Galaxy.

In 1977, Jerzykiewicz & Wenzel (1977) found the first star that pulsates in
both the radial fundamental as well as the first overtone mode simultaneously: AQ
Leo. This class of stars was named RRd, extending the scheme of Bailey. However,
developing a hydrodynamical model that could reproduce a stable RRd pulsation
posed a significant challenge. The problem was only solved about 20 years later
by Feuchtinger (1998).

The number of known RR Lyrae stars increased significantly in the 1990s and
in the beginning of the twenty-first century when the results of microlensing sur-
veys became available which, as a by-product, detected numerous variable stars.
Suddenly, instead of roughly one thousand RR Lyrae stars in the Galactic bulge,
tens of thousands were known thanks to the OGLE survey (e.g., Mizerski 2003;
Soszyński et al. 2011) and the MACHO survey (e.g., Alcock et al. 1998). Also
the Magellanic Clouds were extensively observed in the framework of microlensing
surveys, again resulting in the detection of tens of thousands of RR Lyrae stars
(Alcock et al. 1996; Soszyński et al. 2009; Soszyñski et al. 2010). These homoge-
nous data sets allowed to create large statistics of the pulsational behaviour and
to systematically study the Blazhko effect.
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It was the MOST satellite, a joint mission of Austria and Canada, that for
the first time delivered a long and uninterrupted light curve of an RR Lyrae star
observed from space. This unique data set was analysed in detail by Gruberbauer
et al. (2007).

With the launch of CoRoT and Kepler , for the first time a large sample of such
impressive uninterrupted high-precision light curves became available, starting a
golden age in the research of RR Lyrae stars and of variable stars in general.
Chapter 3 of this thesis deals with the photometry obtained by this satellite and
presents some findings that would have been undetectable in ground-based data.

1.2 Basic properties of RR Lyrae stars

Together with the Cepheids, which show a similar light curve shape to that of RR
Lyrae stars, but with longer periods, they form the group of the so-called classical
pulsators. Because of their high amplitudes the variability of those two classes of
stars had been identified quite early, in contrast to the many other types of stars
that joined the ”zoo” of variable stars later. Those classical pulsators, because of
their presumed pure radial pulsation, have often been considered simple objects.
However, the Blazhko effect is one example of behavior that is not so simple to
interpret, and space photometry showed that there is much more to RR Lyrae
stars than single-mode radial pulsation.

RR Lyrae stars are evolved objects that burn helium in their core and that
are located on the so-called horizontal branch of the HRD (more details on their
evolution will be provided in the next subsection). Their spectral types range from
A-F, and their absolute magnitudes are roughly in the range of 0 ≤MV ≤ 1.

Metallicity: RR Lyrae stars usually are population II stars, which means that
they are old and have a low content of heavy elements. For this reason, they
are sometimes used as tracers of the chemistry of the galaxy and to study the
element composition that prevailed in the past. This is possible as the observable
element abundances at their surface are not expected to change much during their
evolution. They are however, not a totally uniform group. RR Lyrae stars near
the galactic plane typically show higher metallicities than their halo or globular
cluster counterparts. This was first shown by Preston (1959) who studied over
100 RR Lyrae stars. In his extensive spectroscopic survey, he also found a period-
metallicity dependence which was in agreement with previous observations that
short-period RRab stars were only present at low galactic latitudes, exactly where
Preston (1959) found the stars to be more metal-rich. The observed metallicities in
RR Lyrae stars now range approximately from Z=0.0001 to Z=0.01 (Aerts et al.
2010).
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Bailey types and pulsation modes: As already mentioned in the historical
overview, RR Lyrae stars are grouped into the subclasses RRab, RRc and RRd.
The two groups differ in many aspects. RRab stars have high amplitudes, periods
of about half a day, very asymmetric light curves, and they pulsate in the radial
fundamental mode (see Figure 1.1). RRc stars on the other hand, have smaller
amplitudes, periods of about 0.3 d, rather sinusoidal light curves, and pulsate in
the first radial overtone. The two groups also have different effective temperatures,
with the RRab stars being cooler, and the RRc stars populating the hotter side of
the instability strip.

radial fundamental first overtone

Figure 1.1: Simplified schematic illustration of radial pulsation. Please note that as
the pulsation of RR Lyrae stars is highly nonlinear, the motion of the atmosphere
is not quite as simple as that, and different layers can have differing velocities (see
also Chapter 4).

There is, however, an overlap of the two instability regions of the fundamental
and the first overtone mode, meaning that the blue edge of the fundamental insta-
bility strip is farther to the blue than the red edge of the first overtone instability
strip. This was shown theoretically for example by Christy (1966). Therefore, there
is a region where both modes can be unstable at small amplitude. The models in-
dicate that it might depend on the initial situation whether a star in this region
shows overtone or fundamental mode pulsation, depending for example on its evo-
lutionary direction (the star tends to keep its mode of pulsation). This is also the
region where double mode pulsation may occur. Such a double mode pulsation was
first observed in 1977, as was already mentioned in the section about the history
of RR Lyrae star studies.

A different nomenclature that would have the potential to replace the Bailey
types was later introduced by Alcock et al. (2000). It relies on numbers rather
than on letters and therefore would easily allow an extension of the set of types
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for higher overtone pulsation and various combination of modes. In their scheme,
fundamental stars are called RR0, first overtone stars RR1, and so on. Double mode
stars are called RR01, and stars that pulsate in the second overtone are named
RR2 rather than RRe. However, this classification scheme, although somehow more
logical, is not widely used.

Mode switches of RR Lyrae stars have also been observed. Clement & Goranskij
(1999) e.g., found that the variable V79 in the cluster M3 switched from funda-
mental mode to double mode pulsation with a dominant first overtone. There have
also been reports on changes in the relative amplitude of the modes in RRd stars:
Clementini et al. (2004) observed that the star V200 in the globular cluster M3
changed its dominant mode from fundamental to first overtone, while the star
V251, also in M3, did the opposite.

Fundamental parameters: RR Lyrae stars generally are observed to have aver-
age effective temperatures between 6000 and 7200 K (see Figure 1.2), radii between
about 4 to 6 R� and an absolute brightness around MV =+0.6. Their luminosities
are approximately 50 L�, and their masses range from about 0.5 to 0.8 M�. The
masses, however, are difficult to determine and almost no RR Lyrae stars have
been found in binary systems which would allow to determine their masses more
precisely.

On the theoretical side, many important characteristics of RR Lyrae stars
were first determined by Christy (1966), who carried out nonlinear calculations
for not only one but one hundred RR Lyrae models to investigate the stability
of their pulsation. For his model survey he used many different combinations of
composition, mass, luminosity, and effective temperature with the goal to find the
location of the borders of the instability strip and to explore their dependence on
parameters like composition, mass and luminosity.

One of his most important findings was that under certain circumstances the
hydrogen ionization zone is, in addition to the HeII ionization region, also of sig-
nificance for the driving of the pulsation. The importance of the HeII ionization
for the driving through the κ mechanism had already been noticed before. Ad-
ditionally, Christy was able to conclude from his results that the masses of RR
Lyrae stars must be near 0.5 M�, which implies a significant mass loss during
their evolution.

While it was already possible quite early for theorists to determine the blue
edge of the instability strip (which depends on various parameters such as the
hydrogen mass fraction, luminosity, and mass), the red edge evaded the theorists
for a while, because of convection that starts to set in at lower temperatures and
which makes it difficult to treat the stellar energy transport. Nowadays, however,
also the red edge has been calculated, and the typical temperatures of RR Lyrae
stars have been found to be between 6000 and 7200 K. Because of the refined
treatment of convection, also the light curve morphology can be reproduced well
by the models (Feuchtinger 1999).
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Figure 1.2: HR diagram showing RR Lyrae stars in context with the many other
known classes of pulsating stars. Adopted from Aerts et al. (2010) with a modifi-
cation by the author.

Features observed in spectroscopy: The change of the parameters during
the pulsation cycle of an RR Lyrae star can be quite impressive. Already Preston
(1959) noted that during one cycle, a spectral variation of one full spectral class
is common for RR Lyrae stars. During a cycle of just half a day, those stars can
also change their temperature by more than 1000 K. The amplitude of the radial
velocity curve can amount to several tens of km/s, and the radius of the star is
therefore expected to change by approximately 10 %.

Another aspect seen in spectroscopy is that RR Lyrae stars seem to be very
slow rotators. Spectral lines are narrow in all studied stars (except during the
phases when a shock passes through the atmosphere), and only upper limits for
their rotation are usually given. Peterson et al. (1996), for example, studied 27
RR Lyrae stars and gave an upper limit of vsin(i) ≤ 10 km/s for all of them.
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In contrast, much higher rotational velocities are known for the blue horizontal
branch stars which are adjacent to the RR Lyrae stars in the HRD.

Light curve features: The observed periods of RR Lyrae stars of course depend
on their mode of pulsation. Generally, the range of possible pulsation periods is
0.2 to 1 d, with RRc stars having the shorter periods typically around 0.3 d, and
RRab stars having periods of about half a day. Photometric amplitudes in V range
from about 0.3 mag in RRc stars to over a magnitude in RRab stars. Amplitudes
on the B filter are higher than in V.

In the light curves of RRab stars, peculiar features can sometimes be observed.
During the steep rising branch of the curve, a stillstand can occur, which is some-
times called a shoulder or the hump. During this phase, a UV excess can be ob-
served, and in some cases spectroscopy reveals an emission in the hydrogen lines
(Preston et al. 1965). Line doubling in the spectra indicates that a shock wave is
most probably the reason for this phenomenon.

A similar feature is the so-called bump which occurs just before minimum light
at a phase of about 0.7 (with zero set to maximum light). Also during this phase
an emission is sometimes observed, but less strong than during the hump phase.
A second shock front is suspected to be the reason for this feature. Shock waves in
RR Lyrae stars were studied in detail for example by Hill (1972) and Fokin (1992).

The bump was also observed to vary strongly depending on Blazhko phase
(Guggenberger & Kolenberg 2006), indicating that the shock travel time or the
shock formation region changes during the Blazhko cycle. The variation can be
so strong that in certain Blazhko phases the bump appears about 20 % of the
pulsation period earlier than in other phases. In other stars the variation is less
strong but has the same direction. Studying the bump progression in Blazhko
stars and comparing it to theoretical models might give an additional clue about
the phenomenon. Therefore, in Chapter 3 the corresponding bump phases of the
studied stars are determined as well.

During the finalization of this thesis, a new model for the Blazhko effect was
proposed which makes use of these observations of changing bump phases and
explains the modulation via interacting shock fronts (Gillet 2013). This and other
new models developed during the satellite age will briefly be discussed in the
outlook section.

Fourier spectra of RR Lyrae stars: During a Fourier analysis of RR Lyrae
light curves, the skewness of the curve in RRab stars causes many harmonics to
appear. Those are found at integer multiples of the fundamental frequency and are
important for a correct fitting of the light curve. In Blazhko stars, the modulation
causes multiplet features in the Fourier space that are not only found around the
frequency of the fundamental mode but around all harmonics.

For non-modulated stars, a strong correlation between some Fourier parameters
(i.e., amplitude ratios and phase differences of those peaks which describe the light
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curve shape) and the observed metallicity has been found (Jurcsik & Kovacs 1996).
Therefore it seems possible to obtain a quite reliable estimate of an RR Lyrae
star’s metallicity solely from a photometric data set. This is very practical because
photometry can be much easier obtained and analyzed than spectra, especially for
such faint objects.

1.3 Structure and evolution of an RR Lyrae star

Even though during one human generation we can usually observe only snapshots
of a stellar life, every star has a history. The study of a certain type of stars therefore
should not only focus on that particular group of stars, but should also consider
the progenitors of the stars in question, and at their successors. Any finding on
a certain class of stars might also influence our understanding of the stars they
have once been or which they will once become. How did a star get to the place
in the Hertzsprung-Russell Diagram (HRD) where we observe it now? Especially
for the asteroseismologist, this question can be of great interest, considering that
an object, during its path through the HRD, might experience different types of
pulsation. In the case of RR Lyrae stars, looking at their history means putting
them into context with the now intensely studied group of solar-like pulsators on
the red giant branch, and with solar-like pulsators on the main sequence. We know
from the previous section that RR Lyrae stars are evolved stars in the location
where the so-called horizontal branch intersects with the classical instability strip,
but how did they evolve to this point? What is their structure now and how did
it change during their evolution to arrive at its current state? This section intends
to give a basic general introduction to the structure and evolution of RR Lyrae
stars. Of course in this context we can only give a brief overview, as a detailed
descripton would go beyond the scope of this thesis. For the detailed picture the
reader is referred to the classical textbooks on stellar structure and evolution like
those by Kippenhahn & Weigert (1994), Iben (2012) and Prialnik (2000).

The main sequence (MS) phase: RR Lyrae stars, like all other stars, begin
their life at the zero age main sequence (ZAMS), which is characterized by hy-
drogen burning in the core and which is generally considered the starting point of
stellar evolution. Even tough we have some knowledge on the current masses of RR
Lyrae stars, their initial masses, i.e., the masses they had on the main sequence,
are not exactly known. The cause for this is the extent of mass loss on the red
giant branch, which cannot be predicted precisely and is still a problem in stellar
evolution theory. Many different mass loss formulae exist, and the mass loss rate
depends on a lot of parameters. It is sure, however, that RR Lyrae stars belong to
the so-called low-mass stars (stars with masses below about 2 M�), characterized
by the degenerate conditions in their core that occur before helium ignites. The
main sequence masses of RR Lyrae stars are assumed to have been somewhere
near one solar mass. As we cannot reconstruct the exact masses, also the other
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parameters like temperature and luminosity - and hence the position in the HRD -
are not exactly known. An HRD diagram showing the evolutionary tracks of stars
with 3 different masses (but the same metallicity and with the same treatment
of mass loss) is given in Figure 1.3. Models in the figure were computed by the
author with the mesa star code (Paxton et al. 2011).
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Figure 1.3: Evolution of three low-mass low-metallicity models from the zero age
main sequence (ZAMS) through the Reg Giant Branch (RGB), the Horizontal
Branch (HB), and the Asymptotic Giant Branch (AGB) phase. Note the difference
in position on the HB depending on mass.

On the main sequence, it depends on stellar mass (and therefore temperature)
whether a star has a convective zone, and where it is located. Convective zones
can be in the outer envelope or in the core. Massive MS stars usually have a
convective core (where the hydrogen burning takes place via the CNO-cycle), and
no, or a very thin, outer convection zone. Low mass stars on the other hand have
radiative cores and convective envelopes. The extent of the convective zone in
the envelope increases with decreasing stellar mass, with the lowest mass stars
(M ≤ 0.3M�) being fully convective. RR Lyrae precursors on the MS probably
had some convection in their envelopes.



14 CHAPTER 1. KNOWN FACTS AND OPEN QUESTIONS

The main sequence is the longest phase in the life of a star, and a star typically
spends about 80 % of its life in this stage. As a consequence it is much more
likely to observe a star at this stage than at one of the shorter evolutionary stages.
Helium core burning which occurs on the horizontal branch later in the life of a star
is the second longest phase. The main sequence life times of stars vary enormously
- from 6 × 1012 yr for stars with masses around 0.1 M� to 6 × 106 yr for masses
of 25 M� (Prialnik 2000). At the lower end of the main sequence, the expected
life time drastically exceeds the current age of the universe. Low metallicity stars,
however, tend to have hotter main sequence temperatures and shorter life times
than higher metallicity stars of the same mass. The model stars in Figure 1.3, for
example, leave the main sequence already after 5.5-7.5 Gyr even though they are
less massive than the sun.

As soon as the main sequence phase is over, hydrogen burning proceeds in a
shell that surrounds the core and which separates it from the stellar envelope.
A model star remains near the ZAMS burning hydrogen in a shell until it has
been exhausted over about 13 % of the stellar mass (Iben 1971). During the shell
burning phase the core which now mostly consists of helium continues to grow in
mass. As it is free of an energy source it has to contract, which is accompanied
by an expansion of the envelope. The star therefore evolves rapidly to the right in
the HRD (towards lower surface temperatures), and convection begins to extend
more and more into the interior. The star is now approaching the red giant branch.
This process advances rather quickly, especially for higher mass stars, therefore it
is unlikely to observe a star in this phase. The empty region in the HRD that
is caused by this fast evolution is called the Hertzsprung gap. Low mass stars,
however, approach the red giant branch more slowly and gradually.

The red giant phase: The red giant phase is characterized by a drastic in-
crease in luminosity and a slight decrease in effective temperature, resulting in an
almost vertical, but only slightly tilted red giant branch in the HRD which the
star “climbs up” during its evolution. The star now consists of an inert helium
core, surrounded by a hydrogen burning shell and an envelope around it. Due to
the low temperatures the envelope now becomes convective down to just outside
the burning shell. Eventually, the base of the convective zone can reach regions
where nuclear processes have taken place earlier. The convective motions can then
transport the processed material to the surface making it observable in the spectra.
This phenomenon is called the first dredge-up.

The huge convective envelope is also the reason why solar-like (stochastic)
oscillations are observed in red giants. These oscillations provide many possibilities
to study the interior of this type of stars through asteroseismology. For example,
they allow to determine the masses and radii of the stars to unprecedented accuracy
(typical uncertainties of a few percent), providing valuable information for the
study of the planets hosted by those stars (see for example, Huber et al. 2013).
Additionally, it was possible to measure the rotation of the core and its spin-down
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during evolution (Mosser et al. 2012). A good overview summarizing all the recent
developments and results is given by Hekker (2013).

At the tip of the red giant branch, the core temperature has become sufficiently
high (108K) to ignite the triple-α process which turns helium into carbon and
oxygen. There are some red giants, however, that do not reach helium burning.
They are the ones that lost too much mass during the red giant evolution before
the temperatures in the core became sufficiently high. Their helium cores continue
their contraction and become so-called helium white dwarfs. For the remaining
stars - those which did not lose their envelope - there are two ways to start helium
burning.

Intermediate mass stars ignite helium quiescently, as their cores are not de-
generate. Low mass stars (M ≤ 2M� ), and therefore also the progenitors of RR
Lyrae stars, develop a degenerate core in which degenerate electrons provide a
large part of the pressure that is necessary to counteract gravity. In those stars,
helium burning sets in as a violent explosion, the so-called helium-flash. Because
of strong neutrino losses that happen in the center of the star and act as a heat
sink, the hottest point is not in the center of the star but in a shell surrounding
it. This is logically also the place where the helium flash takes place. The local
luminosity during the flash can reach the luminosity of a whole galaxy (∼ 1011L�).
Nevertheless, the helium flash is not observable on the surface of the star, as the
energy that is produced is absorbed by the stellar envelope. During a series of sec-
ondary flashes, the degeneracy is then lifted throughout the core, and via a series
of small loops in the HRD the star settles on the horizontal branch where helium
burning is stable.

During this phase of helium ignition the star has moved down and to the left
in the HRD, now having a higher temperature than on the red giant branch.
This is the phase where an RR Lyrae progenitor probably loses its ability to
produce stochastic pulsations in the envelope, as temperatures are now too high
for convection. Depending on its mass and metallicity, the newly created horizontal
branch star might settle either within the borders of the classical instability strip, or
at the hotter (bluer) or the cooler (redder) side of it. The stars that settle at cooler
temperatures on the horizontal branch - very close to the red giant branch - can
still have convective envelopes and therefore still show solar-like pulsation similar
to those during the red giant stage. Those oscillations are indeed observed by space
telescopes, and methods have been developed to distinguish via asteroseismology
whether a star at this position in the HRD has already ignited helium or whether
it is still ascending the red giant branch (Bedding et al. 2011).

The stars on the other hand that settle at a temperature bluewards of the
instability strip (and therefore are too hot for RR Lyrae pulsation) have to cross the
instability strip to reach their position in the HRD. It has recently been suggested
by Silva Aguirre et al. (2010) that RR Lyrae stars evolving towards the zero age
horizontal branch (ZAHB) could be identified via their anomalously large period
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changes that result from their quick evolutionary pace. They identified several
stars in M3 as probable pre-ZAHB pulsators.

The horizontal branch: The horizontal branch phase is characterized by qui-
escent core helium burning. As mentioned above, this is the phase in which stars
can pulsate as RR Lyraes, provided that they settle in the correct temperature
range where the instability strip is located.

The helium burning in the core takes place via the triple-α process which is
extremely temperature sensitive (∝ T40). During this process, two 4He nuclei (i.e.,
α particles) are fused to form 8Be which is very unstable with a life time in the
order of only 10−16s. This life time, however, is still longer than the collision times
of 4He at this temperature. Therefore, 8Be can collide with another 4He in time
before it decays and form 12C. The 12C might then collide with another α particle
and form 16O. In addition to the core helium burning, also hydrogen burning is
still going on in a shell surrounding the core. Depending on the star’s mass and
temperature, the relative contribution of that shell to the total energy production
can vary. The smaller the envelope mass, the weaker the contribution of the shell
source.

The cores of the stars that have experienced a helium flash all have approxi-
mately the same mass of about 0.5 M�. The different positions they take on the
horizontal branch therefore originate from other factors which are total mass as
well as metallicity. For a given metal content Z, the higher mass stars can be found
on the red side of the HB, while the less massive stars are bluer. For a given mass
on the other hand, metal-rich stars are found to the right of (at lower temperatures
than) the low-metallicity stars. The total mass, of course, depends not only on the
initial mass but also on the mass loss during the red giant evolution, which is not
exactly known.

The life time of a star on the horizontal branch is about 108 yr, which is much
shorter than the duration of the main sequence phase. It is therefore possible, also
thanks to the century-old observations that are meanwhile available for some RR
Lyrae stars, to directly observe stellar evolution. This is due to the changes that the
star undergoes during its evolution away from the ZAHB. Depending on, among
other factors, initial helium content (Iben 1971) that motion can be redwards
or bluewards in the HRD, leading to either a positive or a negative change in
period. These period changes can be observed in the so-called O-C diagrams of
the pulsation that compare the predicted times of maximum with the observed
ones. Le Borgne et al. (2007) presented a large sample of RR Lyrae stars that
show detectable period changes that are indicative of stellar evolution.

When the helium in the inner core is depleted, He burning continues in a shell
surrounding the core that now consists mostly of C and O. Still farther out there is
still a shell burning hydrogen to helium, so that the star now has two shells acting
as energy sources - characteristic of an asymptotic giant branch (AGB) star.



CHAPTER 1. KNOWN FACTS AND OPEN QUESTIONS 17

Final stages: During the asymptotic giant branch (AGB) phase the situation
is similar to the first ascent along the red giant branch: the core does not have an
energy source and therefore contracts, while the envelope expands and cools. Again,
the outer layers of the star become convective. Also, similar to the first dredge-
up, the convective motions can reach down to material that has been processed
by nuclear fusion, and might take this processed material to the surface. This is
a second dredge-up. The star again climbs up in the HRD, reaching even higher
luminosities and larger radii than during its red giant phase. Nuclear burning will
take place in two shells which is an unstable situation that can lead to so-called
thermal pulses.

The star will develop a strong wind, and as the envelope is not as gravitationally
bound as before, it will lose a significant amount of mass, enriching its surroundings
with stellar material. As the atmospheres of AGB stars are very cool, this stellar
material also comprises molecules and dust.

Eventually, the star will expel its envelope as a planetary nebula, and the core
will continue its evolution towards the white dwarf cooling track.

1.4 The Blazhko effect (before the space age)

It is now known that about half of the RRab stars are affected by a phenomenon
called the Blazhko effect. This effect is usually defined as an amplitude and/or
phase modulation of RR Lyrae stars. However, the term is now also used sometimes
when amplitude or phase variation in other types of stars, such as Cepheids or Delta
Scuti stars, are discussed. The timescale of that modulation in RR Lyrae stars is
typically in the range of tens to hundreds of days, although extreme cases exist.
This section gives an overview about the observed characteristics of the Blazhko
effect before space data of modulated stars were available.

Discovery: The phenomenon was first described by Blažko (1907), who mea-
sured the times when maxima of the star RW Dra occurred. He noted that their
behavior could not be described with one period alone, but that it was necessary
to assume a periodic change of the period. The effect is now named after him.

Another important contribution was made by Shapley (1916) who noticed that
not only the times of maximum light were modulated, but also the amplitude of
the star and its light curve shape changed noticeably. Nowadays it is this amplitude
modulation that is most likely to be noticed first in modern data sets before the
phase variation is detected.

Percentage of affected stars: In the following decades, when more and more
modulated RR Lyrae stars were discovered it became obvious that this phe-
nomenon was not exceptional but rather wide-spread. Finding their exact mod-
ulation periods, however, required a lot of effort, as observations needed to be
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performed over a long period of time. When Szeidl (1976) in his extensive review
listed all RRab stars with known modulation period, there were 26 of them, and
3 RRc stars were suspected to be possible Blazko stars at that time. Based on
a well-studied sample of stars, he could also estimate the incidence rate of the
Blazhko effect, which he gives as 15-20%. By examining his list, he also noted that
the stars showing the Blazhko effect generally seemed to have lower metallicities.
Later, an incidence rate of 20-30 % is given by Szeidl (1988).

Thanks to big surveys such as the MACHO (Massive Compact Halo Object)
and OGLE (Optical Gravitational Lensing Experiment) projects, homogeneous
data sets of large numbers of RR Lyrae stars later became available. In the course
of these studies, thousands of RR Lyrae stars were observed and analyzed in a
homogeneous way. The incidence rates these projects yielded for different stellar
systems are the following: In the Large Magellanic Cloud (LMC), 11.9 % of the
RRab stars were found to be modulated in the study of Alcock et al. (2003, MA-
CHO), as well as 7.5 % of the RRc stars (Nagy & Kovács 2006). For our Galaxy,
the numbers are different with 22.7 % of the RRab stars being modulated (Moska-
lik & Poretti 2003, OGLE-I), or 19.9 % according to the study of Mizerski (2003,
OGLE-II), and 6.7 % modulated RRc stars (Mizerski 2003).

In the third phase of the OGLE survey, Soszyñski et al. (2010) found 22 %
of the RRab stars in the Small Magellanic cloud to have frequencies close to the
main pulsation mode which could be caused by the Blazhko effect, and 14% of
the stars pulsating in a single overtone. In the Large Magellanic Cloud, incidence
rates were 20% for the RRab stars, 19% for the RRc stars, and 25% of the RRe
stars. Concerning the Galactic Bulge, Soszyński et al. (2011) found that at least
30 % of the RRab stars and 8% of the RRc stars are modulated.

The observed differences between the incidence rates in the LMC and the Milky
Way were originally suspected to be a consequence of a difference in metallicity.
Smolec (2005), however, could demonstrate that the Blazhko effect occurs inde-
pendently of metallicity.

Concerning the incidence rates from microlensing surveys one also has to note
that the observed stars are mostly very faint. Consequently, the noise in the data
is rather high and hampers the detection of low-amplitude modulation. This is the
reason why dedicated surveys using high-precision photometry like the Konkoly
Blazhko Survey (Jurcsik et al. 2009) could raise the percentage of modulated stars
significantly. In this Hungarian survey, 14 out of 30 observed RRab stars were
found to be modulated. In about half of them, the modulation had such a small
amplitude that it would have been missed in previous surveys.

Typical modulation periods: Another success of the big microlensing surveys
was that they did not only allow to get statistical information on the incidence
rate, but also on the distribution of the modulation periods which could be studied
in histograms.
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What was found out is that the famous 40d modulation period of the prototype
RR Lyrae itself is in the range of the most common values. The results found from
MACHO and OGLE data agree very well in this respect in the sense that very
short modulation periods are uncommon and periods of several tens of days are
the most wide-spread. There is a slow decrease in the number of stars towards
longer periods.

The shortest modulation period that has ever been discovered in an RRab
star occurs in SS Cnc, which shows a modulation with a period of only 5.31 days
(Jurcsik et al. 2006). RRc stars on the other hand tend to have shorter modulation
periods than RRab stars, for example with a period of 3.6 d as observed for a star
in M55 (Olech et al. 1999).

Giving an upper limit for the modulation periods is difficult as this value is
strongly biased by the lengths of the available data sets. If the time base of the data
is not long enough, it is impossible to distinguish between a slow period change and
a periodic modulation of the period. The microlensing surveys, however, indicated
that long Blazhko periods are indeed rarer than those in the range given above.

No direct correlation between the pulsation period and the modulation period
of Blazhko stars had been found for a long time, but Jurcsik et al. (2005) were
able to show that a correlation between the pulsation period and the upper limit
of the modulation frequency exists. According to their study, only short period
pulsators can have short modulation periods (as well as long modulation periods),
while those with a long pulsation period are restricted to long modulation periods.

Characteristics of the Fourier spectra The Fourier spectra of Blazhko stars,
of course, show some features that are not present in the power spectra of non-
modulated stars. The peaks that are caused by the radial pulsation, i.e., the fre-
quency of the fundamental mode and its numerous harmonics that are due to the
skewness of the light curve, are surrounded by a multiplet of additional peaks.
Usually the spacing of the multiplet components is rather regular. The amplitudes
of those side peaks, however, are observed to differ significantly, which also leads
to the fact that depending on data noise, different numbers of side peaks can be
observed as some components might end up below the detection limit.

The amplitudes of the side peaks depend on the strength of the modulation,
and their spacing in frequency to the radial mode equals the Blazhko period of the
star.

When only ground-based data with rather high noise were available, for a
long time only triplet structures (a side peak on each side of the fundamental
frequency) and doublet structures (a side peak on only one side of the fundamental
frequency) were observed in the power spectra of Blazhko stars. Initially, it was
not known whether these two cases were caused by the same phenomenon or
whether they were different types of modulated stars. In some publications, the
two classes are treated separately, and sometimes only the cases with triplets were
denoted Blazhko stars, while the others received a different designation. It was
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then suggested, however, that it was probably mostly a question of data quality
whether one or two additional peaks are seen.

Another point of discussion was whether instead of the triplet, there should
be a quintuplet of peaks around the main frequencies. Also the theoretical models
predicted different structures which made it important for observers to verify the
presence of higher-order multiplets. Finally, the question whether quintuplets are
present in the spectra could be resolved by Hurta et al. (2008) who found a quin-
tuplet in ground-based data of RV UMa in the framework of the Konkoly survey.
Subsequently, a quintuplet was also detected in high-precision photometry of the
star SS For (Kolenberg et al. 2009).

There were also mathematical predictions that many more than 5 peaks should
be present, and that a modulation would cause a long series of equidistant peaks
with decreasing amplitudes at higher orders (Szeidl & Jurcsik 2009). As we will
see in the chapter on the space photometry, these long series of peaks are indeed
seen in ultra-high-precision data. In their interesting mathematical study, Szeidl
& Jurcsik (2009) also discussed the amplitudes of the side peaks and came to the
conclusion that the asymmetry which is often observed must be caused by a phase
difference between the amplitude modulation and the phase modulation.

Concerning the observed asymmetry of the side peak amplitudes, again the
large number of stars observed in the microlensing surveys could be used to take a
look at the statistics. Alcock et al. (2003) investigated the MACHO data in detail
and found that the right side peak (i.e. the one on the higher frequency side) is
the higher peak in 74 % of the cases. For RRc stars, the opposite seems to be the
case. There, the left peak is usually higher. In the study of Alcock et al. (2000), for
example, the left side peak was found to be the higher one in 63% of the studied
RRc stars.

Some features observed spectroscopically: Preston et al. (1965) first showed
that many spectroscopic parameters of RR Lyrae were strongly variable with the
Blazhko cycle. He observed that the radial velocity amplitude changed consider-
ably, with both the minimum and the maximum value of the velocity being variable
during the modulation.

He also found that the line doubling of the Balmer absorption lines correlates
with the hydrogen emission which in turn is a function of the phase of the modula-
tion. The emission was first detected by Struve (1947) who had already suggested
that there might also be a variation with the 41-d cycle of RR Lyrae. Preston et al.
(1965) showed that the emission was strongest at those Blazhko phases when the
doubling was also detectable, and the light amplitude was highest. He estimated
that the doubling of H lines is visible only when the velocity amplitude is above
60 km/s. Also in the metallic lines, he observed a broadening and even a doubling
that occurs only in Blazhko phases with large amplitudes. This is interpreted as a
shock wave in the layers where the lines are formed. Preston et al. (1965) suggests
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that during the Blazhko effect the layer where the shock is formed moves up and
down in the atmosphere.

His observations that the Blazhko effect was almost completely gone in 1963
and reoccurred in 1964 were of importance for the discovery of the additional
4-year cycle in RR Lyrae.

Kolenberg (2002) used 669 spectra of RR Lyrae spread over a time base of 433 d
to study the presence and the geometry of non-radial modes. In the variation of
the first moment of the line profile, clearly a multiplet structure was found with
a separation equal to the Blazhko frequency, proving the presence of amplitude
modulation in the spectra of RR Lyrae. The nonradial modes were identified as
nonaxisymmetric (with respect to the rotation axis) modes of degree ` ≤ 3.

Regularity of the modulation: As the Blazhko effect was by its discoverer
described as a “periodic change of the period” it was only natural that many
researchers assumed that it is indeed a periodic effect. Some indications that in
reality this was not the case date back rather far, with the earliest report on a
change in the Blazhko modulation probably being the one by Balázs (1959).

Also the spectroscopic work of Preston et al. (1965) showed clear indication of
differences between several years. Later this led to the now well-known 4-year cycle
of RR Lyrae which causes the Blazhko effect to disappear and then to reappear
with a phase shift of 0.5. This superimposed cycle, however, was also interpreted
as a periodic phenomenon.

The historic indications that the Blazhko effect is probably not strictly periodic
are summarized in Section 5 of Guggenberger et al. (2011), a paper which is also
part of Chapter 3 of this thesis. There it will be shown that the Blazhko effect can
be a very irregular phenomenon.

1.5 Models for the Blazhko effect (before the

satellite age)

Explanations for the Blazhko effect have been sought for a long time, starting not
long after the discovery of the effect. Therefore, at the onset of the asteroseismic
space age, there existed a multitude of different models and scenarios that tried to
explain the Blazhko effect. I will only briefly introduce a few of them here, focussing
on those that were or are considered the most promising ones. This section is meant
to describe the situation at the starting point of this thesis, and I will therefore
not treat models which were developed after the satellite data became available
(those will be discussed in the outlook in Chapter 5). A special emphasis will be
given here to the model involving a strong magnetic field, as this is the model that
will be tested observationally in Section 2. For a detailed discussion of many of the
available models and their respective strengths and weaknesses I refer the reader
to the excellent overview by Kovács (2009).
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The magnetic oblique pulsator The idea that an oblique dipole magnetic
field can influence the pulsation of a star dates back to the 1950s. Soon after the
concept was proposed for A type stars (Deutsch 1956) it was also considered as
a possible cause for the Blazhko effect (Balázs 1959; Balázs-Detre & Detre 1962).
They assumed that RR Lyrae stars were eruptive variables as well as magnetic
oblique rotators at the same time. Preston (1964) later noted that the part of the
hypothesis that involves eruptions and which was considered quite unlikely is not
necessary for the other part of the hypothesis to work. According to Balázs-Detre
& Detre (1962), the variations of the amplitude should be aspect effects caused by
the rotation of the star, and the rotation period would therefore be identical to
the Blazhko period. This is plausible as the observed Blazhko periods are indeed
of the same order as the expected rotation periods. At the time of the publications
of Balázs-Detre & Detre (1962), however, the considerations did not go beyond a
descriptive hypothesis, and no calculations whatsoever were presented.

Figure 1.4: Schematic illustration of the oblique magnetic field causing amplitude
modulation in a light curve, adopted from Shibahashi (2000).

Calculations and theoretical predictions concerning the influence of a magnetic
field on the pulsation of RR Lyrae stars were published only decades later (Cousens
1983). Shibahashi & Takata (1995) and Shibahashi (2000) presented their calcu-
lation of the eigenfunctions of the spherical harmonics, and they also provided
several valuable predictions. Their graphical illustration of the magnetic oblique
pulsator model is reproduced here in Fig. 1.4.

In their model, they assume that the RR Lyrae star has a fairly strong dipole
magnetic field, and that its axis is inclined to the rotation axis of the star. They
find that the oscillation which would be purely radial (`=0) in the absence of
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a magnetic field would then be altered by the magnetic field so that an addi-
tional quadrupole component (`=2) comes into play. The symmetry axis of that
quadrupole component would have to be identical with the magnetic axis. For the
case of a magnetic field whose axis passes through the center of the star (i.e., an
on-axis field), they predict pure amplitude modulation. Phase modulation on the
other hand would occur in the case of an off-axis field. Another prediction is that
the effect would lead to a quintuplet structure in the Fourier spectrum, and that in
some cases only a triplet structure would be observed. This was in good agreement
with the observations, where usually triplet structures were seen in the data. Not
much later, for the first time a quintuplet structure was detected in the Fourier
spectrum of a Blazhko star (Hurta et al. 2008).

Also, because there are no additional oscillation modes added in this model, but
instead the existing eigenmode is deformed, Shibahashi (2000) predicted that the
highest amplitude that occurs during the modulation in a Blazhko star should fit
into the general scheme that relates the periods and amplitudes of non-modulated
stars. This is in agreement with what is found from observational data (Szeidl
1988).

The most important prediction for our purpose here, however, is the one on the
field strength that is necessary to produce a modulation such as the one observed in
RR Lyrae and other Blazhko stars. After testing several geometrical configurations,
Shibahashi (2000) concluded that a field strength of the order of 1 kG is necessary
to cause the observed strength of the Blazhko effect in RR Lyrae. The presence of
this rather strong field is what will be tested in Section 2.

Resonances with non-radial modes In the models involving resonances with
non-radial modes, the Blazhko effect is caused by a resonant interaction between
the radial mode and a nearby non-radial mode. In most of the proposed models,
it is a 1:1 resonance.

The possibility that non-radial modes can play a role in the observed amplitude
modulation of RR Lyrae stars was first suggested by Cox (1993). In his model of
an RR Lyrae star he found non-radial modes that are almost resonant with the
fundamental mode period for many low ` values. He specifically pointed out that
there is an ` = 1 mode very close to the radial fundamental mode, which could
produce a Blazhko effect via beating. However, this proposal did rely on a purely
linear description.

Van Hoolst et al. (1998) performed numerical calculations using a model of an
RR Lyrae star. In their study the stability was examined via non-adiabatic non-
radial calculations and using amplitude equations. In agreement with Cox (1993)
they also find many unstable ` = 1 and ` = 2 modes in the frequency range of the
first three radial modes and based on their calculations they consider it plausible
that the Blazhko effect could be caused by an interaction as proposed by Cox.
However, they note that growth rates of such modes are considerably smaller than
those of the radial modes.
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Dziembowski & Cassisi (1999) performed similar calculations not only for one
model as Van Hoolst et al. (1998) had done it, but for a large set of RR Lyrae
models using two different heavy element abundances (Z=0.0002 and Z=0.001)
and covering the whole temperature range possible for RR Lyrae stars. From their
survey they could conclude that a large number of unstable low degree modes with
frequencies close to unstable radial modes is always present. They noted that an
amplitude modulation as it is observed in Blazhko stars could arise if the non-
radial mode in question is of low degree and not symmetric about the rotation
axis. Similarly to the magnetic model the change of the aspect angle would then
cause the apparent modulation, and the Blazhko period would be identical to the
rotation period.

Nowakowski & Dziembowski (2001) used amplitude equations describing res-
onant coupling between radial and nonradial modes and found that significant
amplitude and phase modulation is predicted in the case of excitation of a m =±1
pair, and that this might explain the Blazhko effect.

Attempts have been made to identify the possible non-radial modes in spectra
of RR Lyrae by Kolenberg (2002), especially because the degree of the proposed
non-radial modes is an important test for the models. The magnetic models predict
the presence of a `=2 component, while in the models involving a resonance with
non-radial modes, an `=1 mode is favored. Kolenberg (2002) could show that the
modes with (`, |m|) = (1,1), (2,1) and (2,2) are the most probable candidates with
a slightly higher probability for (1,1), but it was impossible to definitely rule out
quadrupole modes.

Resonances between radial modes Not only resonances with non-radial modes
are possible in RR Lyrae stars, also radial mode resonances have been taken into
consideration. For example, Moskalik (1986) has proposed a model in which a 2:1
resonance of the radial fundamental mode with the third overtone can cause a slow
modulation of the amplitude and could therefore explain the Blazhko effect. For
his work he used amplitude equations, and he also discusses a possible connection
between double mode pulsation and the Blazhko effect. The obvious connection
between Blazhko stars and RRd stars is that they form the two groups of RR
Lyrae stars that deviate from strictly periodic pulsation. He found that it is possi-
ble to reproduce observed periods of the Blazhko effect with a reasonable choice of
input parameters. According to his model, the same resonance can under slightly
different conditions also lead to RRd-like double mode pulsation.

He found his results in good agreement with observations. One reason was that
the resonance model predicted a bump in the ascending branch of the light curve
similar to the one observed in bump cepheids, but modulated together with the
modulation of the amplitude. This was confirmed by observational data. Secondly,
his model predicted a certain relation between the growth rates of the modes and
the ratio of pulsation and modulation period. The values derived from this relation
were in agreement with the observed periods of the 26 Blazhko stars that had been
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well enough studied at that time. Moskalik (1986) wrote that their model implies
strictly periodic amplitude modulation.

However, it was argued later that overtone modes in RR Lyrae stars are too
heavily damped and therefore could not disturb the steady pulsation of the strong
fundamental mode, and that the required resonances cannot occur in RR Lyrae
stars.

But in his review on models on the Blazhko effect, Kovács (2009) again attests
the model some viability. He searched for the necessary input parameters that
could bring one of the overtones and the fundamental mode into a 2:1 resonance.
The desired parameters should also make the overtone mode less damped, or even
excited. Finally he presented what he calls a “toy model” of an amplitude modu-
lated star but notes at the same time that it “requires most probably unacceptable
torture of the stellar structure”.

Variable turbulent convection The model involving a variation of the turbu-
lent convection caused by a magnetic field was first introduced by Stothers (1980).
It builds on the idea of Balazs-Detre that it could be an analog of the solar mag-
netic activity cycle that causes the Blazhko effect in RR Lyrae stars. In his first
paper Stothers puts the focus on the observed period changes that are too rapid
and too erratic to be caused by stellar evolution. Amplitude changes as they are
also observed in Blazhko stars are not treated there. Stothers (1980) assumed that
since the envelope of an RR Lyrae star is convectively unstable in the zones of hy-
drogen and helium ionization, the local turbulent motions might interfere directly
with the otherwise periodic pulsation of the envelope. He also suggests that the
apparent absence of the Blazhko effect in many RR Lyrae stars, and the cessation
of the Blazhko effect in some cases might be the analog of the minima that have
been observed in the cycle on the sun. Starting from a supposed destruction and
rebuilding of a strong magnetic field below the convective regions, they find that
period changes should be observed.

Later Stothers (2006) published a refined version of the model that does no
longer require any dredge-up of a large amount of magnetic flux from deeper lay-
ers, but instead involves a magnetic field that is created in situ by either a turbulent
or a rotational dynamo mechanism. According to this scenario, this transient mag-
netic field cyclically weakens and strengthens the turbulent convection inside the
hydrogen and helium ionization zones. This new scenario also includes an effect on
the pulsation amplitude. The author argues that disturbances of the convection
region in the hydrogen and helium ionization zone should affect the amount of pul-
sational driving and consequently also the observable surface amplitudes, as these
regions are the source of the pulsational driving. This connection relies on pre-
vious numerical studies that have shown that convection reduces the pulsational
amplitudes of RR Lyrae stars and on the fact that strong magnetic fields might
quench convection.
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A strength of this scenario that sets it apart from the other models is that
the process proposed by Stothers (2006) is partly stochastic, because the magnetic
cycles do not necessarily occur with exactly the same period and same strength.
Therefore the model is one of the few that would predict an irregular Blazhko
effect. That this is of importance will be discussed further in Chapter 3. Also
the fact that the Blazhko effect is much rarer in RRc stars than in RRab stars
can, according to Stothers (2006), be explained by this scenario. They state that
because hotter RR Lyrae stars such as the RRc stars automatically have smaller
convective zones, one would expect that they become less modulated by a magnetic
field. The author admits, however, that many of the ideas in his paper are still
rather rough.

Exactly this lack of elaboration is something that has been criticized in the
past, for example by Kovács (2009). Other points of criticism are that there are
no predictions on the expected modulation periods and on the expected strength
of the modulation, and that the unequal amplitudes of the side peaks in the power
spectrum are not explained (Kovács 2009).



Chapter 2

Testing the magnetic model
(Paper I)

Part of the work presented in this chapter has been published in the paper:

• Guggenberger, E.; Kolenberg, K.; Marsden, S. C.; Waite, I. A.; Henrichs,
H. F.; Lüftinger, T. High-Resolution Magnetic Field Measurements of RR
Lyrae Stars with SemPol, published in “Stellar Pulsation: Challenges for
theoy and evolution”, Proceedings of the International Conference. AIP Con-
ference Proceedings, Volume 1170, pp. 278-280 (2009)

The contribution of the author of this thesis to the paper was the following:

• assembled the instrument for use at the telescope

• performed the observations together with Stephen Marsden and Ian Waite

• reduced and analyzed the data with the software package ESpRIT

• wrote the paper

27
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As it was discussed in Section 1.5, the magnetic oblique rotator model is among
the most promising and elaborate models to explain the Blazhko effect, and the
presence of a strong magnetic field in RR Lyrae stars is an essential requirement
for this model. Now of course, strong magnetic fields are a quantity that can be
measured with modern instruments via spectropolarimetric data. Performing such
measurements is clearly a logical step in clarifying the mystery of the Blazhko
effect. In the last decades, several authors attempted measurements of RR Lyrae
magnetic fields (six publications on the topic can be found in the literature), but
their results were a more or less alternating series of clear detections and null de-
tections, and the question whether RR Lyrae stars do indeed have strong magnetic
fields or not was a disputed one. The following section will give an overview on the
current status of magnetic field measurements in RR Lyrae stars before we turn
to the observations obtained in the framework of this thesis.

2.1 Previous studies on magnetic fields in RR

Lyrae stars

The first to attempt spectropolarimetric measurements on RR Lyrae was a pioneer
of this method and of stellar magnetic field research in general: Horace W. Babcock.
He took nine spectrograms of RR Lyrae in 1955 (Babcock 1956), analysed the
circular polarization and reported that he found a magnetic field that was both
strong and variable, with reversals of magnetic polarity. He reported the extreme
values of his measurements to be +1170 gauss and -1580 gauss. In some additional
observations, also taken with the 200-inch telescope on Mount Palomar and the
100-inch telescope on Mount Wilson, he detected strong variations from day to day
which did not form a smooth curve when plotted against the pulsation phase. In an
older spectrogram, however, he did not find any evidence of a field. Subsequently,
Babcock also listed RR Lyrae in his catalogue of magnetic stars (Babcock 1958) in
the category of stars in which a magnetic field is definitely present, and he noted
that the field is highly variable.

While his findings on Ap stars are still valid today and can be considered
groundbreaking, the results on RR Lyrae were severely challenged in 1967, when
Preston (1967) reported in his review talk on stellar magnetism, that he had ob-
served RR Lyrae some 50 times in the past years and never had found evidence of a
magnetic field. All the small effects that he could find were buried in the probable
errors of the observations.

Twenty years later, Romanov et al. (1987) again reported clear detections of
strong magnetic fields in RR Lyrae. They had taken altogether 63 spectrograms
with the 6 m telescope of the Special Astrophysical Observatory of the USSR
Academy of Science and a circular polarisation analyser. Their measurements
dated from 1978 to 1983 and were taken during several different pulsation cy-
cles and in different Blazhko epochs. For each of their observing runs (one in 1978,
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one in 1982 and one in 1983), they found a clear correlation of the magnetic field
strength with the phase of the pulsation cycle. Amplitudes of the field variations
were 1 kG, 1.5 kG and 1 kG, respectively. They found the field polarity, however,
to be reversed from one run to the next. Finally, based on photometry they derived
the Blazhko phases for their observing intervals, calculated average fields strengths
for each interval, and combined their results with those of Babcock, for which they
had also calculated the Blazhko phase and derived the mean field strength from
the curves in his publication. Based on those combined data, they reported a clear
variation of the mean magnetic field strength with the Blazhko phase.

Again almost two decades later, Chadid et al. (2004) presented spectropo-
larimetric observations of RR Lyrae in which no significant magnetic field was
present. They obtained 27 measurements of circular polarization with the MuSi-
CoS instrument at the 2 m Bernard Lyot telecsope at the Pic du Midi Observatory,
at different pulsation phases as well as Blazhko phase over a period of almost 4
years (and therefore covering also the 4-year-cycle of RR Lyrae). The magnetic
field strengths calculated from their data never exceeded the significance limit,
and they concluded that RR Lyrae is a bona-fide non-magnetic star. They sug-
gested that a combination of underestimating the true errors and the rapid line
profile changes that occur in RR Lyrae were the cause for the previous claims of
detections of magnetic fields in RR Lyrae.

Another very recent polarimetric measurement of RR Lyrae can be found in the
paper by Schnerr et al. (2008). These authors performed magnetic field strength
measurements on a sample of 25 massive OB-type stars, a study in principle quite
unrelated to RR Lyrae stars. Being aware, however, of the open question about
the Blazhko effect in RR Lyrae stars and its possible magnetic explanation, they
also added RR Lyrae to their observing schedule in 2003 and obtained 9 mea-
surements. In none of their measurements they could detect a significant magnetic
field, therefore confirming the results of Chadid et al. (2004).

So far, as the reader has certainly noted, all observations of RR Lyrae stars
had been restricted to the brightest prototype of the class, RR Lyrae itself. But at
the beginning of the 21st century, precise instruments and the availability of large
telescopes had meanwhile brought also other RR Lyrae stars within reach. The
first ones to make use of those new options and to perform spectropolarimetry on
a larger sample of RR Lyrae stars were Kolenberg & Bagnulo (2009). Their goal
was to answer the question whether RR Lyrae stars in general are characterized
by magnetic fields on a large scale. They used the low-dispersion spectrograph
FORS1 at the ESO VLT unit Kueyen to perform altogether 20 measurements
on 17 different stars. Among their targets were both Blazhko and non-modulated
stars, of both RRab and RRc type, to find out which of those groups (if any) has
a detectable field. In accordance with the other recent measurements of Schnerr
et al. (2008) and Chadid et al. (2004) they reported that all their measurements
resulted in null detection within the significance limit of 3σ. From the available
photometry of the targets they determined the pulsation phases for each of their
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measurements and plotted the field strength as a function of phase. Even though
all are null detections, a slight tendency for higher field strengths at the pulsation
phase around zero (i.e., at light maximum), which would be expected from the con-
servation of magnetic flux, is discernible in their diagram. Having a rather large
sample of different stars at hand, a statistical analysis was possible, assuming a
random distribution of the orientation of the field axes. This led to the conclusion
that the dipole field strength must be below 130G at the 95% confidence level.
Their measurements however, were taken at a very low resolution of only R=1400
and R=2800, respectively, depending on the slit that was used. The question still
remained whether a higher resolution would make a difference, i.e. whether mag-
netic fields of RR Lyrae stars could be detected when also the metallic lines were
resolved. This is were the work in this thesis comes into play.

In the following sections, after a short introduction to the methods applied
and the instruments that were used, we present results based on high-resolution
(R=70000) spectropolarimetry of a sample of RR Lyrae stars which builds upon
the work of Kolenberg & Bagnulo (2009), extending their sample as well as testing
on some stars whether the results differ from those obtained from the low resolution
spectra.

2.2 Some basic definitions

Zeeman effect: In the presence of a magnetic field, the degeneracy of the levels
of an atom is removed, and a level with the angular momentum quantum number J
splits up into (2J+1) equally spaced sublevels. Their splitting is proportional to the
strength of the acting magnetic field, as well as to the Landé factor g. This factor
is usually known from laboratory experiments or from theoretical calculations. In
the case of a weak field, a line broadening is present, while only in strong fields an
actual splitting is observed. The frequencies of the lines can be calculated by

ν = ν0 +
Bµ0

h
(g′M ′ − gM)

where ν is the frequency resulting from the transition between a level with the
quantum numbers J and M to a level with the quantum numbers J ′ and M ′, µ0 is
the Bohr magneton, B is the magnetic field strength, h is the Planck constant, ν0

is the frequency in the absence of a magnetic field, and g and g′ are the respective
Landé factors of the upper and lower level.

Due to selection rules, not all of the possible Zeeman signatures can be ob-
served. The change in the magnetic quantum number M cannot be larger than one
unit. Therefore, only transitions with ∆M = (M ′−M) = ±1, 0 are allowed, result-
ing in three distinct components. M’ and M are the magnetic quantum numbers
of the upper and lower level, respectively. The components with ∆M = −1 and
∆M = +1 are called the σr and σb component, respectively, as they are observed
on the red and blue side of the unperturbed line. The designation σ historically
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originated from the German word senkrecht (perpendicular), as those components
are linearly polarized when observing perpendicularly to the magnetic field. When
observing along the magnetic field, they are circularly polarized. The central com-
ponent, on the other hand, is called π component, its name being derived from the
word parallel. It is linearly polarized when observing in the direction parallel to
the magnetic field. The σ components are the ones that cause the typical Stokes V
profile (see next paragraph) when observing the line-of-sight (longitudinal) mag-
netic field, and this is the method used in our study. Many more details on the
Zeeman effect and the mathematics behind it can be found in the comprehensive
textbook of Landi Degl’Innocenti & Landolfi (2004).

I = + = + = +

Q = - U = - V = -

Figure 2.1: Operational definition of the Stokes parameters.

The Stokes parameters: The Stokes vector is a set of four parameters - the
Stokes parameters (usually designated I, Q, U and V) which can be used to describe
the polarization state of light. They were introduced by Sir Georg Stokes in 1852
who, with his work, made the description of polarized radiation fully consistent.
To connect the polarization characteristics to actual measurements, an operational
definition is needed. This definition for the Stokes parameters goes as follows: an
ideal polarizer (i.e. a polarizer that fully transmits the electric field component
that is aligned with its transmission axis and fully blocks the perpendicular com-
ponents) is placed in a beam which propagates perpendicular to the polarizer. As
a reference axis we select the vertical direction. When the polarizer’s transmission
axis is aligned with the reference axis, the measured intensity is I0. When the
polarizer is rotated by 45◦, the measured intensity is I45, a rotation by 90◦ gives
I90, and one of 135◦ gives I135. The intensity measured through an ideal filter for
right-handed or left-handed circular polarization gives I+ and I−, respectively. The
Stokes parameters are then given as:

I=I0+I90 = I45+I135 = I++I−
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Q=I0-I90,
U=I45-I135,
V=I+-I−.

This is also illustrated shematically in Figure 2.1. One can see that Stokes I
is the total intensity, Stokes Q and U describe linear polarization, and Stokes V
describes circular polarization. For the data in this thesis, we observed circular
polarization, i.e., the Stokes V profile in our spectra. An extensive description of
polarization in spectral lines, its measurement and its application in astronomy
can be found, among others, in the textbook of Landi Degl’Innocenti & Landolfi
(2004) as well in the proceedings edited by Trujillo-Bueno et al. (2002).

2.3 Instrumentation

In the optical wavelength range, there are no detectors that can directly measure
the polarization of the radiation. They are only sensitive to the intensity of the
light. Therefore, polarization measurements are performed by measuring the in-
tensity of linear combinations of Stokes parameters, for example I±Q or I±V. The
task of creating those combinations is done by the polarimeter. Two orthogonal
states of polarization are compared, for example left- and right-handed circular
polarization. Those two orthogonal states are either detected successively or si-
multaneously by double beam optics (Semel et al. 1993). The polarimeter used
for this work (SemPol) is described in the subsequent section. It has double beam
optics and offers the possibility to interchange the polarization states of the beams
to minimize instrumental effects on the polarization measurements.

2.3.1 SemPol

The Semel polarimeter (SemPol) was designed by Dr. Meir Semel and built at
the Observatory in Paris Meudon and can be attached to the AAT as a visitor
instrument. To be able to obtain the observations used for this thesis, the author
visited Dr. Meir Semel’s working group in Paris to learn how to assemble the
image slicer which needs to be shipped in pieces, and how to install and calibrate
the polarimeter. The instrument was then shipped from France to Australia, and
there it was prepared for the observing run by Dr. Stephen Marsden and myself.
This section provides some information on how the instrument works and of which
constituents it consists.

The main parts of SemPol are: the calibration wheel, the two wave retarders,
the beam splitter (all in one unit), and the image slicer (which is separate from
the other components). Some very useful and detailed notes have been written by
Martinez-Gonzalez & Semel (2008), and a description of the setup of an earlier
version of the instrument, together with some technical considerations has been
published by Semel et al. (1993).
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The wave retarders Among the most crucial parts of SemPol are the two wave
retarders (or phase shifters). These are devices that can convert one polarization
state into another, for example circular polarization into linear polarization. They
do so by resolving the beam into two components, retarding the phase of one
component with respect to the other, and reuniting the components into one beam.
An ideal retarder does not alter the amplitudes of the components in the process.
When the phase delay between the two states of polarization is π/2 then the
retarder is called a quarter wave plate, if the retardation is π, then it is a half-wave
plate. The retardance can be achieved either by using a birefringent material or
by using reflections. The retarders used in SemPol are of reflection type: they are
Fresnel rhombs (Martinez-Gonzalez & Semel 2008). An illustration of the Fresnel
rhombs (parallelepipeds made of crystal) used in Sempol can be seen in panels b
and c of Figure 2.2.

The light enters one of the small faces and is then reflected twice (in the case of
a quarter wave plate) on the longer, tilted sides before it exits the paralellepiped
through the other small face. Each of these reflections cause a 45◦ phase delay of
one component with respect to the other, resulting in a delay of π/2 in the case
of two reflections, and π in the case of four reflections (as it is the case for the
half wave plate). It is important to note that the analysis of the polarimetry is
not done in the retarders, but will happen later in the beam splitter. The retarder
only converts the polarization form. It is also important to note that - as can be
seen in Figure 2.2, the quarter wave Fresnel rhomb causes a lateral displacement
of the beam. Therefore, in the current setup of SemPol, it is not possible to rotate
the quarter-wave plate, as this would require a shift of all the optics behind it. The
other components (i.e., the half-wave plate and the beam splitter can be rotated)
to switch between observation modes. It is also obvious from Figure 2.2 that the
half-wave plate does not displace the light beam.

The beam splitter The beam splitter is the most important part in the sense
that it performs the actual analysis of the polarization. It devides the incident
light into two beams with their polarizations orthogonal to each other, deviates
them into different directions, and transmits both. The beam splitter installed in
the SemPol polarimeter is a Wollaston prism (Martinez-Gonzalez & Semel 2008)
consisting of two magnesium fluoride (MgFl2) prisms whose optical axes lie per-
pendicular to each other, and also perpendicular to the direction of the light. The
two prisms are optically contacted. When the light crosses the first prism, it is
separated into an ordinary and an extraordinary ray which both continue to prop-
agate in the same direction. A small phase shift occurs, but this is not relevant for
the future analysis as the beams will be treated separately from here on.

At the interface between the two prisms, the two beams will be refracted differ-
ently because the refraction indices change due to the different orientation of the
birefringent prism. They are refracted into different directions. A detailed draw-
ing is given in panel d of Figure 2.2. It can be shown that a quarter-wave plate
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that is aligned with the reference axis, combined with a beam splitter that has an
inclination of 45◦ with respect to the quarter-wave plate act as an ideal filter for
circular polarization. In this case, the half-wave plate also needs to be aligned with
the reference axis. This is the setup that was used for the study in this thesis.

Overall setup of SemPol The essential constituents of SemPol have already
been described in detail in the previous paragraphs. They are embedded, however,
in a series of other optical elements that are necessary for the full functionality of
the polarimeter and which shall be described here and are illustrated in panel a of
Fig. 2.2.

At first, the light coming from the telescope enters the polarimeter through a
hole in a tilted mirror. It is very important that the star image is focused exactly
within this so-called exploration hole, otherwise light will be lost. Via the tilted
mirror, light can be directed sideways for inspection (to center and to focus the
star). The diameter of the hole corresponds to about 1.8”, as required by the
typical seeing conditions at the AAT. The next part after the entrance hole is a
70 mm lens that puts the focus of the image to the infinite. This is useful since the
subsequent optics will not change the focus. After the lens, there is a calibration
wheel which contains several optical elements that can be selected according to
the needs: a Fabry-perot interferometer, a linear polarizer, a mirror that reflects
the incoming light to the eyepiece of the instrument, a hole, and an additional
quarter-wave plate. For our purpose, what was needed was the observation hole
in the calibration wheel, as for the circular polarization observed by us, the half-
wave plate and the quarter-wave plate were sufficient. For observation of linear
polarisation, however, the effect of the built-in quarter-wave plate needs to be
cancelled, which is done with the additional plate in the calibration wheel. The
next parts in the path of the light are the Fresnel rhombs: first the quarter-wave
plate, then the half-wave plate, and then the beam splitter. Afterwards, the two
beams emerging from the beam splitter need to be sent into the fibers, which is
done by a 25 mm lens. During the adjustment of the instrument before an observing
run, it is necessary to adjust this lens with the two calibration screws in vertical
and horizontal directions so that all the light is directed into the optical fibers.

All the above mentioned components are in the main body of the instrument
that can also be seen in Figure 2.3, and which is indicated in the left part of
the schematic drawing in Figure 2.2. From this main part of the polarimeter, two
long optical fibers (33 m long, one for each beam) lead down two floors to the
spectrograph where the last part of SemPol (the image slicer) is installed directly
in front of the spectrograph slit.

The image slicer The purpose of the image slicer is to maximize the throughput
through the spectrograph slit and to optimize the resolution. In principle, the light
coming from the optical fibers could be sent directly to the spectrograph, but
to obtain a higher resolution, a thinner slit is necessary. Sending the two beams
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Figure 2.3: The Semel polarimeter (SemPol) attached to the base of the AAT in
the Cassegrain cage with the eyepiece facing the entrance door. The fibers leading
to the spectrograph are not yet installed.

through a narrow slit, however, would lead to a dramatic loss of light. The solution
that was found for this problem was to “chop” the beams into narrower slices which
are aligned above each other to form an artifical slit by themselves (see Figure 2.2).
This task is performed by the Bowen-Wallraven image slicer which constitutes an
important part of SemPol. The slicer consists of three optical components: a small
entrance prim, a plane-parallel plate, and a large exit prism. All components are
optically connected to each other. A schematic drawing of the slicer is given in
panel e of Figure 2.2. The secret of the slicer lies in the wedge that is missing
in the large exit prism, which creates a so-called slicing edge. When light enters
through the entrance prism, it is reflected several times within the borders of the
plane-parallel plate, and it can only exit the optical system if behind the plate it
encounters the exit prism. If instead of the prism, due to the missing wedge the
light encounters air, it is totally reflected. Now the slicing edge is inclined to the
path of the reflection, so that every time a part of the beam is transmitted, and
the rest is internally reflected, which results in a series of slices. This always leads
to an even number of internal reflections. The number of slices is dependent on
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the rotation of the slicing edge, with a small angle resulting a large number of
narrow slices, and a larger angle in a smaller number of slices. The optimal setup
for the observations obtained in the framework of this thesis (using the 31.6 gr/mm
grating) turned out to be two slices for each beam, and therefore 4 half circles. The
appearance of the final image is illustrated in Figure 2.2. This slit shaped image
contains all the star light that comes from the polarimeter, and can directly be
used as a slit, meaning that the usual slit of the spectrograph remains in its fully
opened position, and the image created by the image slicer itself forms the “slit”.
The image slicer is therefore positioned directly in front of the spectrograph where
normally the shutters of the slit would be. This special shape of the slit makes
it necessary to use a dedicated software package for extraction of the spectra, as
ordinary data reduction packages would fail. The data reduction will be described
in Section 2.4.

Of course, the slicer device consists of some more optical elements than just the
actual slicer (i.e., the prism/plate/prism combination described above). One issue
that needs to be solved with the help of additional optics is the slit length. Because
of the limited separation between orders on the chip, there is a maximum slit length
that should not be exceeded in order to avoid inter-order contaminations. For
the 79 grooves/mm grating the separation between the orders is 2.5 times larger
than for the 31.6 grooves/mm grating, allowing for a much longer (and therefore
narrower) slit composed of a larger number of slices. The polarimeter was initially
optimized to be used with this grating. For our observations, however, we had to
use the 31.6 gr/mm grating which requires a smaller image.

To achieve the suitable image size, first an afocal system consisting of a 10 mm
and a 21 cm lens is put in between the fibers and the slicer, enlarging the images
from 100 µm to 2.1 mm. This combination of lenses focuses the image onto the
plate of the slicer and brings the pupil to the infinite. After the slicing took place,
another system of two lenses is placed in the beam to reduce the image size to
the suitable value and to focus the image on the plane of the slit of the UCLES
spectrograph. The pupil is placed in the infinite, i.e. in this case, on the collimator
of the spectrograph. For the 31.6 gr/mm grating, the pair of lenses consists of
a 15 cm and a 6.5 cm lens. Unfortunately, as the product of the pupil and the
image size is a constant, such a small image leads to a large pupil that overfills the
collimator, and therefore leads to some loss of light. The resulting resolution with
this setup is approximately R=71000.

Fine-tuning of the image slicer optics was a delicate and time consuming task,
as the image slicer had to be shipped to Australia in several pieces that needed to
be assembled before observations could start.

Observing strategy Many different things in the path of the light between the
star and the detector can cause spurious polarimetric signals: seeing, instrumental
drifts, detector sensitivity, the fact that the two polarization states are transported
by two different fibers, etc. (Semel et al. 1993). Successively interchanging the po-
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larization states of the two beams is a solution that can help to remove many
of these instrumental effects. For example, different sensitivities of CCD pixels,
crosstalk between linear and circular polarization that might happen in the po-
larimeter, and any effect in the optical system that causes the two spectra to be
systematically different are cancelled out by the beam exchange when the result-
ing spectra are then divided by each other. This method was therefore applied in
this work. To reduce flatfielding effects to a minimum, each polarization state was
observed not only once but twice in the same configuration, resulting in a sequence
of four spectra for each magnetic field measurement. Exchanging the polarization
states of the beams was achieved by rotation the wave plate by 90◦. The sequence
of measurements was therefore taken with the positions alternating as -45◦, +45◦,
+45◦ and -45◦. The error in the orientation is usually negligible (Semel et al. 1993).

2.3.2 AAT and the UCLES spectrograph

The SemPol instrument is always installed in the Cassegrain focus of the 3.9-m
Anglo-Australian telescope (AAT). This helps to reduce the instrumental polar-
ization effects to those of the telescope alone (Semel et al. 1993). Any oblique
reflections that would introduce spurious polarization are avoided by this strat-
egy (normally, four plane mirrors would be used to direct the light down to the
spectrograph). In this setup, the effects of the telescope optics on the polarization
analysis are the only ones that remain and they are expected to be small (Semel
et al. 1993). A photograph of SemPol installed in the so-called Cassegrain cage at
the base of the AAT during our observing run can be seen in Figure 2.3. Due to
this installation, very long (33 m) fibers are needed to feed the light down to the
University College London Echelle Spectrograph (UCLES) spectrograph where the
Bowen-Wallraven image slicer is installed just in front of the spectrograph slit.

For our observations, we used the 31.6 grooves/mm grating. Our spectra cover
46 orders, ranging from order 84 to 129. The resolution obtained with this setup is
R=71000, with a wavelength range from 4377 to 6810 Å and a central wavelength
of 5268 Å. The detector used in this study was the EEV2 CCD with 2048 × 2746
pixels.

2.4 Data Reduction and Analysis

As already mentioned in Section 2.3.1, data obtained with the spectropolarimet-
ric setup of UCLES + SemPol has a very peculiar format and therefore cannot
efficiently be reduced with standard reduction packages. Therefore we made use
of a dedicated software package developed by Donati et al. (1997): ESpRIT. Its
name stands for ”Echelle Spectra Reduction: an Interactive Tool” and it has been
designed to optimally extract the spectra in the special format produced by the
fiber-fed image slicer. I kindly thank J.-F.Donati for allowing me to use his soft-
ware.
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The challenges of spectropolarimetric observations are, among others, that ev-
ery order contains 2 different spectra, one for right-handed and one for left-handed
circular polarization. This can be seen from the illustration in Fig. 2.2, and also
in the spectrum that is given in Fig. 2.4 as a dark line along the orders that sepa-
rates the two spectra. ESpRIT offers the possibility to extract those spectra either
together to get an ordinary unpolarized spectrum, or separately for spectropolari-
metric analysis. Another speciality is that the image slicer can produce a tilt of
the slit with respect to the CCD axis which could induce wavelength shifts, and,
as a consequence, spurious polarization signatures, if not accounted for. This tilt
as well as the complex order section profile are also taken into account by the
extraction package.

To correct for instrumental errors, we followed the standard procedure of taking
approximately 20 flat field images as well as 20 bias images in each night. A master
bias and a master flat field were created from those files in the usual way. For the
wavelength calibration spectra of a Thorium-Argon lamp were taken every night.

As the first step of the analysis with ESpRIT, the basic parameters of the
geometry of the spectra on the chip need to be derived. For this purpose, infor-
mation like the chip size (in our case 2048 × 2746), dispersion direction (in our
case along columns), as well as the approximte position of the first order, etc need
to be entered by the user. In our exposures, we have observed 46 orders ranging
from order 84 to order 129. The geometrical information on order position, order
curvature etc. is then stored for further use in the extraction of the spectra.

For the wavelength calibration, an initial estimate of the wavelength and dis-
persion for a given order needs to be provided. All orders are then calibrated
simultaneously on the basis of the Thorium-Argon spectrum and a dedicated at-
las.

Having two spectra in each exposure and four exposures for each star due to
the observing strategy described in Section 2.3.1, in principal means that there are
eight spectra available. These can be combined in such a way that instrumental
errors are cancelled out and a polarization profile is obtained (by dividing spectra
of different beam orientation by each other), and also in a way that cancels out the
polarization signature to obtain a so-called Null profile. In this case, spectra with
identical beam orientation are divided by each other. This Null profile gives an
indication of the expected error and serves as a diagnostic profile that can reveal
spurious signals. A polarization signature should only be considered real, if it is
present in the Stokes V profile, but not in the Null profile. In the section on our
results, all profiles are plotted for comparison.

To enhance the sensitivity in the last step of the data analysis, a so-called least
squares deconvolution (LSD) is applied by ESpRIT, a technique similar to cross-
correlation. As polarization signatures are very small, and spectra – especially of
fainter stars – are usually far too noisy to detect them directly in a single spectral
line, it is necessary to combine the information of as many spectral lines as possible.
This is feasible because lines can be expected to show the same shape of their
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Figure 2.4: Example spectrum. RR Cet observed with the UCLES spectrograph.
Orders are aligned along columns, and the complex order section caused by the
image slicer is visible when having a close look at the orders.
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circular polarization signature. This combination is done by the LSD procedure.
Details on the mathematics used in this procedure can be found in Donati et al.
(1997), who introduced this specific technique. To perform an LSD analysis, a so-
called line mask, i.e., a list of spectral lines that are present in the star and their
corresponding depths, needs to be provided. The spectrum is then cross-correlated
with this line pattern. We performed the analysis both with previously available
masks for the given spectral type of the stars, as well as (as a test) with a refined
mask composed by us on the basis of Kurucz stellar atmosphere models and based
on temperatures for the targets found in the literature, and using only lines with
high Landé factors. The results turned out to be the same: no detectable magnetic
field in both cases.

2.5 Targets and Results

Five different stars were observed in this project. One of them, SS For, is a well-
studied Blazhko star that was analyzed photometrically by Kolenberg et al. (2009).
Three other stars are non-modulated RRab stars (RX Eri, RR Cet and XZ Cet),
and one is of RRc type (CS Eri). The observed stars therefore represent the most
important subgroups of RR Lyrae stars (modulated RRc stars, as well as RRd
stars, which are not represented by the sample, are comparatively small groups).
Two of the targets (CS Eri and SS For) had already been observed in the polari-
metric study of Kolenberg & Bagnulo (2009). The additional data obtained here
served the purpose of comparing the results from low-resolution spectropolarime-
try with those of high-resolution spectropolarimetry. It was considered possible
that the increased resolution would make it possible to detect weaker fields. Also,
the measurements were taken at different pulsation phases than the previous study,
therefore providing additional information. Due to the conservation of magnetic
flux, one would expect a change in the field strength in a radially pulsating star
that changes its radius as dramatically as an RR Lyrae star. Kolenberg & Bagnulo
(2009), even though the magnetic fields measured by them were below the signifi-
cance limit, suspected a possible slight variation of the field strength with pulsation
phase. Obtaining an additional measurement at a different phase is therefore also
valuable. In the case of SS For, a Blazhko star, of course also the Blazhko phases of
the two measurements are different. Checking the presence of a magnetic field at
different Blazhko effect phases is important as a variation with the Blazhko effect
effect had been suggested for RR Lyrae, and would, if present, reveal a lot about
the mechanism behind the effect.

For the other three targets which had not been observed by Kolenberg & Bag-
nulo (2009) we present here the first spectropolarimetric measurements ever ob-
tained. This increases the total number of RR Lyrae stars for which magnetic field
measurements are available to 21.

Table 2.1 lists the targets with their basic properties, the date of observation,
and the pulsation phase during the measurement. The stars will now be discussed
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in detail. Final results (Stokes V profiles and Null profiles) of all five targets can
be seen in Figures 2.7 and 2.8.

Table 2.1: Table of targets.

Name other name α(2000) δ(2000) V Brightness [mag]
CS Eri HD 16456 02 37 05.76 -42 57 48.06 8.75-9.31
RX Eri BD-15872 04 49 44.29 -15 44 28.25 9.25-10.18
SS For HIC 9932 02 07 51.98 -26 51 57.72 9.45-10.60
RR Cet HD 9356 01 32 08.17 +01 20 30.23 9.28-10.26
XZ Cet HD 12293 02 00 16.63 -16 20 46.03 9.33-9.82
Name Type date (dd/mm/yyyy) integration pulsation phase
CS Eri RRc 7/12/ 2008 4x1800 s 0.893 ± 0.02
RX Eri RRab 8/12/2008 4x1800 s 0.0497± 0.0007
SS For RRab-BL 9/12/2008 4x2400 s 0.1044± 0.0001
RR Cet RRab 15/12/2008 4x2400 s 0.1703± 0.0008
XZ Cet RRab 16/12/2008 4x2400 s 0.37 ± 0.48

CS Eri: This star was already part of the sample of Kolenberg & Bagnulo (2009),
measured by them twice at the pulsation phases 0.41 and 0.10. According to the
GCVS, its period is 0.311331d, typical for an RRc star. Other names of CS Eri
are: HD 16456, HIC 12199.

CS Eri has a metallicity of Fe/H=-1.41 (Feast et al. 2008), and a parallax of
π = 2.70±1.10 mas. According to Kinman et al. (2012), who studied the kinematics
of horizontal branch stars, CS Eri belongs to the so-called H99 group - a group
of stars that does not follow the typical kinematic behavior of its environment.
CS Eri was studied by De Medeiros et al (2006) in their survey about rotation
velocities of low metallicity stars. They determined a temperature of Teff=7700K,
log g = 2.8, vsin(i) = 15.0 km/s and metallicity of [Fe/H]=-1.50. Other observations
(Kinman et al. 2000) at different phases yielded Teff=6750 K and Teff=7500 K,
respectively.

Phases given in the table are based on the Hipparcos data and are therefore
consistent with those given by Kolenberg & Bagnulo (2009). The accuracy of the
phase given by Kolenberg & Bagnulo (2009) is ±0.02. As an independent check,
we can also conclude from indicators in our spectra (line depth) that we probably
have observed the star around its hottest phase, as the lines get shallower and
wider (indicating an increase in temperature) in the second and third exposure,
and deeper again in the last exposure, indicating that the hottest phase is over.
This is in agreement with the phases calculated in this manner.



CHAPTER 2. TESTING THE MAGNETIC MODEL 43

A challenge in the spectropolarimetry of RR Lyrae stars is their faintness which
requires long exposure times. On the other hand, RR Lyrae stars have large radial
velocity amplitudes during their pulsation, and therefore the lines move during the
four sub-exposures. This is illustrated in Figure 2.5 for a Mg line of CS Eri, which
has the shortest period among the stars in our sample.

Figure 2.5: A Mg line in CS Eri illustrates the radial velocity changes of RR Lyrae
stars during the four sub-exposures.

RX Eri: is one of the stars observed for the first time with spectropolarimetry,
as it was not in the sample of Kolenberg & Bagnulo (2009). Alternative names of
RX Eri are BD-15872, or HIP 22442. Very accurate and up-to-date elements are
given by Berdnikov et al. (2012) who give the epoch as 2453626.3323 ± 0.0004,
and a pulsation period of 0.58724613 ± 0.00000022 d. Le Borgne et al. (2009) also
observed a maximum of this star about two weeks before our spectra were taken.
The phases obtained on the basis of this maximum agree quite well with those of
Berdnikov et al. (2012) which we use for calculating the phases of our spectra. For
the midpoint of the total exposures (corresponding to the time of the magnetic
field measurement) we get a phase of ϕ= 0.0497± 0.0007. According to Feast et al.
(2008), the metallicity of RX Eri is Fe/H=-1.33, and its parallax π=1.31. For et al.
(2011) carefully determined the temperature variation of this and other stars with
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Table 2.2: Times of observations and phases for CS Eri. Phases are for the time of
mid-exposure, and are based on the closest epoch of maximum light that could be
found in the literature.

JD start exposure phase RV (km/s)
2454807.933898 0.94 -138
2454807.955745 0.01 -144
2454807.977592 0.08 -159
2454807.999439 0.15 -163

phase, finding the temperature of RX Eri to range approximately from 5900 to
7100 K.

SS For: is a well-known Blazhko star that was also part of the sample of Kolen-
berg & Bagnulo (2009). It was measured via spectropolarimetry by them three
times at pulsation phases 0.09, 0.61 and 0.90. Other designations of SS For are
HIC 9932, and CD-27737. SS For was studied photometrically in great detail by
Kolenberg et al. (2009), who based on their extensive photometric data give the
ephemerides as: HJD 2453296.440 + 0.495433 × E, and 2453298.914 + 34.94 × E
for the pulsation and the Blazhko cycle, respectively. The phases given in Table 2.3
were calculated from the ephemerides of Kolenberg et al. (2009). The phase of the
midpoint of all combined four spectra (and therefore of the magnetic field mea-
surement) is ϕ=0.1044. A light maximum of SS For was also measured with the
Tarot telescope a few weeks before our spectra were taken. The time of phase zero
(maximum light) was 2454793.6430 according to Le Borgne et al. (2009). Phases
calculated on this basis agree quite well with those based on the data of Kolenberg
et al. (2009). The Blazhko phase at the time of our spectropolarimetric measure-
ments was ψ=0.25. During the observations of Kolenberg & Bagnulo (2009), its
Blazhko phase was quite different: 0.43, 0.47 and 0.49, respectively for their three
measurements.

SS For is much hotter than the other stars treated so far. Cacciari et al. (1989)
determined the temperature curve of SS For and found it to vary roughly between
6200 and 8800 K. They also publish radial velocities in connection with pulsation
phases. A comparison of their values with our results show a good agreement.

A special feature that we found to be present in our spectra of SS For is a line
doubling in the Hα line (see Figure 2.6), which is considered to be an indication
of a shock wave travelling through the stellar atmosphere. Stellar material before
and after the shock wave is then observed at two different, well-separated velocities
which lead to a splitting in the observed spectral lines. This is usually referred to as
the Schwarzschild effect (see also Chapter 4 for details on the violent atmospheres
of RR Lyrae stars). The effect disappears as the shock wave moves on and leaves
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Table 2.3: Times of observations and phases for SS For. Phases are for the time of
mid-exposure. Values in column 2 were calculated based on the ephemerides given
by Kolenberg et al. (2009).

JD start exposure phase RV (km/s)
2454809.982457 0.0172 -139
2454810.011249 0.0753 -135
2454810.040040 0.1334 -130
2454810.068832 0.1916 -123

Figure 2.6: Hα line of the star SS For in our four subexposures. The changing
doubling of the line during the transient shock passage can be seen. The x axis is
in observed wavelength.

the line forming region. We have captured this moment in two of the stars in
our sample: SS For and RR Cet. While the effect in seen in Hα, it is not present
in Hβ or any of the metallic lines, due to the fact that those lines are formed at
different depths in the atmosphere. The doubling therefore should not influence our
spectropolarimetric measurements as they are based on a set of metallic lines. It is
interesting to note that the typical “shock phase” of RR Lyrae stars is considered
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the phase around ϕ=0.9 where a so-called hump is observed in the B and V light
curves, and in some cases a UV excess is observed. Our observations of Hα line
doubling in SS For (as well as in RR Cet) were taken at a much later phase (after
light maximum), which is consistent with the assumption that Hα is formed in
much higher layers and that the shock wave is traveling outwards.

RR Cet: is one of the stars for which spectropolarimetric observations are pre-
sented here for the first time as it was not in the sample of Kolenberg & Bagnulo
(2009).

There are ephemerides for RR Cet provided by Berdnikov et al. (2012) who reg-
ularly observed 81 RR Lyrae stars photometrically. The epoch according to them
is 2453805.4870 ± 0.0004, and the pulsation period is 0.55302938 ± 0.00000023.
RR Cet was also monitored in the framework of the GEOS survey with the au-
tomated Tarot telescopes (Le Borgne et al. 2009). They measured a maximum at
JD 2454820.2950, only five days after our spectra were taken, resulting in a phase
of ϕ=0.067 for our first spectrum, roughly in agreement with the ephemerides of
Berdnikov et al. (2012). The pulsation phase at the midpoint of the four spectra
(and therefore corresponding to the time of the magnetic field measurement) is
ϕ=0.169.

Table 2.4: Times of observations for RR Cet. Phases are for the time of mid-
exposure and were calculated based on the ephemerides given by Berdnikov et al.
(2012).

JD start exposure phase RV (km/s)
2454815.907886 0.065 -104
2454815.936677 0.118 -98
2454815.965468 0.170 -93
2454815.994260 0.222 -88

RR Cet was also investigated by For et al. (2011), who found the temperature
to vary between approximately 6100-7300K. Butler et al. (1982) also measured the
star spectroscopically near light maximum and found a temperature of 7340K. We
therefore adopt a temperature of about 7200K for our line list to fit our observa-
tions taken shortly after light maximum.

Note that in RR Cet we also detect a line doubling in Hα as in SS For. For a
discussion of this phenomenon we refer to the paragraph on SS For.

XZ Cet (other names: HD 12293 and BD-17366) was not in the sample of Kolen-
berg & Bagnulo (2009), and we therefore present the first spectropolarimetric ob-
servations of this object. The classification of XZ Cet was disputed in the past,
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with Teays & Simon (1985) classifying it as anomalous cepheid, which is ques-
tioned by other authors. Wallerstein et al. (2009) include it into their study of
carbon-rich RR Lyrae stars.

Because of the long period, the radial velocity changes during our four sub
exposures are smaller than for the other stars. Its elements are: 2448500.799 +
0.82314 E (Hipparcos, 1997).

Table 2.5: Times of observations and phases for XZ Cet.

JD start exposure phase RV (km/s)
2454816.933721 0.221 +188.5
2454816.962512 0.256 +190.5
2454816.991304 0.291 +192.0
2454817.020095 0.325 +193.0

Conclusions The observations of all our stars resulted in null detections, con-
sistent with the findings of Kolenberg & Bagnulo (2009). In order to test the
functionality of the instrumental setup we also observed a magnetic standard star
(HD 94660) which showed a clear signature of a strong field in our spectra (see
Figure 2.8), indicating that our non-detections in the RR Lyrae stars did not stem
from any instrumental failure.

With our data we have shown that even with high-resolution spectroscopy it
is not possible to detect a magnetic field in the selected RR Lyrae stars. The
model for the Blazhko effect that requires a strong magnetic field is therefore most
probably not the correct explanation for the modulation.

With our sample of stars we have increased the total number of RR Lyrae stars
observed with spectropolarimetry to 21. With such a high number, it can safely be
assumed that it was not an unfavorable geometrical configuration (i.e., one with
an inclination so that the line-of-sight component of the magnetic field is small) or
an unfavorable timing (observations during a minimum in a magnetic cycle) that
caused the non-detections. In none of the represented groups of RR Lyrae stars,
RRab, RRc and RRab-Blazhko stars, a field was detectable.
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Chapter 3

Towards a complex Blazhko effect
(Papers II and III)

Blazhko stars had before only been observed from the ground, and the data sets
suffered from large gaps due to bad weather and interruptions between observing
seasons. Therefore, also all previous indications that the Blazhko effect might be
not strictly periodic were based on sparse data with large gaps, often obtained
with different instruments in different filters and by different observers. From such
inhomogenous data sets it was hardly possible to tell whether the changes were
caused either by evolution (slow ceasing or appearing of the Blazhko effect as the
star gradually changes its parameters) or caused by a superimposed long-term
modulation. Continuous and homogeneous space photometry allows for the first
time to have a look at those changes taking place.

Also, of course the precision of space photometry was much better than that
of ground-based data. This allowed to search for low amplitude components in the
Fourier spectra of RR Lyrae stars.

In the following, the analyses of two peculiar RR Lyrae stars are presented.
The first one was observed with CoRoT and the second one with the Kepler space
telescope.
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3.1 Analysis of the CoRoT photometry

This section consists of the publication:

• Guggenberger, E.; Kolenberg, K.; Chapellier, E.; Poretti, E.; Szabó, R.;
Benkő, J. M.; Paparó, M.: The CoRoT star 105288363: strong cycle-to-cycle
changes of the Blazhko modulation, published in the Monthly Notices of the
Royal Astronomical Society, 415, 1577 (2011)

The contribution of the author of the thesis to the paper was the following:

• prepared the data for analysis by removing instrumental effects

• performed all analyses

• wrote the paper
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ABSTRACT
We present an analysis of the COnvection, ROtation and planetary Transits (CoRoT) star
105288363, a new Blazhko RR Lyrae star of type RRab (f 0 = 1.7623 d−1), observed with the
CoRoT spacecraft during the second long run in the direction of the Galactic Centre (LRc02,
time-base 145 d). The CoRoT data are characterized by an excellent time-sampling and a low
noise amplitude of 0.07 mmag in the 2–12 d−1 range and allow us to study not only the fine
details of the variability of the star, but also long-term changes in the pulsation behaviour and
the stability of the Blazhko cycle. We use, among other methods, standard Fourier analysis
techniques and O−C diagrams to investigate the pulsational behaviour of the Blazhko star
105288363. In addition to the frequency pattern expected for a Blazhko RR Lyrae star, we find
an independent mode (f 1 = 2.984 d−1) showing a f 0/f 1 ratio of 0.59 which is similar to that
observed in other Blazhko RR Lyrae stars. The bump and hump phenomena are also analysed,
with their variations over the Blazhko cycle. We carefully investigated the strong cycle-to-
cycle changes in the Blazhko modulation (PB = 35.6 d), which seem to happen independently
and partly diametrically in the amplitude and phase modulations. Furthermore, the phasing
between the two types of modulations is found to change during the course of the observations.

Key words: techniques: photometric – stars: individual: CoRoT ID 105288363 – stars: vari-
ables: RR Lyrae.

1 IN T RO D U C T I O N

RR Lyrae stars are low-mass stars on the horizontal branch that
burn helium in their core. They have contributed to the progress
in many fields of modern astronomy. With their large amplitudes
of up to 1.5 mag, they have been known since the end of the 19th
century and offer the opportunity to study stellar evolution in real
time (Le Borgne et al. 2007). They obey a period–luminosity–colour
relation which makes them important standard candles. Also, their
evolutionary status makes them useful for the study of Galactic
evolution. RR Lyrae stars can pulsate in the radial fundamental
mode (RRab stars), in the first radial overtone (RRc stars) or in
both modes simultaneously (RRd stars). Some RR Lyrae stars are
candidates for possible higher radial overtone pulsation.

One of the remaining unsolved questions on those seemingly
well-studied stars is the century-old Blazhko enigma, a modulation

�E-mail: elisabeth.guggenberger@univie.ac.at

of the amplitude and/or phase of the main pulsation period on time-
scales of typically weeks to months. With the availability of new
and precise data, the estimated incidence rate of this phenomenon
has recently increased dramatically, making it even more important
to understand the effect. While until some years ago a value of 20–
30 per cent was assumed for RRab stars, Kolenberg et al. (2010a)
find at least 40 per cent of the stars observed by the Kepler satellite
to be modulated, and Jurcsik et al. (2009c) give a lower limit of
50 per cent of modulated stars in their sample and even raise the
suspicion that the modulation might be a universal property of RRab
stars.

Several promising models have been proposed to explain the
Blazhko phenomenon, among those are the magnetic oblique
pulsator–rotator model (e.g. Shibahashi 2000) that works similarly
to the mechanism that causes the typical patterns of roAp variation,
as well as models involving resonances between the main pulsa-
tion and either higher order radial modes or non-radial modes (e.g.
Dziembowski & Mizerski 2004, and references therein). None of
these models, however, succeeds in explaining the full spectrum of

C© 2011 The Authors
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observed features of Blazhko stars. The repeated non-detection of
the required strong dipole magnetic fields in RR Lyrae stars in re-
cent studies (Chadid et al. 2004; Schnerr et al. 2008; Guggenberger
et al. 2009; Kolenberg & Bagnulo 2009) poses a significant problem
for the magnetic models, and the changes that have been reported to
occur in the Blazhko phenomenon of several stars, especially vari-
ations in its period, are a big challenge for any model that links the
Blazhko effect directly to rotation and therefore predicts an almost
clock-work-like behaviour.

A scenario that explicitly favours irregular or stochastic Blazhko
cycles was published by Stothers (2006). It connects the amplitude
and phase modulations of Blazhko stars to a cyclic weakening and
strengthening of the turbulent convection inside the helium and
hydrogen ionization zones due to the presence of local transient
magnetic fields.

Most recently, the detection of period doubling in several
RR Lyrae stars in the high-precision data delivered by the Kepler
mission (Kolenberg et al. 2010a; Szabó, Kolláth & Molnár 2010)
triggered the exploration of radial resonances in Blazhko RR Lyrae
stars. While hydrodynamical simulations successfully reproduced
period doubling (Szabó, Kolláth & Molnár 2010; Kolláth, Molnár
& Szabó 2011) and found a 9:2 resonance between the ninth over-
tone which appears as a surface mode and the fundamental pul-
sation to be responsible for the phenomenon, they were not able
to yield modulated light curves. It was an alternative approach by
Buchler & Kolláth (2011), using the amplitude equation formalism,
that succeeded in producing amplitude modulation of both regular
and irregular types. In their simulations, chaos occurs because of
the presence of a strange attractor in the dynamics, causing irregular
behaviour.

Changes in both the amplitude and/or the length of the Blazhko
cycles, irregularities in the Blazhko phenomenon, sometimes also
accompanied by a change in the main pulsation period, have been
reported for a sample of RR Lyrae stars. A detailed look at the
known changes in Blazhko cycles of different stars will be taken
in Section 5.1. One has to note, however, that previous studies of
changing Blazhko phenomena usually relied on ground-based data
only, suffering from small or sometimes large gaps due to daylight
and/or weather and therefore also often from incomplete coverage of
the pulsation and especially the Blazhko period. Reports on long-
term variations in the Blazhko effect in specific stars also often
compare publications of different authors using different methods
with varying precisions. It was therefore often impossible to say
when the changes took place and whether they happened abruptly
or continuously. In this study, we have, for the first time, investigated
strong cycle-to-cycle changes of the Blazhko effect in a continuous
and homogeneous data set that covers 255 pulsation and more than
four full Blazhko cycles.

Section 3 will present the data used for analysis, as well as data-
processing methods. Section 4 explains the analysis methods and
presents the results, while their implications are discussed in Sec-
tion 5. At the final stages of preparing our manuscript, we were
informed that another group had analysed the same data set and
published their results in Chadid et al. (2011). The main differences
between the results of the two manuscripts are briefly summarized
in Appendix A.

2 TH E TA R G E T

The COnvection, ROtation and planetary Transits (CoRoT)
star 105288363 (hereinafter CoRoT ID 105288363, α =
18h39m30.s8, δ = +7◦26′53.′′9, J2000) is a 15.3-mag star

(V) in the constellation Ophiuchus. Before the CoRoT mission, it
was not known to be variable. CoRoT ID 105288363 was classified
as an RR Lyrae variable with the ‘CoRoT Variability Classifier’,
using two different automated supervised classification methods
(Debosscher et al. 2009), and was then confirmed by human
inspection. The ExoDat data base (Deleuil et al. 2009), which
provides important information on the parameters of the stars
observed in the CoRoT exoplanet field, lists a contamination of the
CoRoT ID 105288363 data of 0.177, meaning that 17.7 per cent
of the measured flux might originate from background stars. The
nearest background stars also included in the photometric mask of
CoRoT ID 105288363 are also listed in the ExoDat data base and
are all 2 mag or more fainter than the target star.

3 O BSERVATIONS AND DATA TREATMENT

The data used in this study were obtained in the framework of the
Additional Programmes of the exoplanetary field during the second
long run in the direction of the Galactic Centre (LRc02). Observa-
tions were carried out during a time-span of 145 d from 2008 April
15 to 2008 September 7, or CoRoT JD 3027.47 to 3172.46. Note that
the zero-point of the CoRoT JD corresponds to HJD 245 1545.0,
which is 2000 January 1 at 12:00:00 UT. The nominal exposure time
in the exoplanet field is 512 s, as 16 measurements with a sampling
of 32 s are averaged onboard (Debosscher et al. 2009). For this
study, we used the calibrated light curves of N2 level.

The CoRoT space telescope is dedicated to stellar seismology
and the search for extrasolar planets. It was launched successfully
on 2006 December 27 into a polar low-Earth orbit with an apogee
of 911 km and a perigee of 888 km (Auvergne et al. 2009). With its
unprecedented photometric precision, its continuous time-sampling
and its capability to observe a target for up to 150 d, it provides an
excellent opportunity to study variable stars and especially the long-
term behaviour and stability of their pulsation.

As the CoRoT spacecraft is in a low-Earth orbit, the Earth has
an influence on the satellite and causes perturbations. The most
important of these perturbations are temperature variations due
to light/penumbra/shadow transitions and changes in the Earth’s
albedo, cosmic-ray hits during the passage through the South At-
lantic Anomaly and satellite attitude variations because of the
Earth’s gravity field (Auvergne et al. 2009). These result in in-
strumental jumps and trends in the data, as well as some strongly
deviating points.

Due to the above-mentioned effects, the data of CoRoT
ID 105288363 were affected by one significant jump and a slight
trend. As the high amplitudes typical for RR Lyrae stars hamper
a profound trend correction, and the data sampling would strongly
affect the linear fit to the original data, a frequency fit had to be
subtracted before the slope of the trend could be determined. The
frequency fit contained the main pulsation frequency, its first 10 har-
monics and the classical triplet solution around those peaks which
describe the mean Blazhko effect of the star. From the residuals we
then found the parameters for the jump and trend correction and ap-
plied it to the original data. Note that an instrumental trend in the flux
data, if not removed, would lead to a spurious change in amplitude
due to the conversion to the magnitude scale. This would be fatal for
any investigation of the Blazhko effect and its stability, as the ampli-
tudes and their changes are of great interest. Special attention was
therefore paid to a correct trend removal, and both the jumps and
trends were removed from the flux data before converting it to mag-
nitudes. Luckily, the trend in the data of CoRoT ID 105288363
was only marginal and could easily be removed with a linear
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Figure 1. The complete data set of CoRoT ID 105288363 covering more
than four Blazhko cycles is shown in the top panel. In the bottom panel,
a zoom-in is given to illustrate the continuous sampling of the light curve
which is typical for satellite missions, like CoRoT .

correction. The fact that the trend was very small in this case rules
out the possibility that the observed amplitude changes could orig-
inate from the contamination with background stars. Fig. 1 shows
the corrected full data set used in this paper, illustrating the full
coverage and giving an example of the excellent data quality by
zooming-in to a smaller region. A phase diagram, showing the data
folded with the main period, is given in Fig. 2.

In the framework of the standard CoRoT data reduction pipeline,
a ‘flag’ is attributed to every data point, indicating the quality and

Figure 2. Data of CoRoT ID 105288363 folded with the main period of
0.567 d.

reliability of the measurement as well as the nature of the effect that
might have affected the measurement in question. As only mea-
surements with flag = 0 are considered fully reliable, an analysis is
usually only performed using those data points. For RR Lyrae stars,
however, it turned out that the rapid brightness changes that occur
during rising light caused a lot of measurements to be spuriously
classified as non-zero, even though they are high-quality measure-
ments. This would result in incomplete coverage and regular gaps
in the light curve when only flag = 0 points are used. The flag
algorithm was therefore not used to exclude measurements, and the
light curve was instead cleaned manually off outlying points. The
final data set is composed of 20 983 useful points, yielding the very
high duty cycle of 86 per cent.

4 A NA LY SI S AND RESULTS

4.1 Fourier analysis

A Fourier analysis of the data was performed using the PERIOD04
software package developed by Lenz & Breger (2005). It provides
simultaneous sine-wave fitting and least-squares fitting algorithms.
The results were thereafter cross-checked with an analysis per-
formed with the iterative sine-wave fitting method (Vaniĉek 1971)
and found to agree within the errors.

The spectral window of the data shows the typical features
of high-precision satellite data: alias peaks have low amplitudes
(smaller than 0.1 normalized amplitude, see the upper panel of
Fig. 3) and are centred around the orbital frequency and its multi-
plets. The orbital period of CoRoT is 6184 s (Auvergne et al. 2009),
corresponding to a frequency of f orb = 13.97 d−1. In addition to f orb,
we also find the term 2f sid = 2.0054 d−1, which is caused by two
passages over the South Atlantic Anomaly per day, and its harmonic
4f sid. The term f sid = 1.0027 d−1 itself is not visible in the spectral
window, but its combinations with f orb are present. In summary, we
find peaks at

fo,s = kforb ± nfsid

with 0 ≤ k ≤ 6 and 1 ≤ n ≤ 7. The highest peaks are at (k, n) =
(1, ±1), (2, 0) and (0, 2).

The dominant features in the Fourier spectrum of CoRoT ID
105288363 are the radial fundamental pulsation frequency of
1.762 2967 d−1 and its numerous harmonics describing the asym-
metric light curve shape that is typical for RRab stars. The har-
monics were significant up to the 22nd order, when applying a sig-
nificance criterion of a signal-to-noise ratio of 3.5 for combination
frequencies. The noise amplitude calculated in the 2–12 d −1 range is
0.07 mmag and is probably still affected by the long-term instrumen-
tal drift. Indeed, it is lower (0.04 mmag) in the 50–90 d−1 region.
The well-known triplet structure with a spacing of the Blazhko
frequency (in this case 0.028 d−1), which is usually observed in
Blazhko stars, is also clearly visible. The triplet could either be
caused by a non-radial mode close to the main pulsation mode and
its many combinations (Breger & Kolenberg 2006) or simply re-
sult from the modulation of purely radial pulsation as was recently
mathematically described by Szeidl & Jurscik (2009) and, using a
different approach, by Benkő, Paparó & Szabó (2009). The middle
panels of Fig. 3 show the Fourier spectrum of the original data,
after the subtraction of f 0 and its first nine harmonics, and of a fit
including the triplet components. The insets show a zoom into the
vicinity of the fourth harmonic to illustrate the fine structure of the
remaining signal.
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Figure 3. Consecutive steps of pre-whitening. The top panel shows the
spectral window and the middle panels (top to bottom) give the Fourier
spectrum of the original data, the spectrum of the data after pre-whitening
the main pulsation component and nine harmonics, and the spectrum after
subtraction of the triplet solution, respectively. The insets show an enlarge-
ment of the region around 4f 0 to illustrate the triplet structure and the
remaining signal. The bottom panel shows the low-frequency region where
the Blazhko frequency is directly detected.

The ephemerides of the maximum pulsation light and maximum
pulsation amplitude (i.e. the Blazhko maximum) found from a clas-
sical Fourier analysis of the complete data set are

HJD(Tmax) = 245 4572.8037 + 0.567 44122 × Epulsation,

HJD(TBlazhkomax) = 245 4583.5768 + 35.6 × EBlazhko.

Note that the Blazhko effect undergoes strong changes in CoRoT
ID 105288363 (as can already be guessed after a close inspection
of the raw data shown in Fig. 1). Hence, the values above should
be understood as mean values of the complete data set. A detailed
investigation of the Blazhko period and changes of the Blazhko ef-
fect using different approaches will be performed in the subsequent
sections.

4.1.1 Multiplet components

In the past few years, it was debated whether only triplet structures
occur in Blazhko stars or whether higher order multiplets are also

present, but hidden in the noise of the available data sets. The
question was resolved when Hurta et al. (2008) reported the first
detection of quintuplets in the RRab star RV UMa using high-
precision ground-based data obtained during a dedicated campaign.
Meanwhile, quintuplets have been found in other RR Lyrae stars
as well, for example, in the southern star SS For by Kolenberg
et al. (2009) and, thanks to high-precision satellite photometry,
even higher order multiplets are known today, with the record held
by a septdecaplet component that has been found in the CoRoT data
of V1127 Aql (Chadid et al. 2010).

In CoRoT ID 105288363, however, the situation is a bit more
complicated. In a Fourier analysis, the strongly changing Blazhko
effect and, especially, its seemingly irregular nature cause close
peaks of high amplitude to appear around the dominant peaks.
Therefore, most multiplet components are hidden, not in the noise,
but in an irregular pattern of unresolved peaks that are caused by the
cycle-to-cycle changes of the Blazhko modulation. Residual peaks
like these were also detected in two other Blazhko stars observed
by CoRoT so far: V1127 Aql (Chadid et al. 2010) and CoRoT
ID 101128793 (Poretti et al. 2010). In these cases, the amplitudes
of the peaks were small, indicating slight changes of the Blazhko
cycle. In CoRoT ID 105288363, however, the amplitudes of the
residual peaks are very high, complicating the analysis of the full
data set. As a result, the quintuplet peaks become unambiguously
detectable only at higher harmonic orders, as their amplitudes do
not decrease as rapidly with increasing order as those of the main
pulsation components (see also Section 4.1.4). It is a valid assump-
tion that if the quintuplets can be detected at higher orders, they
are also present at lower orders. Therefore the quintuplet peaks
around low orders were included into our fit to the data, even if
they lie very close to high-amplitude peaks caused by the varying
Blazhko effect . The frequencies included in the final fit to the data of
CoRoT ID 105288363, including the triplet and quintuplet peaks,
are given in Table 1. For obtaining this fit, a Fourier sum of the
form

f (t) = A0 +
n∑

k=1

{
Ak sin(2π(kf0t + ϕk))

+ A+
k sin(2π[(kf0 + fB)t + ϕ+

k ])

+ A−
k sin(2π[(kf0 − fB)t + ϕ−

k ])

+ A++
k sin(2π[(kf0 + 2fB)t + ϕ++

k ])

+ A−−
k sin(2π[(kf0 − 2fB)t + ϕ−−

k )]
}

+ B0 sin(2π(fBt + ϕB))

was used, with f B being the Blazhko frequency, A+ and A− denoting
the amplitudes of the triplet components, and A++ and A−− denot-
ing the amplitudes of the quintuplet peaks on the higher and lower
sides of the main pulsation component, and B0 is the amplitude of
the Blazhko frequency itself. This is the standard method of fitting
the light curves of Blazhko RR Lyrae stars, assuming equidistant
triplets, extended here to include also equidistant quintuplets and
the Blazhko frequency itself, which has only in rare cases been de-
tectable in ground-based data. The Fourier spectrum of the vicinity
of the Blazhko frequency is displayed in the bottom panel of Fig. 3.

4.1.2 Additional modes

We also carefully investigated the amplitude spectra to search for
additional modes, that is, frequencies not related to f 0 and f B. As
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Table 1. List of frequencies, amplitudes and phases obtained from the analysis of the full data set (all cycles combined), assuming
equidistant multiplets. The values should be understood as mean values, as the properties of the pulsation change from cycle to
cycle. Errors are 0.000 28 mag for the amplitudes, and 0.000 04, 0.0002 and 0.0014 d−1 for the three independent frequencies, that
is, for the main frequency f 0, for its highest side peak (f 0 − f B), which was used for fixing the spacings, and for f 1, respectively.
Errors of the phase values obtained from a Monte Carlo (MC) simulation with PERIOD04 are given in the fourth column.

f (d−1) A (mag) φ [0:1] σ (φ) MC f (d−1) A (mag) φ [0:1] σ (φ) MC

f 0 1.762 30 0.179 03 0.7418 0.0001 9f 0 + f B 15.888 73 0.001 67 0.9593 0.0122
2f 0 3.524 59 0.084 28 0.8827 0.0002 10f 0 − f B 17.594 91 0.001 41 0.3987 0.0154
3f 0 5.286 89 0.055 10 0.0622 0.0004 10f 0 + f B 17.651 03 0.001 11 0.1656 0.0193
4f 0 7.049 19 0.032 69 0.2444 0.0007 11f 0 − f B 19.357 21 0.000 93 0.5590 0.0243
5f 0 8.811 49 0.018 93 0.4277 0.0012 11f 0 + f B 19.413 33 0.000 85 0.3789 0.0224
6f 0 10.573 78 0.009 94 0.5869 0.0022 12f 0 − f B 21.119 51 0.000 60 0.7324 0.0363
7f 0 12.336 08 0.005 94 0.7372 0.0041 12f 0 + f B 21.175 62 0.000 65 0.6084 0.0338
8f 0 14.098 38 0.003 58 0.9055 0.0060 13f 0 − f B 22.881 80 0.000 26 0.9048 0.0942
9f 0 15.860 67 0.001 75 0.0842 0.0120 13f 0 + f B 22.937 92 0.000 55 0.8338 0.0394
10f 0 17.622 97 0.000 61 0.2074 0.0319 14f 0 + f B 24.700 22 0.000 61 0.0463 0.0307
11f 0 19.385 27 0.000 18 0.1304 0.1258 15f 0 + f B 26.462 52 0.000 52 0.2291 0.0436
12f 0 21.147 56 0.000 24 0.1517 0.1032 16f 0 + f B 28.224 81 0.000 61 0.4271 0.0336
13f 0 22.909 86 0.000 36 0.2729 0.0675
14f 0 24.672 16 0.000 54 0.4239 0.0393
15f 0 26.434 46 0.000 52 0.5998 0.0413 Significant quintuplet components
16f 0 28.196 75 0.000 52 0.7459 0.0481
17f 0 29.959 05 0.000 58 0.8898 0.0387 f 0 − 2f B 1.706 18 0.002 06 0.3443 0.0106
18f 0 31.721 35 0.000 44 0.0383 0.0578 f 0 + 2f B 1.818 42 0.001 78 0.1541 0.0114
19f 0 33.483 64 0.000 36 0.1965 0.0656 2f 0 − 2f B 3.468 48 0.002 56 0.5302 0.0068
20f 0 35.245 94 0.000 40 0.3853 0.0606 2f 0 + 2f B 3.580 71 0.001 09 0.1929 0.0175
21f 0 37.008 24 0.000 31 0.5334 0.0759 3f 0 − 2f B 5.230 77 0.000 77 0.3088 0.0276
22f 0 38.770 54 0.000 26 0.6964 0.0843 3f 0 + 2f B 5.343 01 0.002 31 0.4096 0.0083

4f 0 − 2f B 6.993 07 0.001 95 0.5242 0.0108
Blazhko frequency 4f 0 + 2f B 7.105 31 0.001 91 0.6359 0.0111

5f 0 − 2f B 8.755 37 0.002 66 0.7795 0.0076
f B 0.028 06 0.006 14 0.4174 0.0035 5f 0 + 2f B 8.867 60 0.001 76 0.8317 0.0121

6f 0 − 2f B 10.517 66 0.001 68 0.9861 0.0119
Significant triplet components 6f 0 + 2f B 10.629 90 0.001 38 0.0387 0.0151

7f 0 − 2f B 12.279 96 0.001 32 0.1025 0.0178
f 0 − f B 1.734 24 0.032 96 0.9796 0.0006 7f 0 + 2f B 12.392 20 0.001 13 0.2433 0.0178
f 0 + f B 1.790 36 0.022 02 0.5198 0.0010 8f 0 − 2f B 14.042 26 0.001 39 0.2751 0.0151
2f 0 − f B 3.496 53 0.016 13 0.0362 0.0013 8f 0 + 2f B 14.154 49 0.000 84 0.4335 0.0260
2f 0 + f B 3.552 65 0.018 04 0.6578 0.0010 9f 0 − 2f B 15.804 56 0.001 14 0.4760 0.0185
3f 0 − f B 5.258 83 0.017 45 0.1944 0.0013 9f 0 + 2f B 15.916 79 0.000 64 0.6215 0.0374
3f 0 + f B 5.314 95 0.013 91 0.8353 0.0016 10f 0 − 2f B 17.566 85 0.000 72 0.6594 0.0309
4f 0 − f B 7.021 13 0.015 72 0.4035 0.0015 10f 0 + 2f B 17.679 09 0.000 56 0.8246 0.0355
4f 0 + f B 7.077 25 0.010 68 0.0242 0.0022 11f 0 − 2f B 19.329 15 0.000 51 0.8157 0.0430
5f 0 − f B 8.783 43 0.009 79 0.5851 0.0022 11f 0 + 2f B 19.441 39 0.000 47 0.0232 0.0456
5f 0 + f B 8.839 54 0.007 60 0.2074 0.0028 12f 0 − 2f B 21.091 45 0.000 43 0.9916 0.0524
6f 0 − f B 10.545 72 0.006 05 0.7376 0.0034 12f 0 + 2f B 21.203 68 0.000 39 0.2016 0.0596
6f 0 + f B 10.601 84 0.005 13 0.3844 0.0039 13f 0 − 2f B 22.853 74 0.000 36 0.1764 0.0798
7f 0 − f B 12.308 02 0.004 44 0.8836 0.0047 13f 0 + 2f B 22.965 98 0.000 35 0.4208 0.0629
7f 0 + f B 12.364 14 0.003 59 0.5659 0.0053
8f 0 − f B 14.070 32 0.003 39 0.0517 0.0066 Independent mode
8f 0 + f B 14.126 44 0.002 49 0.7626 0.0085
9f 0 − f B 15.832 61 0.002 32 0.2312 0.0082 f 1 2.984 0.0004 0.6950 0.0475

in the case of the multiplet components, the strong variation in the
light-curve shape due to the Blazhko effect is a severe complication
in such an analysis. Nevertheless, we found marginal evidence for
a mode at about f 1 = 2.984 d−1, with an average amplitude of
0.4 mmag. This peak is detected in each Blazhko cycle, with the
largest amplitude of 0.8 mmag in the third one. We remind at this
point, however, that 17.7 per cent of the observed flux originates
from background stars and that there is a small chance that this
signal is caused by the contaminating source.

4.1.3 Modulation parameters

The properties of the modulation (i.e. multiplet) components, espe-
cially the degree of their asymmetry in amplitude, are considered a
useful tool to constrain the models for the Blazhko effect. The most
widely used parameters to describe the appearance of the triplets are
the amplitude ratio Rk = (A+)/(A−) of the two side peaks and their
phase difference �φk = φ+ − φ−. These parameters have been cal-
culated for both the triplet and the quintuplet components for each
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Table 2. Parameters describing the multiplets as explained in the text.

Order k Rk σ (Rk) �φ σ (�φ) Qk σ (Qk) �A2 σ (�A2)

Triplet components
1 0.67 0.01 −0.460 0.002 −0.199 0.007 −6.01E−04 1.57E−05
2 1.12 0.03 0.622 0.003 0.056 0.012 6.50E−05 9.58E−06
3 0.80 0.02 0.641 0.004 −0.113 0.013 −1.11E−04 8.84E−06
4 0.68 0.02 −0.379 0.005 −0.191 0.015 −1.33E−04 7.53E−06
5 0.78 0.04 −0.378 0.007 −0.126 0.023 −3.81E−05 4.91E−06
6 0.85 0.06 −0.353 0.010 −0.082 0.036 −1.03E−05 3.14E−06
7 0.81 0.08 −0.318 0.014 −0.106 0.050 −6.84E−06 2.26E−06
8 0.73 0.10 0.711 0.021 −0.154 0.068 −5.34E−06 1.67E−06
9 0.72 0.15 0.728 0.029 −0.163 0.101 −2.58E−06 1.13E−06
10 0.78 0.25 −0.233 0.049 −0.122 0.158 −7.72E−07 7.10E−07
11 0.91 0.40 −0.180 0.066 −0.050 0.223 −1.58E−07 4.99E−07
12 1.08 0.68 −0.124 0.099 0.038 0.316 5.91E−08 3.52E−07
13 2.09 2.47 −0.071 0.204 0.354 0.516 2.34E−07 2.42E−07

Quintuplet components

1 0.9 0.2 −0.19 0.03 −0.07 0.10 −1.10E−06 1.08E−06
2 0.4 0.1 −0.34 0.04 −0.40 0.12 −5.39E−06 1.10E−06
3 3.0 1.1 0.10 0.06 0.50 0.14 4.75E−06 9.65E−07
4 1.0 0.2 0.11 0.03 −0.01 0.10 −1.64E−07 1.08E−06
5 0.7 0.1 0.05 0.03 −0.20 0.09 −3.95E−06 1.26E−06
6 0.8 0.2 −0.95 0.04 −0.10 0.13 −9.13E−07 8.59E−07
7 0.9 0.3 0.14 0.05 −0.07 0.16 −4.44E−07 6.88E−07
8 0.6 0.2 0.16 0.06 −0.25 0.18 −1.23E−06 6.43E−07
9 0.6 0.3 0.15 0.08 −0.28 0.23 −8.86E−07 5.18E−07
10 0.8 0.5 0.17 0.09 −0.12 0.31 −2.03E−07 3.62E−07
11 0.9 0.8 −0.79 0.13 −0.04 0.41 −3.60E−08 2.74E−07
12 0.9 0.9 −0.79 0.16 −0.05 0.48 −3.07E−08 2.31E−07
13 1.0 1.1 0.24 0.20 −0.01 0.56 −6.85E−09 1.98E−07

harmonic order and are listed in Table 2. It is known that about three-
fourths of all RRab Blazhko stars in the MACHO data base show
a triplet with the higher component on the higher frequency side
(Alcock et al. 2003), that is, Rk > 1. CoRoT ID 105288363 seems to
be part of the rarer class, with the left-hand side component having
a higher amplitude, and hence Rk values significantly smaller than
1 in most orders. Also in the quintuplets, the left-hand side peak is
usually higher in CoRoT ID 105288363. The asymmetry parameter
Q = (A+ − A−)/(A+ + A−), which is similar to Rk, was introduced
by Alcock et al. (2003) who find that in their large sample of stars
observed in the MACHO project, Q usually lies between 0.1 and
0.6, with a peak at 0.3. In our data, the mostly negative values of Q
again indicate the dominance of the left-hand side peak. Finally, we
include the power difference of the modulation components �A2

k =
A+2 − A2

−. According to Szeidl & Jurscik (2009), this is the more
physically meaningful quantity to measure the asymmetry of the
multiplet, as it is connected to the phase difference between the
amplitude modulation and the phase modulation, with the triplet
being symmetrical if both types of modulations are in phase or if
one of the two types occurs in its pure form.

4.1.4 Decrease in amplitudes

It was first shown by Jurcsik et al. (2005) that the amplitudes of the
harmonics and those of the triplet components behave in different
ways with increasing harmonic order. While the main pulsation
components (i.e. f 0 and its harmonics) decrease exponentially, the
triplet components show a much less steep decrease. This was,
since then, confirmed for several RR Lyrae stars. In CoRoT ID

105288363, the result is the same and can be seen in Fig. 4. Note
that due to the high precision of the satellite data, we are able
to show not only the triplet components, but additionally also the
amplitudes of the quintuplet components in this diagram. This has
so far only been done for one star (the prototype RR Lyrae itself)
using the data of the Kepler satellite (Kolenberg et al. 2010b). Their
decrease is more or less linear and even less steep than that of the
triplet components. This phenomenon also leads to the effect that
at higher harmonic orders, the quintuplet components become the
dominant feature after subtracting a fit with the triplet solution,
while they are hardly discernible in the disturbing irregular peaks
at lower orders. In order 1, the peaks associated with the quintuplet
were not visible among the high and numerous other peaks, in
orders 2 and 3 only one of the two components was detectable, but
with a very low amplitude, in orders 4–6, both peaks are clearly
present but not the highest feature, and from order 7 onwards, the
quintuplet peaks became the dominant signal after subtracting the
triplet fit. An example can be seen in the insets of Fig. 3 where
the region around 4f 0 is shown at different steps of pre-whitening.
After removal of the triplet solution, the ‘forest’ of peaks caused by
the non-repetitive nature of the Blazhko cycles is visible.

4.1.5 Separate analysis of the Blazhko cycles

As changes in the amplitudes, like they occur in CoRoT
ID 105288363, as well as frequency changes, are known to cause
unresolved peaks to appear in the frequency spectrum of the full
data set, a classical Fourier analysis using the complete time-string
at once is obviously not the best method. We therefore decided to
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Figure 4. Amplitudes of the main pulsation component (squares), the triplet
components (triangles) and the quintuplet components (circles) with increas-
ing harmonic order. It is obvious that the amplitudes of the main pulsation
components decrease exponentially, while the amplitudes of the triplet and
quintuplet components show a less steep, more or less linear decrease. The
error bars have been calculated using MC simulations and are smaller than
the symbols.

perform a separate analysis of each Blazhko cycle to be able to
study the properties of the classical Blazhko multiplets without the
presence of dominant disturbing peaks. It was found in this analysis
that the amplitudes of the main frequency and its harmonics hardly
change from one cycle to the next (they remain within 2 per cent),
while the amplitudes of the triplets and quintuplets change by up to
25 per cent. We also observed that, especially in the last Blazhko cy-
cle, the amplitudes of the multiplet features decrease dramatically.
The overall picture (i.e. whether the left-hand or the right-hand side
peak is higher), on the other hand, remains constant over all the
cycles. Also, higher order multiplet components could be detected
in the analysis of the separate cycles while they were hidden under
disturbing peaks when analysing the full data set. Depending on
the cycle, most or even all septuplet peaks (nf 0 ± 3f B) up to order
n = 18 were detectable as well as some or most nonuplet (nf 0 ±
4f B) and some undecaplet (nf 0 ± 5f B) peaks. Triplet and quintuplet
peaks emerged clearer at low orders than they did in the full data
set, and they were significant up to much higher orders.

The frequency analysis of the full data set was therefore only
used to find a mean pulsation and Blazhko period for the data and
to determine the overall properties of the modulation components.

4.1.6 Fourier parameters

Another approach to avoid the residual peaks caused by the changes
in the modulation is to subdivide the light curve into small bins
which are hardly affected by the Blazhko modulation and then
calculate the amplitudes and phases of f 0 and its harmonics for
each of them. This method is used to investigate the time-dependent
behaviour of the star on a time-scale of a few days, reflected by the
Fourier parameters.

We divided the data set into 73 bins of 2 d duration each (i.e.
about 3.5 pulsation cycles), and calculated the Fourier parameters

Ak and ϕk (with k denoting the harmonic order), as well as their am-
plitude ratios Rk1 = Ak/A1 and epoch-independent phase differences
ϕk1 = ϕk − kϕ1 in each bin. These Fourier parameters are useful in
many aspects. First of all, they describe the shape of the light curve,
which for RRab stars is known to change dramatically during the
Blazhko cycle. Furthermore, they are a practical tool to compare the
properties of synthetic light curves from hydrodynamical models to
real data (e.g. Dorfi & Feuchtinger 1999; Smolec et al. 2011), and
Kovacs & Zsoldos (1995) showed that – for non-modulated stars –
it is possible to derive fundamental stellar parameters, like metal-
licity, from the Fourier parameters of RR Lyrae stars. Moreover,
Jurcsik, Benkő & Szeidl (2002) used the Fourier parameters and
their interrelations to test at which Blazhko phase, if at all, the light
curves of Blazhko stars resemble those of non-modulated RR Lyrae
stars. Also, in the case of a changing Blazhko effect like in CoRoT
ID 105288363, they are useful to compare the different observed
cycles in the context of the light-curve shape which is given by the
parameters.

The Fourier parameters of CoRoT ID 105288363 are displayed in
Fig. 5. Some interesting features can immediately be seen: while A1

shows a definite decrease in its variation, indicating the weakening
of the Blazhko effect during the duration of the observations, the
variation in ϕ1 is getting stronger and sometimes shows double
maxima. The other phases also show distinct differences from one
cycle to the next, with the fourth observed Blazhko cycle being very
weak in all of them. The amplitude ratio R21 increases its variation,
with flat maxima in the beginning of the observations and a sharper
maximum in the last cycle, and also for the phase differences, none
of the Blazhko cycles resembles the other ones exactly.

4.2 O−C diagrams

The O−C analysis is the most classical way to analyse RR Lyrae
stars and has nowadays mostly been replaced by Fourier analysis as
the preferred method of investigation. In the case of strong changes
in the pulsation behaviour, however, when the Fourier spectrum
shows a large number of unresolved peaks that hamper the analysis,
an O−C diagram might still be a valuable tool to have a closer
look at the Blazhko effect. As CoRoT provides continuous time-
sampling and therefore complete light curves, it is possible to plot
an O−C diagram not only for the times of maximum light, but
also for the minima. As CoRoT ID 105288363 also shows dramatic
changes in the light-curve shape, the O−C of minima might hold
some additional information. The O−C values of both the maxima
and minima are shown in Fig. 6. Additionally, the brightness values
of the extrema are shown for comparison.

The first obvious observation is that O−C of maxima and min-
ima shows diametrical behaviour, with the minima occurring latest
when the maxima are earliest and vice versa. This reflects the fact
that CoRoT ID 105288363 has a skewer light curve during the
Blazhko maximum than during the Blazhko minimum. The next
observation is that O−C of maxima shows an increase in amplitude
from one cycle to the next, starting from a value of 0.011 d (i.e.
about 16 min) peak-to-peak amplitude in the first observed cycle
and then increasing to 0.016 and 0.021 and finally to 0.023 d (i.e.
33 min) in the fourth cycle, resulting in an increase to about twice
the starting value. To obtain these values, five measured light max-
ima were averaged per Blazhko extremum to balance the scatter.
We see definite strengthening of the Blazhko effect here. Compared
to the brightness variations (see the left-hand panels of Fig. 6 and
also the Fourier parameter A1 in Fig. 5), this is paradoxical, as the
brightness variation indicates weakening of the Blazhko effect of
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Figure 5. Amplitudes, phases, amplitude ratios and phase differences for all 73 bins are shown. Note the error bars barely exceeding the symbol size.
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Figure 6. Magnitudes of maximum and minimum light (left-hand panels) and the O−C values of the maxima and minima, respectively (right-hand panels).
The strong changes in the Blazhko modulation, both in brightness and O−C variations, are obvious.

CoRoT ID 105288363 with peak-to-peak amplitudes of the max-
ima (upper left-hand panel of Fig. 6) starting from 0.35 mag and
dropping to 0.31, 0.32 and finally to 0.23 mag in the last cycle (with
three observed light extrema averaged in each Blazhko extremum
to compensate for scatter). This diametrical behaviour gives the
impression that the energy of the Blazhko modulation might have
gradually been converted from amplitude into frequency modula-
tion.

The O−C diagram of minimum light offers another intriguing
feature: during the first three cycles, the variation gets stronger like
for the maxima, from a peak-to-peak amplitude of 0.050 d in the
first to 0.051 in the second to 0.062 d in the third cycle, but the last
Blazhko cycle shows only a very weak variation with an amplitude
of only 0.035 d, indicating again that also the light-curve shape does
not repeat exactly. Like it was noted in the Fourier phases ϕ3 and ϕ4

in Fig. 5, the fourth cycle seems to deviate strongly from the others.
Table 3 lists the times of maximum light, their magnitude and their
O−C values. The full table is available online only (see Supporting
Information).

4.3 Loop diagrams

An important method of diagnosis for the Blazhko effect is the
O−C versus brightness or, simply, ‘loop’ diagrams. They represent
the contributions of the phase and amplitude modulations and the
relation between the two. The results for CoRoT ID 105288363 are
given in Fig. 7 for the four observed cycles separately for better
visibility. In the upper left-hand panel, which shows the first cycle,
the points lie almost on a single line which indicates that the am-
plitude and frequency modulations are taking place in phase, while

the bigger areas that are enclosed by the loops in the second and
third cycles indicate that a large phase shift is present. The direction
of motion through the diagram is given by the arrows. The fourth
cycle appears more like the first one with only a small phase shift.
An inspection of the scale of the axes reveals that not only does
a phase shift occur and disappear again, but also the strength of
the variations changes for both types of modulations, as we already
noted in the previous section. A Blazhko cycle was, for the purpose
of these plots, defined as from the beginning of the data set to the
next time the same Blazhko phase is reached, resulting in four ob-
served cycles. When using the definition that a Blazhko cycle starts
at the Blazhko maximum, the shape of the loops would, of course,
be different. However, the fact that the phasing of the amplitude and
the phase modulations changes remains untouched.

4.4 Bump and hump features

RRab Lyrae stars are known to show a distinct brightness increase
– the so-called bump – shortly before minimum light. Unlike in
Cepheids, this bump does not show a progression with the pulsation
period, but it has been noted that it changes its appearance with
the Blazhko phase in modulated stars. The first detailed investi-
gation on the bump behaviour during the Blazhko cycle has been
published by Guggenberger & Kolenberg (2006) for the southern
Blazhko star SS For, using an extended set of ground-based data.
With the availability of satellite photometry and therefore uninter-
rupted observations, it became much easier to see how the bump
moves back and forth during the Blazhko cycle. The phases of its
maximum for all pulsation cycles observed in CoRoT ID 105288363
were calculated using the mean period given in Section 4.1 and are
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Table 3. Observed maxima and minima of the pulsation of CoRoT ID 105288363. Columns are: epoch,
time of maximum in HJD, relative magnitude, O−C (d), times of minimum, relative magnitude and O−C
(d). The full table is available in the online version of the article only (see Supporting Information).

Epoch Times of maximum Magnitude O−C (d) Times of minimum Magnitude O−C (d)

0 4572.8037 −0.2726 0.0000 4572.7018 0.1985 0.0000
1 4573.3709 −0.2761 −0.0002 4573.2738 0.2017 0.0046
2 4573.9361 −0.2967 −0.0025 4573.8395 0.2020 0.0028
3 4574.5040 −0.3130 −0.0021 4574.4105 0.2035 0.0064
4 4575.0697 −0.3191 −0.0038 4574.9796 0.2110 0.0081
5 4575.6373 −0.3414 −0.0037 4575.5522 0.2038 0.0132
6 4576.2035 −0.3636 −0.0049 4576.1198 0.2141 0.0133
7 4576.7722 −0.3618 −0.0036 4576.6873 0.2161 0.0134
. . . . . . . . . . . . . . . . . . . . .

Figure 7. Magnitudes of light maximum versus O−C for the four observed Blazhko cycles.

plotted against time in Fig. 8. The bump occurs later (at a pulsation
phase of about 0.72 when zero is set to maximum light) around the
Blazhko maximum and significantly earlier (at ϕ = 0.56) during the
Blazhko minimum, with a rapid progression back to higher phases
which causes a very non-sinusoidal shape of the curve. To exclude
the possibility that this effect is just a consequence of the phase
modulation, that is, it is only caused by the light minima occurring
sooner or later depending on the Blazhko phase; the position of the
bump was also checked in relation to the adjacent light minimum.
The results turned out to be comparable.

The other prominent feature that is often observed in RRab stars
is the hump or still stand which occurs during the rising light shortly
before maximum light. This feature, which is caused by the so-called
main shock, was also investigated quantitatively, although it is not
very pronounced in CoRoT ID 105288363 and only hardly dis-
cernible at some Blazhko phases. Four consecutive pulsation cycles

were combined to obtain a better coverage of the rising branch, and
the phase value of the hump was determined by visual inspection.
The result follows the same general course of variation as for the
bump with later phases at the Blazhko maximum and earlier phases
around the Blazhko minimum, although, of course, the variation
is much smaller. This phase shift of the hump is certainly worth
investigating in further studies.

5 D I S C U S S I O N S A N D C O N C L U S I O N S

5.1 Changing Blazhko modulations

The fact that the Blazhko modulation in RR Lyrae stars can un-
dergo changes of various types is not totally new. In the literature,
several reports about phenomena like possible secondary cycles,
ceasing and restarting Blazhko modulations, changing values of the
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Figure 8. Phases of the bump feature.

Blazhko period, etc., can be found. The most prominent case cer-
tainly is the prototype RR Lyrae with its 4-yr cycle which affects
the amplitude of the modulation. It was reported that the modu-
lation was barely notable in 1963, 1967, 1971 and 1975 (Szeidl
1976), the years which obviously correspond to the minima of the
secondary cycle. However, not only those changes in the amplitude
of the modulation are known, but also variations of the Blazhko
period have been reported. Based on data from the years 2003 and
2004, Kolenberg et al. (2006) find a Blazhko period for RR Lyrae
that is notably shorter than previous values in the literature (38.8 d
instead of 40.8 d), while the fundamental period remained roughly
the same. It is not known when exactly the change took place.

Probably the oldest report about a changing Blazhko effect is the
investigation of RW Dra by Balazs (1957). The author reports that
in 1938, the amplitude of the variation in the O−C diagram caused
by the Blazhko effect of RW Dra dropped to about half the value
that was measured 3 months earlier (about 1 h instead of 2 h 17 m).
This reminds us of Section 4.2 where we observed the opposite case
for CoRoT ID 105288363: an increase to twice the starting value
(33 min instead of 16 min). At the same time, they found that the
amplitude modulation of RW Dra got dramatically weaker.

Another well-studied example is XZ Cyg. La Cluyzé et al. (2004)
report that the Blazhko period of XZ Cyg has changed on a time-
scale of decades and that these changes are anticorrelated with
observed changes of the pulsation period. While in the first half
of the 20th century (Blazhko 1922), the star was known to have a
Blazhko period of 57.4 d, it increased to 58.5 d in the 1960s, while
the pulsation period underwent a steep decline in several steps.
There was an interval when the Blazhko modulation disappeared
for a while, an additional modulation period of 41.6 d was reported
to occur at the times when the period of the main modulation was
low, and the presence of an overlying long modulation period of
almost 10 yr was also suspected.

The only Blazhko star for which it was possible to unambigu-
ously detect the two modulation frequencies that cause the complex
multiperiodic modulation behaviour is CZ Lac (Sódor 2009; Sódor,
Jurcsik & Szeidl 2010). The two periods have similar amplitudes, so
that there is no dominant one, and a strong beating is the result. The
periodic decrease in the modulation therefore resembles the cessa-
tion of the Blazhko effect in RR Lyrae, and the authors suggest that
the cause of the 4-yr cycle of RR Lyrae might be the same as in CZ
Lac, which would also explain why different Blazhko periods in the
range 38.8–40.8 d have been reported.

Another one of the few stars which have observations avail-
able over a sufficiently long time-span to investigate the long-
term changes of the modulation properties is RV UMa. It was
known to show a regular large-amplitude modulation, but based on
90 yr of observation, Hurta et al. (2008) could find period changes
in both the pulsation and modulation periods. The range of de-
tected modulation periods was from 89.9 to 90.6 d. An anticor-
relation of the changes of the two periods was reported with the
relation dPBl/dP0 = −8.6 × 104. This relation, however, does not
seem to be very strict, as also an episode of parallel behaviour
was observed. No change in the modulation amplitude has been
reported.

An anticorrelation of the changing Blazhko and pulsation periods
has also been reported for DM Cyg (Jurcsik et al. 2009b), with a
value of dPBl/dP0 = −1.32 × 104, based on almost 100 yr of
observations, while a parallel behaviour of the two periods was
found in XZ Dra (Jurcsik et al. 2002) with dPBl/dP0 = 7.7 × 104.
Again, no change in the modulation amplitude has been found. An
example of a different type of change is the star RR Gem (Sódor,
Szeidl & Jurcsik 2007), with both the amplitude and the period
of the modulation undergoing changes. The modulation amplitude
showed variations from the undetectable level (less than 0.04 mag)
to about 0.2 mag, while parallel changes in PBl and P0 were found
with dPBl/dP0 = 1.6 × 103. Both steady and abrupt pulsation period
changes were observed, as well as times when the period remained
constant.

Recently, Jurcsik et al. (2011) investigated the RR Lyrae variables
in the globular cluster M 5 and listed six Blazhko stars for which a
change in the modulation period could be determined. Besides this,
they also report that in the star V18, the light curve significantly
changes from one season to the next, while the random period
changes if the pulsation periods are detected. They state that in this
case the Blazhko effect manifests itself in strong, random, abrupt
changes of the light curves, lacking any clear periodic behaviour.
A stochastic and/or chaotic behaviour was also suggested for the
star MW Lyrae (Jurcsik et al. 2008), a star that, in principle, shows a
high degree of regularity in its modulation, but nevertheless reveals
significant and non-periodic deviations in the residual light curve. A
complex behaviour of the modulation was also suspected by Sódor,
Vida & Jurcsik (2006) for UZ UMa because of the unexpected high
residuals which still remained even after a fit with two modulation
periods was subtracted.

As we can see, there are reports about changes in both the am-
plitude of the Blazhko phenomenon and its period, but the inves-
tigations usually suffer from the gaps of ground-based data, larger
scatter and from the incomplete coverage of the Blazhko cycle. In
the homogeneous, uninterrupted and precise data delivered by the
CoRoT satellite, we can, for the first time, perform a detailed study
of the changes of the Blazhko modulation. Up to now, in most cases,
it was unclear when exactly the changes happened or whether they
took place abruptly or continuously, while in CoRoT ID 105288363
we can watch the details of variation taking place.

For CoRoT ID 105288363, an explanation involving two modu-
lation periods that lead to a beating which strengthens and weakens
the cycle as in CZ Lac (and maybe RR Lyrae itself) can be ruled out,
as two modulation periods cannot describe the observed light vari-
ation. The variation in the Blazhko effect of CoRoT ID 105288363
seems to be of a complex, chaotic nature, like it was proposed
for V18 in M 5, especially considering the fact that the O−C am-
plitude increases while the brightness modulation decreases (see
Section 4.2), which is hard to describe with a combination of mod-
ulation frequencies.
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Models which connect the Blazhko effect to rotation and therefore
predict clock-work-like behaviour face significant problems after
the detection of the strong cycle-to-cycle variations in the Blazhko
effect of CoRoT ID 105288363. The most promising approaches
from the theoretical side are certainly the scenario proposed by
Stothers (2006, 2010), as well as the 9:2 resonance with chaos
occurring due to the presence of a strange attractor (Buchler &
Kolláth 2011). The 9:2 resonance can yield the period doubling in
some stars or some during specific Blazhko phases, but it seems to
be unlikely that it is the sole explanation of the Blazhko effect.

On the other hand, the convective cycles proposed in the Stothers
models are capable of producing irregular Blazhko cycles. If the
light variability of RR Lyrae stars is as complicated as the complex
behaviour exhibited by CoRoT ID 105288363 seems to suggest,
then both phenomena could coexist. We also note that the Stothers
model was critically investigated by Smolec et al. (2011) who con-
cluded that a huge modulation of the mixing length was required to
reproduce the amplitude changes in RR Lyrae.

In this context, it is relevant to note that the high-amplitude δ Scuti
star CoRoT ID 101155310 shows small but very clear modulation
of the fundamental radial mode (Poretti et al. 2011). Though it is
still unclear if this is due to the star’s rotation or an analogue of the
Blazhko effect, the thin convective layer predicted by the physical
model of CoRoT ID 101155310 is an intriguing similarity between
RR Lyrae and high-amplitude δ Scuti stars.

5.2 Variations in the bump feature

Spectroscopically, signatures of emission have been detected during
the bump phase (Gillet & Crowe 1988), strengthening the generally
accepted explanation that the bump is caused by a shock wave (Hill
1972) that propagates through the atmosphere, resulting from a
collision of layers in the deep atmosphere. A change in the mean
radius of the star, as it has recently been reported by Jurcsik et al.
(2009a) for the Blazhko star MW Lyrae, could explain different
phases of the bump as the runtime of the shock wave through the
atmosphere changes and the photosphere is therefore reached earlier
or later. A displacement of the region of shock formation during the
Blazhko cycle, like it was proposed by Preston, Smak & Paczynski
(1965), would also offer an explanation for the changing bump
phases.

5.3 Phasing of the modulation

The dramatic change not only in the strength but also in the appear-
ance of the Blazhko effect certainly provides strong constraints for
the models, as an explanation for the Blazhko effect would need to
be able to account for strong changes in the phasing of the two types
of modulations (amplitude as well as phase modulations) which can
be present in a Blazhko star. As we have shown in Section 4.2, the
phase variation is getting stronger in CoRoT ID 105288363, while
at the same time the amplitude modulation is getting weaker. Also,
we have seen in Section 4.3 that suddenly a phase shift between the
two types of modulations appears and ceases again. Never before
have such drastic changes in the Blazhko behaviour of an RR Lyrae
star been documented. It is certainly a big challenge for the models
to reproduce these phenomena.

5.4 Additional modes

The excitation of additional modes is an open issue in modelling
the pulsation of RR Lyrae stars. Two frequencies not related to the

Blazhko modulation were convincingly found in the case of CoRoT
ID 101128793 (Poretti et al. 2010). One of them is perhaps related
to the period-doubling bifurcation, while the other supplies the ratio
0.582 with the main pulsation frequency (i.e. 2.119/3.630 = 0.582).
Moreover, the same authors found similar ratios when rediscussing
the cases of V1127 Aql (Chadid et al. 2010) and MW Lyrae (Jurcsik
et al. 2008), that is, 2.8090/4.8254 = 0.582 and 2.5146/4.2738 =
0.588, respectively.

In the case of CoRoT ID 105288363, we found a possible addi-
tional mode only, that is, 2.984 d−1. The ratio 1.762/2.984 = 0.591
is very similar to those reported above and this strengthens our con-
fidence on the reliability of the detection of such small amplitude f 1

term. The identification of the additional mode as the second radial
overtone, as in the case of CoRoT ID 101128793, is still the most
plausible explanation.

A few similar stars in which frequencies close to the expected
value of the overtones appear were also found in the sample of
RR Lyrae stars observed by the Kepler satellite (Benkő et al. 2010).
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APPENDIX A : C O MPARISO N W IT H THE
R E S U LTS O F C H A D I D ET A L . O N C oR oT
I D 1 0 5 2 8 8 3 6 3

After finishing the final draft of this manuscript, we found out that
Chadid et al. (2011) had just published the results of their analysis
of the same public data set of CoRoT ID 105288363. While in some
points, our results are in agreement with theirs, there are also some
aspects which differ. Those aspects refer to the following items,
discussed in a detailed way in the text.

A1 Conclusions for models

Chadid et al. (2011) state that the behaviour of CoRoT ID
105288363 is a strong support for the scenario described by Stothers
(2006). We note, however, that a varying magnetic field modulat-
ing the convection is still an unproven hypothesis and that there is
currently no model that can quantitatively describe the interaction
between such a field and the turbulent convection.

Buchler & Kolláth (2011) use the amplitude equation formalism
to study the interaction between the fundamental mode and the ninth
overtone in a 9:2 resonance and find stochastic, chaotic behaviour.
The low amplitudes of possible excited overtones and the fact that
period doubling is not observed in all Blazhko stars, however, seem

to make the 9:2 resonance as the sole cause for the Blazhko effect
unlikely. On the other hand, the resonance that was found in the
simulations of Szabó et al. (2010) and Buchler & Kolláth (2011)
was startlingly strong, and considering the fact that period doubling
is a temporary phenomenon which is present only during certain
phases, one might expect that the occurrence rate increases when
more continuous and accurate satellite data become available.

It is, of course, possible that the two effects, the variable tur-
bulent convection and the 9:2 resonance, coexist to explain the
various observed phenomena. The observed behaviour of CoRoT
ID 105288363 certainly poses a significant problem to all models
which require a clock-work-like behaviour and favours explanations
that are capable of producing irregular modulation.

A2 Long-term modulation

Chadid et al. (2011) report a long-term modulation period of 151 ±
7 d. We note that the detection of periods exceeding the time-base
of the available data (145 d) has to be taken with great caution.
Frequencies which are separated by a value of ν1 − ν2 < 1/�T ,
with �T being the time-base of the data, are usually considered
unresolved (Loumos & Deeming 1978). Also, it is well known that
artefacts of the Fourier analysis might appear as peaks close to the
exact value of 1/�T . Even though it might be possible under ideal
circumstances to predict a long-term behaviour from a short data
set, we do not think this is the case for CoRoT ID 105288363.
Considering the irregular nature of its modulation which can be
seen in both the Fourier parameter variation and the O−C variation,
it is unlikely that a correct prediction of only partially observed
long-term modulations is possible. The light curve shown in Fig. 1,
top panel, the behaviour of the Fourier parameters in Fig. 5 and
the changing shape of the Blazhko cycles in Fig. 7 suggest that a
long-term modulation, if periodic, should have a time-scale much
longer than the time-baseline.

A3 Additional mode

We find in our analysis an additional, independent mode which
was not found by Chadid et al. (2011). The excitation of additional
modes is a new observational result obtained from the careful anal-
ysis of CoRoT and Kepler time-series. The recurrence of the same
ratio between additional modes and the main pulsational mode is
also discussed in our paper.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Table 3. Observed maxima and minima of the pulsation of CoRoT
ID 105288363.

Please note: Wiley-Blackwell are not responsible for the content or
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3.2 Kepler photometry of V445 Lyrae

This section consists of the publication:

• Guggenberger, E.; Kolenberg, K.; Nemec, J. M.; Smolec, R.; Benkő, J. M.;
Ngeow, C.-C.; Cohen, J. G.; Sesar, B.; Szabó, R.; Catelan, M.; Moskalik, P.;
Kinemuchi, K.; Seader, S. E.; Smith, J. C.; Tenenbaum, P.; Kjeldsen, H.: The
complex case of V445 Lyr observed with Kepler: two Blazhko modulations, a
non-radial mode, possible triple mode RR Lyrae pulsation, and more, pub-
lished in the Monthly Notices of the Royal Astronomical Society, 424, 649
(2012)

The contribution of the author of the thesis to the paper was the following:

• prepared the space data for analysis by removing instrumental effects

• performed all analyses on the space data, except the linear models used in
Section 4.1.5 which were calculated by R. Smolec and except the analytic
modulation analysis in Section 4.4 which was done by J. Benkő.

• wrote the paper (except Section 4.4 which was written by J.Benkő).
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C.-C. Ngeow,7 J. G. Cohen,8 B. Sesar,8 R. Szabó,6 M. Catelan,9 P. Moskalik,5
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ABSTRACT
Rapid and strong changes in the Blazhko modulation of RR Lyrae stars, as have recently been
detected in high-precision satellite data, have become a crucial topic in finding an explanation
of the long-standing mystery of the Blazhko effect. We present here an analysis of the most
extreme case detected so far, the RRab star V445 Lyr (KIC 6186029) which was observed
with the Kepler space mission. V445 Lyr shows very strong cycle-to-cycle changes in its
Blazhko modulation, which are caused by both a secondary long-term modulation period and
irregular variations. In addition to the complex Blazhko modulation, V445 Lyr also shows a
rich spectrum of additional peaks in the frequency range between the fundamental pulsation
and the first harmonic. Among those peaks, the second radial overtone could be identified,
which, combined with a metallicity estimate of [Fe/H] = −2.0 dex from spectroscopy, allowed
us to constrain the mass (0.55–0.65 M�) and luminosity (40–50 L�) of V445 Lyr through
theoretical Petersen diagrams. A non-radial mode and possibly the first overtone are also
excited. Furthermore, V445 Lyr shows signs of the period-doubling phenomenon and a long-
term period change. A detailed Fourier analysis along with a study of the O − C variation
of V445 Lyr is presented, and the origin of the additional peaks and possible causes of the
changes in the Blazhko modulation are discussed. The results are then put into context with
those of the only other star with a variable Blazhko effect for which a long enough set of
high-precision continuous satellite data has been published so far, the CoRoT star 105288363.

Key words: asteroseismology – methods: data analysis – techniques: photometric – stars:
individual: KIC 6186029 (V445 Lyr) – stars: individual: CoRoT 105288363 – stars: variables:
RR Lyrae.

�E-mail: elisabeth.guggenberger@univie.ac.at

1 IN T RO D U C T I O N

RR Lyrae stars, which are low-mass helium-burning stars on the
horizontal branch, were long thought to be rather simple radial
pulsators. They follow a period–luminosity–colour relation which
makes them valuable distance indicators, and because of their age
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and evolutionary status, they are also used to study the formation
and evolution of the Galaxy (Catelan 2009). They can oscillate in
the fundamental radial mode (type RRab), the first overtone (type
RRc) or both modes simultaneously (type RRd), and their high
amplitudes of up to 1.5 mag in V for RRab type stars made their
variability easy to discover, so they have been known since the end
of the 19th century.

Already more than a hundred years ago, however, it turned out that
there is an aspect to RR Lyrae stars which is not understood at all:
Blazhko (1907) found a ‘periodic change in the period’ of RW Dra,
which he could not explain, and which still remains unexplained
today. Shapley (1916) later found in his observations of RR Lyrae
that the brightness of the maxima and the light-curve shape also
show periodic changes. With increasing data quality in the recent
past, the unsolved problem got even more severe, as it turned out
that not just a rather small fraction of exceptional RR Lyrae stars
were affected, but probably around 40–50 per cent of all RRab stars
(Jurcsik et al. 2009; Benkő et al. 2010; Kolenberg et al. 2010). Also
among RRc type stars, amplitude and phase modulation was found
to be surprisingly widespread (Arellano Ferro et al. 2012).

This so-called Blazhko effect was long thought to be a peri-
odic/regular phenomenon. Traditionally, only one Blazhko period
was assigned to each modulated star, and the phenomenon was ex-
pected to repeat in every Blazhko cycle, agreeing with the widely
used definition that ‘the Blazhko effect is a periodic amplitude
and/or phase modulation with a period of several tens to hundreds of
pulsation periods’. There were several reports about changes in the
Blazhko modulation of various stars (see section 5 of Guggenberger
et al. 2011 for a recent summary), but those reports usually had to
rely on sparse data with large gaps, so that it was impossible to say
when exactly a change took place and whether it happened continu-
ously or abruptly. The Blazhko effect was therefore still considered
to be a strictly repetitive phenomenon with only some rare excep-
tions showing secondary modulation periods (e.g. CZ Lac; Sódor
et al. 2011) or changes on very long time-scales. It was not until
the availability of ultraprecise data from space missions like CoRoT
that strong and irregular cycle-to-cycle changes of a Blazhko star
were documented and that it became obvious that seemingly chaotic
phenomena need to be accounted for when modelling the Blazhko
effect.

While the detection of cycle-to-cycle changes in the Blazhko
modulation posed a significant challenge for all classical models
that required a clock-work-like behaviour, some new ideas were
published. Stothers (2006) suggested that transient small-scale mag-
netic fields modulate the turbulent convection inside the helium and
hydrogen ionization zones, a mechanism which certainly could ex-
plain subsequent Blazhko cycles of different strengths. This sce-
nario, however, was recently tested on the basis of hydrodynamical
models by Smolec et al. (2011) who found that it was not possible
to reproduce all observed properties of the light curve, even when
allowing a huge modulation of the mixing length. On the other hand,
Buchler & Kolláth (2011) successfully modelled both regular and
irregular modulations by using the amplitude equation formalism.
In their models, a strange attractor in the dynamics causes chaotic
behaviour. The 9:2 resonance between the fundamental mode and
the ninth overtone that was found by Kolláth, Molnár & Szabó
(2011) to be the reason for the recently discovered phenomenon of
period doubling (Szabó et al. 2010) seems to play an important role
in causing a Blazhko modulation.

We present here a study of the most extreme case detected so
far: V445 Lyr (KIC 6186029). This RRab star not only shows the
strongest cycle-to-cycle change found up to now, but also shows

a rich spectrum of additional modes in the region between 2 and
4 d−1. Both Fourier and O − C analyses are used to investigate
the variability of the pulsation and the modulation (Section 4),
and the results are compared to the case of CoRoT 105288363
in Section 6. Spectroscopy and theoretical Petersen diagrams are
used to determine the fundamental parameters such as metallicity,
luminosity and mass (Section 5). Additionally, the new analytic
modulation approach for data analysis recently proposed by Benkő,
Szabó & Paparó (2011) is applied to the data in Section 4.4.

2 BAC K G RO U N D I N F O R M ATI O N O N V 4 4 5 LY R

V445 Lyr, with the coordinates RA 18h58m26s and Dec. 41◦35′49′ ′

(J2000), is also known as KIC 6186029, or GR244, and has a Ke-
pler magnitude of Kp = 17.4. Two publications from the pre-Kepler
era exist for this target: Romano (1972) found it to be variable and
classified it as an RR Lyrae, and Kukarkin et al. (1973) included
it into his name list of variable stars. Romano (1972) also lists the
photographic brightnesses of maximum and minimum to be 15.3
and 17.3 mag, respectively, indicating a surprisingly large amplitude
of 2 mag, which is much higher than the amplitude observed even
during extreme Blazhko maxima in the modern data. This might at
least partly be explained, however, by the difference between the
observed bandpasses. Unfortunately, no details of the observations
and no light curves are given, and the forthcoming paper that was
announced by the author could not be found. We therefore cannot
know if the observed amplitude of 2 mag is real or it is possibly due
to some observational errors. No error estimations of the observa-
tions were given by Romano (1972).

Since Kepler data have become available, two more publications
have dealt with V445 Lyr, both presenting the Kepler data up to
Q2: Szabó et al. (2010) listed V445 Lyr as a possible candidate for
the period-doubling phenomenon, and Benkő et al. (2010) already
noted changes in the Blazhko modulation of V445 Lyr and reported
the presence of radial overtones.

3 KEPLER P H OTO M E T RY

The Kepler space mission was launched on 2009 March 6 into an
Earth-trailing heliocentric orbit (Koch et al. 2010). Its primary pur-
pose is the detection of Earth-sized planets in the habitable zone
of solar-like stars through the transit method, which requires con-
tinuous and ultraprecise photometry of over 150 000 stars for at
least 3.5 years. This is also the duration of the primary mission.
Kepler therefore not only provides the longest continuous data sets
ever observed for RR Lyrae stars, but also does so with the high-
est photometric precision ever obtained, as a consequence greatly
improving our knowledge about stellar pulsations.

The Kepler spacecraft carries a Schmidt telescope with an aper-
ture of 0.95 m and 42 science CCDs which cover a field of view
of about 115 deg2 (Jenkins et al. 2010). The photometric bandpass
ranges from 423 to 897 nm, thus avoiding the Ca II H&K lines in the
blue, and fringing due to internal reflection in the red. The Kepler
band is therefore slightly broader than a combination of Johnson V
and R, and Kepler magnitudes are usually about 0.1 mag from R for
most of the stars (Koch et al. 2010).

Every quarter orbit, the spacecraft is rotated in order to keep the
solar panels oriented towards the Sun, and the radiator that cools
the focal plane towards deep space (Haas et al. 2010). Data from
different quarters are denominated Q1, Q2, etc. Each of the quarters
which is used here has a time base of about 90 d, except Q1 which
covers about 33 d.

C© 2012 The Authors, MNRAS 424, 649–665
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Each measurement is based on a 6.02 s exposure plus a 0.52 s
readout time. To obtain long cadence (LC) data (29.4 min), 270
measurements are co-added; for short cadence (SC) data (1 min)
nine exposures are co-added (Christiansen et al. 2011).

The time of each measurement is given in truncated Barycentric
Julian Date (HJD − 240 0000), and refers to the mid-point of the
measurement.

3.1 The V445 Lyr data set

Fig. 1 illustrates the data obtained for V445 Lyr. In this paper, we
present LC data obtained in quarters 1–7, with a total time base of
588 d. Because of the loss of module 3, which happened in 2010
January, there are no data available for this target in Q5. Some
smaller gaps are also present in the data as can be seen in Fig. 1.
Some of them are due to unplanned safe mode events or loss of fine
point control, others are caused by the regular downlinks where the
spacecraft’s antenna is pointed towards Earth for data transmission,
and science data collection is interrupted.

Kepler provides light curves in two different formats: raw flux
or corrected flux. The latter has been processed for planet transit
search by the Pre-search Data Conditioning (PDC) pipeline which is
sometimes known to remove astrophysical features and which does
not preserve all stellar variability. Hence here, and for the study of
variable stars in general, we make use only of the raw time series.

As the spacecraft is rotated every quarter orbit, the target falls on
different CCDs after each ‘roll’, resulting in differences in average
flux due to different sensitivity levels. Additionally, trends might

occur due to image motion on the CCD or sensitivity changes. The
scaling and detrending which has to be performed before starting
the analysis is a delicate task especially for targets like RR Lyrae
stars which have high amplitudes, long periods and changes in the
amplitudes [see Celik et al. (2012) for a detailed discussion]. Here,
we removed linear trends which were determined from a running
average separately for every quarter, and scaled every quarter to
the same mean brightness. The continuity of the upper and lower
envelope of the light curve was a good indicator of correct scaling.
Note that due to the gap during Q5, the continuity could not be
checked there. For this reason, the scaling of the data obtained after
the gap might not exactly be consistent with the scaling applied
before Q5.

The scaled and detrended data that were used in this analysis are
available as online material in the format displayed in Table 1 (see
Supporting Information).

Fig. 1(a) shows the complete combined data set of V445 Lyr.
A total of 5.5 and 3.5 Blazhko cycles were observed before and
after the large gap, respectively, and 900 pulsation cycles were
observed. From panel (a) it is obvious that the Blazhko effect shows
strong and fast changes, with almost all observed cycles having a
different appearance. Panel (b) compares in a phase diagram directly
a light curve from a Blazhko maximum with one obtained during
the subsequent Blazhko minimum, illustrating the extremely low
pulsation amplitude that occurs during some, but not all, modulation
minima. Note that due to the very small amplitude and the distorted
light curve showing a double maximum (see also Fig. 1d) it would
not be possible to recognize the RR Lyrae nature of this star when

Figure 1. Panel (a) shows the complete light curve of V445 Lyr presented in this paper, including quarters Q1–Q7. Due to failure of a module, there are no
data from Q5, resulting in the gap from MJD 55273 to 55372. Panel (b) illustrates the extreme Blazhko modulation by comparing a pulsation cycle at Blazhko
maximum to one at Blazhko minimum. The light variation has an extremely low amplitude during this Blazhko minimum and shows a double maximum. In
panel (c), a zoom into a region with period doubling is shown as an example and panel (d) emphasizes the distorted light-curve shape that occurs during some
Blazhko minima.
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Table 1. The scaled and detrended data set of
V445 Lyr that was used for the analysis in this
paper. Column 1 gives the truncated Barycentric
Julian Date, column 2 gives the magnitude with
the average shifted to zero and column 3 gives
the quarter in which data were obtained. The full
table is available as Supporting Information with
the online version of the paper.

HJD − 240 0000 Magnitude Quarter

54964.512 11 0.044 188 798 Q1
54964.532 54 0.038 912 686 Q1
54964.552 98 0.017 979 982 Q1
54964.573 41 −0.023 960 246 Q1
54964.593 85 −0.099 222 117 Q1
... ... ...

observing it only during Blazhko minimum where the peak-to-peak
amplitude can be as low as 70 mmag. Extremely low pulsation
amplitudes during Blazhko minima were recently also reported by
Sódor et al. (2012) for two of the RRab type stars, and the occurrence
of a strong bump during Blazhko minimum was noted in RZ Lyr
(Jurcsik et al. 2012). In Fig. 1(c), a small part of the light curve
around JD 245 5386 is shown, illustrating the phenomenon of period
doubling (alternating higher and lower light maxima) which was
recently discovered in Kepler Blazhko stars (Szabó et al. 2010) and
which is also present in V445 Lyr.

4 A NA LY SIS AND RESULTS

Due to the quasi-continuous coverage and the high photomet-
ric precision, the conditions for a Fourier analysis are more than
favourable. The spectral window function (see Fig. 2) is almost per-
fect, without any alias peaks visible at first glance. Because of the
Earth-trailing orbit, no orbital frequencies like the ones that cause
trouble in the data from many other space missions are present here.

A well-known feature in the Kepler data is the momentum desat-
uration of the reaction wheel, which happens every 2.98 d. During

Figure 2. Spectral window function of the complete V445 Lyr data set.
Lower panel: magnification of the region between 5 and 7 d−1, showing
some examples of the low-amplitude features caused by the reaction wheel.

the thruster firings which are necessary to release the angular mo-
mentum that has built up in the reaction wheels, the spacecraft
momentarily loses the fine point control (Van Cleve & Caldwell
2009). This results in a missing data point during every desatura-
tion in the otherwise regularly spaced data, leading to a comb-like
structure in the Fourier transform with a spacing of 0.335 d−1. In
the spectral window, those peaks have a very low normalized am-
plitude of only 0.004 mag. A zoom into the spectral window (see
lower panel of Fig. 2) reveals this comb of tiny peaks. When care-
fully removing all high-amplitude peaks from the Fourier spectrum
before turning to interpreting features with amplitudes which are
orders of magnitude smaller as discussed in Section 4.1.5, those
alias peaks are not expected to cause any trouble.

Other features in the spectral window function are two harmonics
of the monthly data downlink frequency, at 0.065 and 0.13 d−1, with
normalized amplitudes of 0.05 and 0.03 mag, respectively.

Due to the time base of 588 d, the Rayleigh frequency resolution
is 0.0017 d−1.

4.1 Fourier analysis of the full data set

As a first step, a Fourier analysis of the complete data set was
performed, keeping in mind that changes in the fundamental pe-
riod might occur during the time of the observations and that the
changes of the Blazhko modulation cause a large number of peaks
close to the classical pulsation and modulation components. The
Fourier analysis of the full data set, however, is necessary to ob-
tain an overall picture of the pulsation and modulation properties of
V445 Lyr to find the mean values of the pulsation and modulation
periods and to detect possible long-term periodicities which can be
resolved with a long time base only.

The Fourier analysis of the complete data set was performed
with PERIOD04 (Lenz & Breger 2005) and then checked with
SIGSPEC (Reegen 2007). The results agreed within the errors. The
Fourier analysis revealed a mean pulsation period of 0.513 075 ±
0.000 005 d and a mean Blazhko period of 53.1 ± 1 d with the
ephemeris

HJD(Tmax,pulsation) = 245 5550.514 + 0.513 075Epulsation,

HJD(Tmax,Blazhko) = 245 5534.2 + 53.1EBlazhko.

Note that the presence of close peaks has a great influence on the
fitting and frequency optimization procedure, and the errors are
therefore larger than would normally be expected for a Fourier fit
to data of the given quality.

4.1.1 Multiplet components

The Blazhko multiplets (i.e. the pattern of peaks which is typical
for Blazhko stars with peaks at the positions kf0 ± nfB, with k
and n being integers denoting the harmonic order and the multiplet
order, respectively, and with f 0 and fB denoting the fundamental
and the Blazhko frequency) were found to be very asymmetric
in amplitude. Much higher amplitudes appeared on the right-hand
(higher frequency) side than on the left. This is the more common
case, which is observed in three-fourths of all Blazhko RRab stars
(Alcock et al. 2003). Components were detected up to quintuplet
order on the right-hand side, while on the left-hand side of the main
pulsation component only one side peak (i.e. a triplet component,
n = 1) could be found. In some orders, peaks were found near the
positions that would be expected for septuplets, but the deviations
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from the exact frequency values were considered too big to identify
the peaks safely as septuplet components.

In addition to the classical Blazhko multiplets around the fun-
damental mode and its harmonics, a secondary modulation com-
ponent, fS, could also be identified. It manifests itself as a series
of additional peaks next to the classical modulation side peaks of
the Fourier spectrum, appearing in every order with a spacing of
0.006 98 ± 0.000 27 d−1, indicating a secondary modulation period
of 143.3 ± 5.8 d. The secondary peaks appearing on the right-hand
side of the classical peaks show surprisingly high amplitudes, while
the secondary peaks to the left of the classical multiplet have small
amplitudes and could only be detected after pre-whitening a large
number of higher amplitude peaks. Interestingly, the peaks belong-
ing to this additional series could also be detected at higher multiplet
orders (n = 3) than the classical multiplet, making it difficult to ex-
plain the peaks as combination frequencies. Their amplitudes seem
to decrease less quickly with increasing harmonic order k (see also
Section 4.1.3), making them easier to spot at high orders.

Fig. 3 shows the Fourier transform of the data, providing also
zooms into the regions around the third, fourth and fifth harmonic
order where both the classical multiplet and the additional com-
ponents can be seen. The highest peaks among the multiplet com-
ponents, which can be seen even before pre-whitening the original
data, are marked with arrows.

Fig. 4 illustrates the pattern of detected frequencies in the vicin-
ity of the fundamental pulsation and its harmonics in the style of
an ‘echelle’ diagram. In this diagram, which is similar to the di-
agrams used to unveil equally spaced peaks in helioseismology,
the frequency of each peak is plotted against (f modulo f 0), i.e.
f /f0 − INT(f /f0) or f /f0 − INT(f /f0) − 1 for peaks to the left
of the harmonic, therefore clearly revealing patterns which repeat
in every harmonic order. Peaks belonging to the same group of
combinations align in vertical ridges. We stress that unlike in the
helioseismic application, where the ridges denote different radial or-
ders of same degree, in this case the echelle diagram only serves the
purpose of displaying in a very practical and easy way the repeating
patterns in different harmonic orders of non-sinusoidal fundamental
radial pulsation.

4.1.2 Deviation of the harmonics

Due to the non-sinusoidal light-curve shape typical for RR Lyrae
stars, harmonics of the fundamental mode are expected to appear
at frequencies kf 0, where k is an integer denoting the harmonic
order. The classical Blazhko multiplets in the modulated stars are
spaced equidistantly, implying frequency values of kf0 ± nfB with
n denoting the multiplet order. Long-term period changes and close
peaks caused by irregular phenomena, however, can distort this fre-
quency pattern. When analysing time series of Blazhko RR Lyrae
stars, there are two options for fitting the data: one is to fix the fre-
quencies of the harmonics and Blazhko multiplets to their expected
values of kf0 +nfB, thereby reducing the number of free parameters
in the fit. The other option is to let all parameters, including the fre-
quency values, free. When the latter option was applied to this data
set, the harmonics were observed to deviate systematically and sig-
nificantly from their expected values, which can also be noticed as
a slight rightwards tilt of the ridges in the echelle diagrams (Fig. 4).
Normally, one would expect that this is simply caused by a wrong
value of f 0, but in this case, no value of f 0 could be found which
could solve the issue, i.e. every detected harmonic, when divided by
its order, required a different f 0. We therefore decided in favour of

Figure 3. Fourier transform of the complete V445 Lyr data set (upper
panel). In the lower panels (b, c and d), the regions around the harmonics
kf 0 with k = 3, 4 and 5 are shown in detail. Black arrows indicate the peaks
belonging to the classical Blazhko multiplet with kf0 − fB, kf 0, kf0 + fB

and kf0 + 2fB, while grey arrows indicate some of the peaks belonging
to the secondary multiplet which within itself has a spacing equal to the
Blazhko frequency, but is shifted with respect to the classical multiplet by
0.006 98 d−1. Note that from order k = 4 onwards, the highest amplitude
peak in this order is a peak belonging to the secondary multiplet.
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Figure 4. ‘Echelle’ diagram of the peaks detected in the vicinity of the
fundamental pulsation mode and its harmonics. Frequency is plotted versus
f modulo f 0, so that regularly spaced peaks which appear in every order
align in vertical patterns, making it easy to identify combinations with f 0.
Peaks belonging to the category kf0 ±nfB are shown as black squares, peaks
of the group kf0 ± nfB + fS are shown as grey circles and components of
kf0 + nfB + 2fS are plotted with light-grey triangles. Open circles denote
unidentified and/or unresolved peaks, some of which originate from the
non-repetitive nature of the modulation and long-period changes.

the more pure approach and did not fix the frequency values to
the expected positions, but left all parameters free in the fit of
the complete data set. The problem disappeared, however, when
analysing different subsets of data separately (see Section 4.2), and
we therefore suspect it to be either the result of period changes which
take place during certain seasons (see also Section 4.3) and/or close
unresolved peaks which are known to strongly influence the results
of both the Fourier analysis and the multisine fitting procedure.

4.1.3 Amplitudes versus harmonic order

It is a well-known fact that in Blazhko RRab stars the amplitudes of
the multiplet side peaks decrease less rapidly with harmonic order
than that of the main component. This was first described by Jurcsik
et al. (2005), and then confirmed for other well-studied stars such
as SS For (Kolenberg et al. 2009), RR Lyr (Kolenberg et al. 2011)
and CoRoT 105288363 (Guggenberger et al. 2011). As expected,
the result is the same for V445 Lyr (see Fig. 5), but in an extreme
way with the amplitude of the right-hand side peak exceeding that
of the main component as early as in the third order. Additionally,
the amplitudes of the secondary modulation multiplet, i.e. combi-
nations with the secondary modulation fS, could be studied in this
case. It turned out that the amplitudes of the secondary multiplet
components decrease even less steeply, therefore dominating the
Fourier spectrum from the fourth order onwards. The strongest sig-
nal then comes from the combination f0 + fB + fS, i.e. the peak on
the right-hand side of the right triplet component. Also, combina-

Figure 5. Amplitudes of all components versus harmonic order. Compo-
nents belonging to the classical Blazhko multiplet are shown with green
symbols, peaks which are combinations with fS are shown in orange, and
components with a 2fS term are shown in magenta. It can be seen that the
amplitude of the fS multiplets decrease less steeply than those of the classi-
cal Blazhko multiplet, reaching the same amplitude in the fourth order and
dominating the frequency spectrum for higher orders.

tions with the term 2fS could be detected, and their amplitudes are
plotted in Fig. 5. They also show a very slow amplitude decrease.

4.1.4 Number of relevant frequencies

Due to the dense spectrum of peaks which is caused by the cycle-
to-cycle changes of the Blazhko effect, an analysis in the classical
sense, i.e. taking into account all frequencies down to a certain
signal-to-noise ratio level or a certain significance criterion, might
not be optimal in a case like V445 Lyrae, as it does not yield mean-
ingful results. A large number of the detected peaks is likely to be
the result of ‘stellar noise’ caused by irregular and/or long-periodic
phenomena, and many of them are not resolved with the available
time span. Tests revealed that as many as 771 frequencies can be
found when performing an analysis until the generally adopted crite-
ria of significance are reached. Many of them were not resolved, and
many could not be attributed to any combination of other modes, and
did not show repeating patterns in the echelle diagrams. Therefore,
instead of choosing the classical approach, the analysis was stopped
after a certain number of the highest peaks in every harmonic order
were found and pre-whitened, usually around 20 peaks per order. It
turned out that after subtracting approximately 20 peaks in a given
harmonic order, no meaningful combinations could be identified
among the following peaks, and many unresolved peaks appeared.
In Fig. 4 only the highest peaks of every order are shown, already
including some unresolved peaks which could not be avoided due
to their high amplitudes. As the Nyquist frequency of LC data is
24.4 d−1, 12 harmonic orders could be observed, and 239 frequen-
cies were subtracted around the main pulsation components until
the attention was turned towards the additional peaks which are
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present in the region between the harmonics of the fundamental
mode (see the next section).

Altogether, 239 frequencies were included, of which one is the
fundamental mode, nine are harmonics of the fundamental mode,
104 are combinations of f 0 or its harmonics with the Blazhko
frequency fB and/or the secondary modulation fS and 125 are
unidentified.

4.1.5 Additional frequencies: radial overtone and
non-radial pulsation

It was already noted by Benkő et al. (2010) that V445 Lyr shows a
rich spectrum of frequencies in the region between the harmonics
of the fundamental mode. Those frequencies are not at all typical
for ab-type RR Lyrae stars and have never been detected in such a
large number in an RR Lyrae star. Some peaks were suspected to be
radial overtones by Benkő et al. (2010), and also frequencies which
are half-integer multiples of the fundamental mode are expected
to appear in this region as a consequence of the period-doubling
phenomenon as described by Szabó et al. (2010). However, there is
more than this in the case of V445 Lyr.

Fig. 6 shows the frequency spectrum after subtraction of the
relevant peaks around the multiples of the fundamental pulsation
as discussed in the previous section (their former positions are
marked with arrows). The additional frequencies can clearly be
seen to be the dominant signal with an amplitude of 3.7 mmag for
the highest peak. The region between the fundamental mode and
its first harmonic is indicated with a grey box and enlarged in the
insert (panel b). Four frequency regions with enhanced signal can be
noted in the enlargement: around 2.65, 2.8, 2.9 and 3.33 d−1. This
pattern repeats in every harmonic order, indicating combinations
of the frequencies with the fundamental mode and its surrounding
peaks. The presence of combinations is a strong evidence that the
additional signal is not introduced by a possible background star.

Figure 6. Fourier spectrum after pre-whitening 239 frequencies in the vicin-
ity of the fundamental mode and its harmonics. Very clearly, additional fre-
quencies can be seen between the harmonic orders and their combinations
with f 0 which are present up to high harmonic orders. Arrows mark the
places where the harmonics and the Blazhko as well as the secondary multi-
plets were located before pre-whitening. Some signal remains around their
positions, as discussed in Section 4.1.4. The insert (panel b) shows a zoom
into the region between the fundamental mode and the first harmonic (2–
4 d−1), indicated as a grey square.

Figure 7. Echelle diagram of the additional frequencies, showing how the
patterns repeat in every harmonic order. Shaded boxes indicate the ranges
which would be typical for the first and second overtones (O1 and O2,
respectively), as well as for the HIFs.

In a Fourier analysis of the relevant frequency regions, 80 peaks
(including combinations) were considered significant and were sub-
tracted. A closer inspection of the result revealed that the dominant
peaks formed combinations not only with the fundamental mode
but also with the Blazhko multiplet peaks (including quintuplets!)
and in some cases also with the peaks belonging to the secondary
multiplet. Negative combinations such as fN − f0 − fB also occur.
Significant combination peaks can be traced up to the fifth harmonic
order, but an excess in signal is visible in the Fourier spectrum even
at much higher orders (see Fig. 6). In Fig. 7, an echelle diagram is
plotted for the additional peaks, clearly showing the combinations
with the fundamental mode aligned in vertical patterns. Shaded
boxes indicate the typical regions in which overtone modes and
half-integer combination frequencies would be expected to be sit-
uated. Please note that it was shown by Szabó et al. (2010) that
due to the onset and offset of the period-doubling phenomenon, the
half-integer frequency (HIF) peaks are not necessarily located at
the exact positions of the half-integer multiples, but might deviate
by several per cent. Therefore, the shaded box at (f modulo f 0) =
0.5 in Fig. 7 has a distinct width.

In V445 Lyr, the frequency at 2.9256 d−1 deviates by only
0.0021 d−1 (i.e. 0.07 per cent) from the exact value of 3f 0/2. Given
the fact that clear signs of period doubling are indeed visible in the
light curve (see Fig. 1c), and considering the above-mentioned find-
ings of Szabó et al. (2010), it is quite safe to interpret this frequency
as an HIF caused by period doubling. We hereafter refer to it as
fH. Four significant HIFs (which can also be interpreted as combi-
nations of fH with f 0) were found in the Fourier spectrum: 3f 0/2,
5f 0/2, 9f 0/2 and 11f 0/2. Combinations with the Blazhko frequency,
both positive and negative, could also be identified (see Table 2 for
a complete list).

Another interesting feature is the peak at 3.3307 d−1 which shows
a frequency ratio of f 0/f 2 = 0.585 with the fundamental mode,
and which we hereafter refer to as f 2. Its period ratio is typical
for the second overtone. Peaks with similar period ratios have al-
ready been reported for several RR Lyrae stars. Poretti et al. (2010)
were the first to find them in the star CoRoT 101128793. The fre-
quency ratio in their study was 0.584 with the fundamental mode
at f 0 = 2.11895 d−1. They interpreted the peak as the second ra-
dial overtone. The same authors also re-analysed the data of V1127
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Table 2. List of the highest peaks in every one of
the four regions of excess signal, and their combi-
nations.

Frequency Amplitude
(d−1) (mmag)

fN 2.7719 3.67
fN + f0 4.7211 1.58
fN + 2f0 6.6778 0.74
fN + 3f0 8.6196 0.51
fN − f0 0.8228 0.75

fN + fB 2.7895 1.64
fN + f0 + fB 4.7389 1.43
fN + 2f0 + fB 6.6880 1.22
fN + 3f0 + fB 8.6372 0.83
fN + 4f0 + fB 10.5864 0.54
fN + 5f0 + fB 12.5359 0.33
fN − f0 − fB 0.8044 0.69

fN + 2fB 2.8091 2.24
fN + 2f0 + 2fB 6.7067 0.87
fN + 3f0 + 2fB 8.6559 0.57
fN + 5f0 + f 2fB 12.5543 0.34

fN + 2f0 + fS 6.6778 0.74
fN + 2f0 + fB + fS 6.6964 0.76
fN + 3f0 + fB + fS 8.6456 0.81
fN + 3f0 + 3fB + fS 8.6828 0.53

f 1 2.6676 2.80
f 1 + f 0 4.6166 1.08

f1 + f0 + fB 4.6362 1.16
f1 + 2f0 + fB 6.5851 1.02
f1 + 3f0 + fB 8.5343 0.77
f1 + 4f0 + fB 10.4838 0.45
f1 − f0 + fB 0.7374 1.16

fH 2.9256 2.55
fH + f0 4.8736 0.87
fH + 3f0 8.7743 0.60
fH + 4f0 10.7234 0.43

fH − fB 2.9070 2.29
fH + f0 − fB 4.8607 0.89
fH + 2f0 − fB 6.8060 0.95
fH + 3f0 − fB 8.7549 0.57
fH + 4f0 − fB 10.7029 0.40
fH − f0 − fB 0.9579 1.01
fH + f0 + fB 4.8924 1.00
fH + 2f0 + fB 6.8413 0.71
fH + 3f0 + fB 8.7905 0.58

f 2 3.3307 1.43
f 2 + f 0 5.2781 0.85
f 2 + 2f 0 7.2268 0.79
f 2 + 3f 0 9.1760 1.04

Aql (Chadid et al. 2010) and MW Lyr (Jurcsik et al. 2008) and
found frequency ratios of 0.582 (f 0 = 2.8090d−1) and 0.588 (f 0 =
2.5146d−1), respectively. In the sample of Kepler RRab stars, Benkő
et al. (2010) reported the presence of the second overtone in four
different stars: V354 Lyr (a Blazhko star with f 0 = 1.780 37d−1),
V2178 Cyg (a Blazhko star with f 0 = 2.054 23), V445 Lyr (the sub-
ject of this paper) and the non-modulated RRab star V350 Lyr (f 0 =
1.682 82) which was the first example of a non-Blazhko double-
mode RR Lyrae star with the fundamental (F) and the second over-

tone (O2) excited. Guggenberger et al. (2011) found evidence for
the second overtone in CoRoT 105288363, a Blazhko star with
rapid changes in the Blazhko effect, and Nemec et al. (2011) found
the second overtone in KIC 7021124, therefore providing another
example of a non-modulated RRab star pulsating in both F and O2
(f 0 = 1.606 445d−1, f 0/f 2 = 0.593).

It is interesting to note how different the stars are for which the
second overtone has been documented so far: their fundamental
frequencies range from about 1.6 to 2.8 d−1, covering almost the
full bandwidth of RRab pulsation, and with respect to stability
they range from non-modulated stars with almost perfectly regular
RRab pulsation (V350 Lyr, KIC 7021124) to Blazhko stars with a
rather regular Blazhko effect (CoRoT 101128793 and V1127 Aql)
and finally to modulated stars that show dramatic changes of their
Blazhko modulation (CoRoT 105288363 and V445 Lyr). Moreover,
they cover a significant range of Blazhko periods, from 16.6 d to
more than 200 d, as estimated for V2178 Cyg.

The combinations of f 2 in V445 Lyr deserve some special atten-
tion. While as many as 32 peaks are detected near the positions of
f 2 + kf 0, and clearly an excess of signal is visible in every harmonic
order (see Figs 6 and 7), it was not possible to identify most of the
detected peaks as exact combinations with the known frequencies.
For fH (which was discussed in the previous paragraph), 12 out of
16 peaks could be attributed to combinations while for f 2, only three
combinations with f 0 were found at their exact positions. All the
other peaks in the vicinity of the combinations deviated too much
from the calculated values to be safely matched with the combi-
nations. This is especially remarkable as the amplitudes of those
peaks are surprisingly large in higher harmonic orders compared to
the combinations of the other additional frequencies. From Fig. 6 it
is obvious that in the first harmonic order, f 2 has a small amplitude
compared to the other additional frequencies, while at the orders
4–5 they become equal, and at higher orders, the peaks in the area
around f 2 + kf 0 are the dominant features. This is also illustrated
in Fig. 8, where the amplitudes of the safely identified peaks ver-
sus frequency are shown. The large number of unidentified peaks
around f 2 might indicate that the amplitude of f 2 is variable, either
irregularly or on a time-scale other than the Blazhko frequency. This
will be discussed in more detail in Section 4.2.1.

The highest amplitude peak among the additional frequencies
(3.7 mmag) is the one at 2.7719 d−1. This peak was interpreted
as the first overtone by Benkő et al. (2010), but its ratio with the

Figure 8. Amplitudes of the additional frequencies and their combinations
with f 0 versus frequency. While the amplitudes of fN and f 1 decrease
exponentially with harmonic order, the amplitude of f 2 remains almost
stable. Amplitude errors are smaller than the symbols.
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fundamental (f0/fN = 0.703) is very low compared to the canonical
value of 0.74–0.75. Note that the OGLE III RR Lyrae stars in the
Galactic bulge have f 0/f 1 values going down to about 0.726 only (see
Soszynski et al. 2011). Extremely high metallicity values would be
necessary according to models (Popielski, Dziembowski & Cassisi
2000; Szabó, Kolláth & Buchler 2004; Smolec & Moskalik 2008) to
fit this frequency ratio with the first overtone. New spectroscopic re-
sults revealed, however, that the metallicity of V445 Lyr is [Fe/H] =
−2.0 ± 0.3 (see Section 5), rendering it impossible to explain this
frequency with a radial overtone mode. fN is therefore most likely
to be a non-radial mode. We note that Van Hoolst, Dziembowski
& Kawaler (1998) found in their non-adiabatic and non-radial cal-
culations the excitation of non-radial modes in the vicinity of the
radial mode in RR Lyrae stars to be very likely, and Dziembowski &
Cassisi (1999) noted in their model survey the presence of strongly
trapped non-radial modes with very high growth rates near the first
overtone.

Among the additional modes in V445 Lyr, fN is the one that
shows the clearest pattern of combination frequencies: of 20 peaks
which were found significant in relation to fN, all 20 could be un-
ambiguously identified as exact combinations with f 0, the Blazhko
frequency and the secondary modulation frequency (see also
Table 2 and Fig. 9, which illustrate the regular pattern of com-
bination peaks). We note that the possible non-radial mode, which
was found by Chadid et al. (2010) in V1127 Aql, has a very similar
frequency ratio (0.696), may be hinting at a possible systematic
preference in non-radial mode excitation in RR Lyrae stars.

There remains, however, the fourth region of increased signal
with a main peak at 2.6676 d−1, which, with a frequency ratio of
f 0/f 1 = 0.731 is in principle in the possible range of the first overtone
pulsation. One has to note that double-mode RR Lyrae stars usually
follow a well-defined empirical sequence in the Petersen diagram; in
other words, there is a relation between f 0 and f 0/f 1 (see Popielski
et al. 2000; Soszynski et al. 2009). If the peak at 2.6676 d−1 is
indeed the first overtone, V445 Lyr would be an exception to this
relation, which is very unlikely. On the other hand, outliers from
the sequence similar to V445 Lyr have recently been reported by
Soszynski et al. (2011) in the OGLE III survey of the Galactic bulge.

The metallicity needed to reproduce a frequency ratio of f 0/f 1 =
0.730 with models (Z = 0.004, see Fig. 10) is much larger than the

Figure 9. Details of the echelle diagram, showing only the vicinity of the
mode f N. All detected peaks could clearly be identified as combinations of
f N with either the classical Blazhko multiplet or the secondary multiplet. The
fact that no unidentifiable peaks are among the highest ones points towards
a very stable amplitude of this mode, compared to the other additional peaks
that were found in this star.

Figure 10. Petersen diagram for the peak at 2.6676 d−1 illustrating that a
metallicity of Z = 0.004 would be necessary to identify this peak as the first
radial overtone mode. Models around the spectroscopically derived value
of Z = 0.0003 (see Section 5) are also shown for comparison. Different
symbols indicate different luminosities and different line styles indicate
different masses (see also Section 5). Models were calculated with the
Warsaw codes (Smolec & Moskalik 2008).

spectroscopic value (Z = 0.0002, see also Section 5). Moreover,
the average frequency values are quite far (2f 1 − f 0 − f 2 = 0.055)
from the resonance condition that could explain the presence of the
second overtone by resonant excitation, and which would also have
the power to shift the frequency away from the expected value in
the Petersen diagram. We note, however, that the frequency values
of f 1 and f 2 are not strictly constant during the observed time span,
but undergo irregular fluctuations. We performed a time-dependent
Fourier analysis (see also Section 4.2.1) and found the resonance
criterion to be fulfilled occasionally. For f 1, one combination with f 0

and five combination frequencies with f 0 and fB were found, leaving
the other six significant peaks unidentified. One of them, a peak at
2.639 d−1 (with a frequency ratio of 0.739 with the fundamental
mode), would fulfill the resonance criterion, but its amplitude is
only 1.9 mmag, compared to 2.8 mmag of f 1. We therefore conclude
that the identities of the peaks at 2.6676 and 2.639 d−1 cannot be
unambiguously assessed.

The highest peaks in every region and their combinations are
listed in Table 2. Altogether, 80 frequencies were found to be sig-
nificant in the vicinity of the additional peaks: four of these were
independent frequencies, 40 were combinations of these indepen-
dent terms with f 0, fB and/or fS, and 36 were peaks which could
not be identified as combinations. Together with the 239 frequencies
found in the vicinity of the fundamental mode and its harmonics
(see Section 4.1.4), this results in a total of 319 frequencies included
in the analysis.

4.2 Separate analysis of subsets

To study the time-dependent behaviour of the frequency pattern, we
used both PERIOD04 and the time-resolved feature of SIGSPEC (Reegen
2007), which makes it possible to analyse large numbers of data
subsets in an automated way. The top panel of Fig. 11 illustrates the
variation of f 0 with time as calculated with SIGSPEC for overlapping
subsets of 15 d. With PERIOD04, we analysed larger subsets of data,
consisting of one or more quarters each. During this process we note
that in the subset containing Q1 to Q4 (Blazhko period 53.9 d), no
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Figure 11. Variation of f 0 over the complete data set (panel a). Middle
panels show the variation of the amplitude (panel b) and the significance
(panel c) of the second overtone f 2, calculated for bins of 15 d duration
with a step width of 2 d. The bottom panel (d) shows the light curve for
orientation. The times of significant f 2 amplitude are marked with shaded
boxes.

deviation of the harmonics as described in Section 4.1.2 is observed.
This phenomenon seems to occur only in quarters Q6 and Q7 where
the Blazhko periods found in separate analyses of the quarters were
79.8 and 80.4 d, respectively.

4.2.1 Stability of the additional frequencies

The results discussed in Section 4.1.5 hint towards a variability of
the amplitude of f 2, and we therefore studied the temporal evolution
of this peak in detail. Using the time-resolved mode of SIGSPEC, we
performed a Fourier analysis of overlapping bins with a duration of
15 d in steps of 2 d, limiting the frequency range to the region around
f 2. The resulting amplitudes are plotted in Fig. 11(b). While there
is a clear variation of the amplitude ranging from 2 to ∼7 mmag,
no clear periodicity is discernible. We also performed a Fourier
analysis on the resulting amplitude curve and found no significant
frequency of variability. We note that in Fig. 11, all values of A(f 2)
were included, regardless of the significance of the frequency. Only
bins with an insufficient number of data points and/or bad frequency
resolution were discarded. Therefore we provide as a supporting plot
the time-dependent significance of the peaks in panel (c), where the
most commonly used significance criterion of sig ≥ 5 is indicated
with a dashed line.

For better orientation, the bottom panel shows the full data set
(light curve) of V445 Lyr, and shaded boxes indicate the regions of
enhanced f 2 amplitude. There seems to be a preference for phases
close to Blazhko minima, which are also the phases where the min-
ima of the fundamental frequency f 0 occur, but there is no strict

rule that can predict a high f 2 amplitude. This irregular amplitude
variability can explain the numerous peaks around f 2 and its combi-
nations which can be seen in the echelle diagram (Fig. 7) and which
are discussed in Section 4.1.5.

We also check the temporal variations of the frequency values of
all the additional frequencies and find, in addition to the variation of
f 0 which is plotted in Fig. 11(a), slight irregular variations of f 1 and
f 2, which lead to an exact parametric resonance during some time
intervals in the observed data. This might result in the momentary
and transient excitation of f 2 which is seen in Fig. 11. We note that
from the theoretical point of view, a resonance is necessary to excite
the second overtone in this parameter range, because otherwise this
overtone would not become unstable.

4.2.2 Variation of the Blazhko modulation parameters

The modulation parameters are normally used to describe the prop-
erties of the Blazhko modulation of a given star. The traditional
parameters are Rk = A+/A− where A+ and A− are the amplitudes of
the peak on the higher frequency and the lower frequency sides of
the triplet, respectively, and the phase difference �ϕk = ϕ+ − ϕ−.
The parameter k denotes the harmonic order. Moreover, the asym-
metry parameter Q = (A+ − A−)/(A+ + A−), which was introduced
by Alcock et al. (2003), is widely used, as is the power difference
�A2 = A2

+ − A2
−. This parameter was recently shown by Szeidl

& Jurcsik (2009) to be the physically most meaningful one, as it
is directly correlated to the phase difference between the amplitude
and the phase modulation components in their model of modulated
oscillation.

As the main aspect of V445 Lyr is the variability of the Blazhko
cycles, we show here not only the average Fourier parameters for ev-
ery order (which are listed in Table 3) but also their time-dependent
behaviour in Fig. 12. To calculate the modulation parameters for
every cycle, the data set was divided into bins, starting and ending
around Blazhko minimum. The length of the bins was about 60 d,
with the exception of the last bin which was only 50 d. Some over-
lap was allowed to guarantee frequency resolution of the Blazhko
multiplet.

It was an important result for the star CoRoT 105288363 that the
phasing between the two types of modulation was found to change
(see section 5.3 of Guggenberger et al. 2011). Such a phase change
is also indicated by the variation of �A2 of V445 Lyr (bottom panel
of Fig. 12).

4.2.3 Fourier parameters

As the so-called Fourier parameters Rk1 (amplitude ratio) and ϕk1

(epoch-independent phase difference) are considered useful tools to

Table 3. Overall modulation parameters of
V445 Lyr found from the fit to the complete
data set for the first six harmonic orders.

k Rk �ϕk Qk A2
k

1 2.112 −0.87 0.357 0.005 779
2 3.179 0.27 0.521 0.001 900
3 3.991 −0.24 0.599 0.000 445
4 3.806 −0.08 0.584 0.000 114
5 5.382 −0.30 0.687 0.000 037
6 4.715 −0.39 0.650 0.000 011
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Figure 12. Modulation parameters of V445 Lyr versus time. The top panel
shows the variation of R1, which is defined as the amplitude ratio between
the right and the left modulation side peak, and the bottom panel displays
the variation of the power difference �A2

1. The variation of �A2
1 points

towards a shift in the phasing between the two types of modulation.

study and compare the properties of RR Lyrae stars, we calculated
their time variability for V445 Lyr. In contrast to the modulation
parameters discussed in the previous section, they describe the pul-
sation rather than the modulation properties. The Fourier parameters

are defined as Rk1 = Ak/A1 and ϕk1 = ϕk − kϕ1. The data were subdi-
vided into 239 bins of 2 d duration, therefore containing about four
pulsation periods. On such short time-scales, the Blazhko effect is
expected to play only a minor role. The effect of period doubling,
however, causes a large error in some bins which are more affected
by this effect than others. A fit including the fundamental pulsation
and 10 harmonics is calculated for each bin, and the results are
displayed in Fig. 13 (amplitude ratios are shown in the left-hand
panels and phase differences in the right-hand panels). The average
values of the parameters (derived from the complete data set) are
given in Table 4.

Some interesting details are immediately obvious: while the am-
plitude A1 of 0.18 mag is quite small compared to other RR Lyrae
stars, but still in the normal range, the amplitude ratios Rk1 are
significantly smaller than those of the non-modulated stars (for
comparison, see fig. 6 in Nemec et al. 2011). The sharp upward
spikes are an intriguing feature in the R21 variation, which occur
only during some of the observed Blazhko minima. When looking
at the phases one notes that, while ϕ1 has a smooth periodic vari-
ation, the phases ϕ2, ϕ3 and ϕ4 show a more or less continuous
progression (with exceptions in some cycles), leading to apparent
phase jumps in the ϕk1 parameters.

The stability of the results was tested by also using other bin-
nings, and the size of the bins was found to play only a minor
role.

Figure 13. Variation of the Fourier parameters during the observed time span, calculated for subsets of 2 d duration each. Left-hand panels: at the top, the
amplitude A1 is displayed to indicate where Blazhko maxima and minima are located, while lower panels show the amplitude ratios R21, R31, R41 and R51.
Right-hand panels: at the top, the phases ϕ1, ϕ2, ϕ3 and ϕ4 are plotted, while the lower panels show the phase differences ϕ21, ϕ31 and ϕ41 in the sine frame.
Where error bars are not visible, they are smaller than the symbols.
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Table 4. Average Fourier parameters of
V445 Lyr.

Parameter Value Parameter Value

A1 0.184 ϕ1 5.84
R21 0.268 ϕ21 2.34
R31 0.096 ϕ31 4.95
R41 0.033 ϕ41 1.08
R51 0.013 ϕ51 3.69

Figure 14. ϕ1 versus A1 diagram of V445 Lyr. In this plot it can be seen
how various observed cycles differ from each other. Both the phase modula-
tion component and the amplitude modulation component change over the
observed time span. Moreover, their relative phasing changes from cycle to
cycle.

4.2.4 Loop diagrams

A good indicator for the relative contributions of phase modulation
and amplitude modulation, and for the phasing between those two
types of modulation, is the A1 versus ϕ1 diagram. The resulting
loops for V445 Lyr are plotted in Fig. 14. The direction of motion is
indicated with arrows. Cycles are defined for this purpose as from
one maximum of A1 to the next, except for the beginning and the
end of the data set where additional points are added to the adjacent
cycles. Cycles 1 to 5 correspond to data obtained before the gap in
the observations, and cycles 6 to 8 correspond to data after the gap.
Even though the contents of Fig. 14 are partly redundant with the
upper panels of Fig. 13, the representation as a loop diagram allows
us to better compare the observed Blazhko cycles. All observed
Blazhko cycles have a different appearance in this diagram, and the
contributions of amplitude and phase modulation change without
notable correlation between each other.

4.3 O − C diagrams and long-term period change

In addition to the Fourier analysis which reveals the average Blazhko
period, and the time-dependent analysis which shows the funda-
mental mode as a function of time, we also constructed an O − C
diagram, as it can reveal additional details, especially when it comes
to long-term period changes. The O − C diagram obtained from all
maxima in the Kepler V445 Lyr light curve is shown in the top panel
of Fig. 15. An intriguing feature is the non-sinusoidal variation of
the O − C values with a few points at very low O − C values in
some of the cycles. A closer inspection of the phase diagrams at the
affected times reveals that these drops in O − C are happening at
the epochs with the very unusual distorted light-curve shape show-

Figure 15. O − C diagram of the complete data set of V445 Lyr (top panel),
and residuals after subtracting a fit with the Blazhko frequency, its harmonics
and the secondary modulation frequency (bottom panel). To guide the eye,
a line through the means of the residuals in bins of 10 maxima has been
plotted.

ing double maxima (the double maxima are illustrated in Figs 1b
and d). The determination of the time of the light maximum be-
comes ambiguous here, depending on the maximum that is chosen.
The original maximum seems to move ‘to the left’ (causing negative
O − C values) while a bump on the descending branch gets stronger
and takes the role of the maximum for the next Blazhko cycle.
This also explains the rather abrupt transition from very low to
high O − C values.

We also performed a Fourier analysis on the O − C data to
check whether the secondary modulation is also present in the
phase variation. We clearly found the Blazhko frequency fB, in
this case 0.0184 d−1, as well as the harmonics 2fB and 3fB in the
O − C curve, which are introduced by the non-sinusoidal variation
of the O − C curve. The secondary modulation, with a value of
fS = 0.0064 d−1, as well as the combination peak fB + fS, was
also directly detected in the Fourier spectrum. We note that slight
differences in the frequency values obtained from the O − C dia-
gram compared to those obtained from the magnitudes do not come
unexpectedly, as the phase and AMs are not strictly correlated.

As the quasi-periodic Blazhko modulation is the dominant signal
in the O − C curve, it is necessary to subtract a fit including the
above-mentioned frequencies from the O − C curve to be able to
identify long-term changes. The residuals of this fit are shown in the
bottom panel of Fig. 15 and reveal quite clearly a long-term period
change. It remains unclear, however, whether it is a periodic or a
continuous linear period change.

4.4 The analytic modulation approach

Due to the limitations of the classical Fourier analysis discussed
in Section 4, we applied a new method of analysis to the Kepler
data of V445 Lyr, which was recently described by Benkő et al.
(2011, hereafter B11). In this approach, the amplitude and frequency
modulations are treated similarly to the theory of electronic signal
transmission, reducing dramatically the necessary number of free
parameters. This would be especially useful for stars like V445
Lyr where a classical Fourier analysis yields several hundreds of
combination peaks.

As a first step of such an analysis we have to select the fitting
formula, using table 1 in B11. The AM with the frequency of f B is
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Figure 16. The light-curve fit of V445 Lyr during Q1–Q4 using the modulated signal approach. The bottom panel shows the global 32-parameter fit (red
continuous line) with the original data (black dots). The upper panels show a local fit (left) and residual light curves (blue crosses) in the interval indicated by
the rectangle in the bottom panel.

evident already from the shape of the light curve in Fig. 1. Since
the envelope curve is nearly horizontally symmetric for all Blazhko
cycles, the AM of f B can be approximated by a simple sinusoidal
function (see formulae 20 and 21 in B11).

The high asymmetry of the multiplet peaks’ amplitudes suggests
a frequency modulation (FM) as well. Its non-sinusoidal nature is
clear from both the frequency variation function (Fig. 11a) and the
O−C diagram (Fig. 15). The combined sinusoidal AM and non-
sinusoidal FM modulation of f B can be described by formula (49)
in B11, where q′ = 1.

As mentioned above V445 Lyr shows a secondary modulation
f S as well, which is included in the form of an AM because of the
changing amplitudes of the Blazhko cycles. As a first approximation
we also assumed this modulation as sinusoidal. The linear combi-
nation of f B and f S shows interaction between the two modulations;
therefore, we have to apply the formula of modulated modulation
(AM cascade – equation 27 in B11).

The situation of the FM in f S is a bit controversial. The existence
of an FM seems to be well established, based upon the detection
of f S in the Fourier analysis of the O − C diagram; however, a
combined AM with FM in f S does not improve the significance
of our numerical Levenberg–Marquardt fit. This may be explained
on the basis of the long cycle length of this modulation and/or its
weak FM.

The used best-fitting model contains a sinusoidal AM and a non-
sinusoidal FM represented by a three-term Fourier sum for the

Blazhko modulation and a sinusoidal AM for the second modula-
tion. The two modulations are assumed to be modulating each other.
The free parameters are the pulsation frequency f 0 and its harmon-
ics’ amplitude and phase up to the ninth order (A1, A2, . . . , A9,
ϕ1, ϕ2, . . . , ϕ9), the modulation frequency f B, the amplitudes and
phases of its AM (aA

B1, ϕA
B1) and FM (aF

Bi , ϕF
Bi, i = 1, 2, 3), the sec-

ondary modulation frequency f S and its AM modulation parameters
(aA

S1, ϕA
S1). They represent 32 parameters (with the zero-point a00).

The model light curve shows the global properties of the observed
one (see Fig. 16); however, the variance of the residual (observed
minus fitted) is surprisingly high (0.0025 mag).

There may be various reasons for this large variance. Some of
them are method specific, others are object specific. An important
limit of the method is (as mentioned by B11) that it does not de-
scribe the migration of the humps and bumps caused by the Blazhko
effect, a phenomenon which is exceptionally strong in V445
Lyr. The situation is demonstrated well in the upper panels of
Fig. 16. The other problem is that our method assumes regular
signals. The light curve of V445 Lyr shows, however, irregular be-
haviour. The loop diagram in Fig. 14 illustrates the cycle-to-cycle
variations of the relative strengths of the AM and FM components of
the modulation. Any static (regular) models including the Fourier
method face similar troubles when using them for such a time-
dependent (irregular) phenomenon. Therefore, we conclude that
even though applying the method leads to a success in obtaining a
reasonable fit with a comparably small number of parameters, it is
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nevertheless not optimal for a complicated data set like the one on
V445 Lyr.

5 SP E C T RO S C O P Y, C O L O U R P H OTO M E T RY
A N D F U N DA M E N TA L PA R A M E T E R S

In the framework of ground-based follow-up observations, three
spectra were obtained with the HIRES spectrograph at the Keck
10-m telescope in 2011 August (Nemec, Cohen & Sesar, in prepara-
tion). Exposure times were 1200 s, and according to the ephemerides
given in Section 4.1 the spectra were obtained shortly after maxi-
mum light. Due to its faintness (Kp = 17.4 mag), V445 Lyr is not
an easy target to observe. From a preliminary analysis, heliocentric
radial velocities of −392, −390 and −388 km s−1, and a metallicity
of [Fe/H] = −2.0 ± 0.3 dex on the Carretta et al. (2009) scale,
corresponding to Z = 0.0003, were obtained.

Based on the metallicity value derived from spectroscopy and
with the frequency value of the second overtone mode, we were
able to constrain the mass and luminosity of V445 Lyr with the help
of a theoretical Petersen diagram which is shown in Fig. 17. Linear
pulsation models (Smolec & Moskalik 2008) were calculated for a
set of masses (0.55, 0.65 and 0.75 M�, which are plotted as solid,
dashed and dotted lines, respectively) and different luminosities (40,
50, 60 and 70 L�, plotted as circles, pluses, squares and triangles,
respectively). The metallicity values necessary to theoretically fit the
observed frequencies agree very well with the measured metallicity,
and the luminosity and mass of V445 Lyr found from Fig. 17 are
40–50 L� and 0.55–0.65 M�, respectively.

As the model period ratios depend on the opacity tables and
the abundance mixture used in the computations, we tested the
stability of our results. The effects of different opacities and mix-
tures (Grevesse & Noels 1993; Asplund et al. 2009), however, were
checked and found to play only a minor role. In Fig. 17, the models
based on OPAL opacities and the mixture of Asplund et al. (2004)
are shown. V445 Lyr is plotted as a black square in the diagram,
while the other RRab stars for which the presence of the second
overtone has been reported are shown as open squares. From the
wide spread which the stars show in Fig. 17 it is obvious that very
different parameters are needed to model different stars that show
the second overtone. Larger masses are necessary to fit the period

Figure 17. Petersen diagram for V445 Lyr (shown as black square) for the
second overtone, based on models computed with the Warsaw code (Smolec
& Moskalik 2008). Other RRab Lyr stars with possible second overtones
(as discussed in Section 4.1.5) are plotted as open squares.

ratios of the stars with longer periods, while higher metallicities
are needed to obtain a model for the shorter periods. Models for
V350 Lyr and V354 Lyr have already been shown by Benkő et al.
(2010) in their fig. 6 and by Nemec et al. (2011) in their fig. A2. It
is already noted in Section 4.1.5 that the stars in which the second
overtone is excited form a very diverse sample, therefore it is not
surprising that they also cover a wide range in mass and metallicity.

5.1 Ground-based colour photometry

To complement the Kepler data with colour information on our tar-
get, V445 Lyr was observed from the ground in BVRI (of which the
RI bands are in Cousins system) using telescopes at the Lulin Ob-
servatory, including the Lulin One-metre Telescope (LOT), Lulin
0.4 m SLT and the Tenagra II Observatory (TNG, with a 0.8-m
telescope). The imaging data were reduced with IRAF in a standard
manner, including bias and dark subtraction, and flat-fielding. Pho-
tometry was obtained from the images using SEXTRACTOR (Bertin
& Arnouts 1996), and calibrated to the standard magnitudes us-
ing standard star observation from Landolt (2009). Further details
about the telescopes, the CCDs and the reduction of the imaging
data can be found in Szabó et al. (2011) and Ngeow (2012), who
used the same instrumentation for monitoring the Cepheid V1154
Cyg located within the Kepler field of view (Szabó et al. 2011).

The observations were performed between 2011 March 29 and
July 24 (i.e. during the course of two Blazhko cycles) and they com-
prised about 70 measurements per filter with typical uncertainties
of about 0.06 mag. As the data cover the pulsation cycle well, they
allow the determination of an average brightness in each colour.
The following average magnitudes in the standard system were ob-
tained for V445 Lyr on the basis of the magnitudes of the single
measurements: B = 17.80 mag, V = 17.38 mag, R = 17.09 mag and
I = 16.81 mag.

6 C O M PA R I S O N W I T H C O RO T 1 0 5 2 8 8 3 6 3

With the tools developed for the analysis of V445 Lyr, we revisited
CoRoT 105288363 to apply the same techniques in a consistent way.
Unlike in previous studies, the frequencies were kept as free param-
eters during the pre-whitening and fitting procedure, in spite of the
increase of computing time. This has the advantage that the Blazhko
period can be determined not only from one measured distance be-
tween two peaks, but also from a large number of independently
detected peaks. The standard deviation of that set of measured val-
ues also gives a good error estimate. The Blazhko period found
by this method is 34.6 ± 1.1 d and our solution agrees within the
error of the previous published value of 35.6 d (Guggenberger et al.
2011).

When the echelle diagram diagnostic was applied to CoRoT
105288363, some previously undiscovered features could be un-
veiled. The first and most important finding is a well-resolved sec-
ondary modulation which is very similar to the one in V445 Lyr, in
the sense that it has a ratio of fB/fS = 2.5 ± 0.27 with the primary
modulation, which is close to the value of fB/fS = 2.7 ± 0.12 in
V445 Lyr. Moreover, its combination peaks appear in similar po-
sitions: they are clearly found in the higher frequency side of the
harmonics, and also preferentially on the higher frequency side of
the classical Blazhko multiplets. The echelle diagram for CoRoT
105288363 is shown in Fig. 18. One has to note that, unlike in
V445 Lyr, no systematic deviation of the harmonics from their ex-
pected positions (see Section 4.1.2) is found in CoRoT 105288363.
Therefore, no tilt of the orders in the echelle diagram can be seen.
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Figure 18. Same as Fig. 4 but for CoRoT 105288363. Note that the multiplet
structure is more symmetrical than in V445 Lyr, in the sense that approxi-
mately the same number of multiplet components appear on both sides of
the fundamental mode. The peaks belonging to the secondary modulation
are in similar positions as in V445 Lyr. Again, several additional peaks oc-
cur which cannot be identified as combination peaks of either one of the
modulations. This is most likely due to either the irregular or the yet unre-
solved changes of the Blazhko effect. Unlike in V445 Lyr, no combinations
including a 2fS term could be found.

Figure 19. Same as Fig. 5 but for CoRoT 105288363. Here, in contrast
to V445 Lyr, the components belonging to the secondary modulation never
reach amplitudes higher than that of the classical multiplet, which might
be connected to the fact that the changes in the Blazhko effect of CoRoT
10528836 are not so dramatic as they are in V445 Lyr. Their amplitude
decrease is almost as rapid as for the classical components.

There are, however, some irregularities in the pattern with some
peaks showing deviations from the exact position, though not in a
systematic manner. The decrease of amplitudes of the secondary
modulation components with increasing harmonic order is shown
in Fig. 19. These figures should be compared to the corresponding
ones for V445 Lyr (Figs 4 and 5, respectively).

The data of CoRoT 105288363 were then inspected carefully
for signal outside the vicinity of the Blazhko multiplets to find
evidence for overtones and other possible additional modes. The
pre-whitening of not only the classical Blazhko multiplet but also
the secondary modulation and the additional peaks (which also
leads to the disappearance of all aliases) significantly reduced the
noise level of the residuals in the frequency region of interest. The

Figure 20. Fourier spectrum of CoRoT 105288363 after subtraction of 135
frequencies around the fundamental mode and its harmonics. A zoom into
the region between f 0 and 2f 0 is shown, clearly revealing the four additional
peaks discussed in the text. The former positions of the multiplets around
f 0 and 2f 0 are marked with shaded boxes.

second overtone that was reported by Guggenberger et al. (2011)
was also found in the new analysis (see Fig. 20, where it is labelled
f 2). Due to the reduced noise, combinations of f 2 with kf 0 up to
k = 5 could also be detected, clearly indicating that the frequency is
not due to noise and is not caused by a background star. Moreover,
three additional frequencies could be found (see also Fig. 20). A
peak at 2.3793 d−1 with an amplitude of 0.3 mmag is found to
be most likely the first overtone due to its ratio of f 0/f 1 = 0.741
with the fundamental mode. Moreover, a resonance with f 0 and
f 2 is possible in this case, because 2f 1 − f 2 − f 0 is only 0.01.
Another peak appears at fN = 2.4422 d−1 with an amplitude of
0.35 mmag. It cannot be attributed to any overtone. This and the
fact that it appears between the positions of the first and the second
overtones makes it quite similar to the observations in V445 Lyr
(see Section 4.1.5). Furthermore, its amplitude is slightly higher
than that of the suspected first overtone, as is the case for V445 Lyr.
The third frequency found in this range is at fN,2 = 2.2699 d−1 and
has an amplitude of 0.3 mmag. It cannot be identified as a radial
overtone, and it has no counterpart in V445 Lyr.

Table 5 compares the main characteristics of the two stars, includ-
ing the ratios of the Blazhko modulation, while Table 6 compares
the additional (overtone) modes.

Table 5. Comparison of the main characteristics
of the two stars. The fundamental mode frequen-
cies, the Blazhko periods and the periods of the
secondary modulation are very different. Inter-
estingly, however, the ratios between the primary
and the secondary modulations are very similar.

CoRoT 105288363 V445 Lyr

f 0 (d−1) 1.762 31 1.949 03
P0 (d) 0.5674 0.5131
PB (d) 34.6 53.1
fB (d−1) 0.0289 0.0188
fS (d−1) 0.0115 0.0069
PS (d) 86.5 ± 9 143.3 ± 5.8

PB/PS 2.5 ± 0.27 2.7 ± 0.12
PB/P0 60.9 103.5
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Table 6. Comparison of the overtone modes and the
additional frequency of the two stars.

CoRoT 105288363 V445 Lyr

f 2 (d−1) 2.9856 3.3307
A(f 2) (mmag) 0.5 1.4
f 0/f 2 0.590 0.585

f 1 (d−1) 2.3793 2.6676
A(f 1) (mmag) 0.3 2.7
f 0/f 1 0.741 0.731

fN (d−1) 2.442 2.7719
A(fN) (mmag) 0.4 3.6
f0/fN 0.722 0.703

In CoRoT 105288363, there is no sign of period doubling, and
no frequencies could be detected at or near the positions of the
characteristic HIFs (3f 0/2, 5f 0/2, etc.).

7 SU M M A RY A N D C O N C L U S I O N S

7.1 An unusual star with unusual phenomena

V445 Lyr is an RRab star with such a strong Blazhko modulation
that at Blazhko minimum the peak-to-peak amplitude decreases
down to 0.07 mag compared to approximately 1 mag during Blazhko
maximum (a difference by a factor of 14), leading to the rather low
overall amplitude A1 of 0.18 mag.

The light curve around Blazhko minimum shows a strong dis-
tortion with a secondary maximum, making it impossible to even
identify V445 Lyr as an RRab pulsator when observed only during
Blazhko minimum.

In V445 Lyr the full variety of all the recently discovered new fea-
tures in RR Lyrae stars – period doubling, strong irregular changes
in the Blazhko effect, a secondary modulation, radial overtone pul-
sation and a non-radial mode – are combined in one single star.
Therefore, it serves as an example of how ultraprecise and un-
interrupted space photometry can change our view on seemingly
well-known types of stars. The Fourier phases show an unusual
behaviour which has not been detected before in an RR Lyrae star.
Moreover, the distinct spikes in the temporal variation of the Fourier
amplitude ratios are a previously unknown feature which is most
likely caused by the pronounced double maximum at those phases.

7.2 Secondary modulation, irregular behaviour and long-term
period change

In V445 Lyr, we find the most extreme variations of the Blazhko
modulation known so far. This is partly, but not fully, explained
by the secondary modulation of 143 d which we find in the Kepler
data. Irregular/chaotic changes of the Blazhko modulation and/or
even longer modulation periods also seem to be present, leading to
a dense spectrum of peaks around the harmonics of the fundamental
mode, in which with classical methods up to 771 frequencies would
be found.

The amplitudes of the peaks connected to the secondary modu-
lation were found to decrease less steeply with harmonic order than
the components of the classical Blazhko multiplets. This interesting
feature still awaits a physical explanation.

A long-term period change is also present, but it could not yet
unambiguously be determined whether it is a periodic or a linear

change (or neither). Future Kepler observations in the upcoming
quarters will certainly reveal more about this long-term change.

7.3 Additional frequencies

We find at least four additional frequencies not connected to the
fundamental mode, its harmonics and the Blazhko peaks. One of
these peaks was interpreted as the second radial overtone, the second
one could possibly be the first radial overtone, the third one was
found to be due to period doubling and the fourth one was attributed
to a non-radial frequency.

The second overtone is not always present during the observa-
tions. A strict dependence of the f 2 amplitude on the Blazhko phase
could not be found. Instead, it seems to vary rather irregularly.

Amplitudes and frequencies of all additional peaks change no-
tably during the time span of the data. It is possible that fluctuations
in the frequency values of f 1 lead to transient resonances which
temporarily excite the second overtone.

The additional peaks form numerous combinations with f 0 and
the Blazhko multiplets (including quintuplet peaks) and also with
the peaks belonging to the secondary modulation, indicating that
they are all intrinsic to the target. Altogether, 80 peaks were found
above the significance level at or near the combinations of those
four frequencies with the other intrinsic frequencies of the target.

7.4 Spectroscopy, Petersen diagrams and an alternative
method of light-curve analysis

Spectroscopy with the Keck telescope revealed a metallicity of
[Fe/H] = −2.0 ± 0.3, and Petersen diagrams based on linear pulsa-
tion models point towards a mass of 0.55–0.65 M� and a luminosity
of 40–50 L�.

We also applied the new analytic modulation technique to the
light curve, and found that the best model contains a sinusoidal
AM, a non-sinusoidal FM and a sinusoidal AM for the secondary
modulation. Due to the migration of a strong bump feature and
due to the irregular/stochastic changes, however, the method faces
troubles similar to that of Fourier analysis.

7.5 Comparison with another peculiar star

A revisit of the data on CoRoT 105288363 revealed a secondary
modulation period with a similar period ratio (2.5) with the primary
modulation period as V445 Lyr (2.7).

The new analysis of the CoRoT 105288363 data also points
towards the excitation of more additional modes than the previously
published second overtone. A non-radial mode as well as the first
overtone might also be excited.

V445 Lyr also shows a change in the phasing of the two types of
modulation (amplitude and phase modulation), similar to what was
observed in CoRoT 105288363.
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Buchler R., Kolláth Z., 2011, ApJ, 731, 24
Carretta E., Bragaglia A., Gratton R., D’Orazi V., Lucatello S., 2009, A&A,

508, 695
Catelan M., 2009, Ap&SS, 320, 261
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Chapter 4

A bisector analysis of the
prototype RR Lyrae (Paper IV)

Part of the work described in this chapter has been published in the article:

• Guggenberger, E.; Shulyak, D.; Tsymbal, V.; Kolenberg, K.: Bisector anal-
ysis of RR Lyrae: atmosphere dynamics at different phases, published in
“Precision Asteroseismology”, Proceedings of the International Astronomi-
cal Union, IAU Symposium, Volume 301, pp. 261-264 (2014)

The contribution of the author of the thesis to the paper was the following:

• assisted in preparing the spectra for the bisector analysis (i.e., prepared a
selection of the spectra)

• selected lines suitable for analysis

• calculated bisectors and radial velocities for the selected lines

• computed synthetic spectra and derived atmospheric bisectors

• interpreted the results with respect to models

• wrote the paper

85



86 CHAPTER 4. A BISECTOR ANALYSIS

It was explained in Section 1.2 that RR Lyrae stars pulsate radially, either in
the fundamental mode (RRab stars) or in the first overtone (RRc stars). But if
one imagines a star that pulsates in the radial fundamental mode, one might have
a simplified picture in mind in which – for the fundamental mode – all layers of the
star expand or contract simultaneously, depending on the phase of the pulsation
(this would represent a standing wave). But the reality is more complex, as running
waves move through the star, and different layers have different velocities. One
consequence of this fact is that RR Lyrae stars show a strong Van Hoof effect,
i.e., a systematic difference between the velocity curves of different lines (see also
Section 4.6). Also, strong shock waves are known to propagate through the stellar
atmosphere (Fokin 1992; Fokin & Gillet 1997), leading to phenomena such as line
doubling or line broadening in the spectra of RR Lyrae stars. These shock waves
can also be observed photometrically, as they cause short-lived luminosity increases
that are visible in the light curves (the so-called bump and hump), as well as UV
excesses due to the high temperatures provoked by the shock.

The study of stellar spectral lines enables us to obtain a three-dimensional
picture of the dynamic interior of the stellar atmosphere, as spectral lines are
formed in different regions facing different environments. Tracing the asymmetry
of one or more spectral lines through the pulsation cycle can provide us with a
map of the motion of atmospheric layers. Also, as different parts of single lines are
formed at different layers in the star, line asymmetries are a powerful tool to study
stellar atmospheres. The line bisectors (see below for a definition) have become the
standard tool to quantify and study line asymmetries.

In this chapter of the thesis this method will for the first time be applied to an
RR Lyrae star, and the pulsational velocity fields within the atmosphere will be
studied. First, however, the spectra used for the analysis need to be described.

4.1 Work preceding the bisector study

This section introduces the set of spectra and the studies that have been performed
with it before the bisector analysis could be started. It briefly summarizes the work
that was published by Kolenberg et al. (2010), as some of their results will be used
as a basis for the study described later in this chapter. Additionally, the work
that will be published by Fossati et al. (2014, in prep.) will be mentioned as the
author of this thesis contributed to this analysis, and also because the results are
an essential ingredient in the subsequent bisector study.

The spectra used for this bisector study were described in detail by Kolenberg
et al. (2010). The original full data set consisted of 64 spectra that were obtained
with the Robert G. Tull Coudé Spectrograph at the 2.7 m telescope at McDonald
observatory and was provided by them for this bisector study. The resolution
is R=60000, and the exposure time was always below a maximum of 960 s in
order not to let the strong pulsation velocity changes smear out the lines. The
data were taken between June 26 and August 27 in 2004. For calibration, Th-Ar
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spectra were taken several time each night. The observed wavelengths range from
3633 to 10849 Å, but some parts in the longer wavelength range, however, were
strongly influenced by telluric features and instrumental gaps. For further technical
details, especially concerning the normalization which is important for temperature
determination, we refer to Kolenberg et al. (2010). Of those 64 spectra, 7 spectra
turned out not to be useful because of a wrong setting of the blaze angle during
observations. 45 of the remaining spectra were taken at a Blazhko phase of around
0.3, and 12 were taken near a Blazhko phase of around 0.8.

A first inspection of the spectra already reveals many characteristics of the
star, as can be seen in Figure 4.1 where spectra in wavelength scale are plotted in
the order of increasing pulsation phase: The high amplitude of the radial velocity
variation (several tens of km/s are typical for RR Lyrae stars) causes a displace-
ment of the lines. At the same time, strong changes in temperature and pressure
influences the depths of the lines. Some neutral lines (like the FeI line in Figure 4.1)
even disappear during some phases, at least at the given S/N of typically between
100 and 300. A distortion of the lines is also present and is going to be measured
quantitatively with the bisector method. Only the spectra near Blazhko phase of
0.3 are plotted here.

4.1.1 The “quiet” phase

The problem in the study of pulsation stars is that for the computation of synthetic
spectra, only static model atmospheres are available, while the star itself is not
static at all. In the first paper in their series Kolenberg et al. (2010) therefore
selected among their data the spectrum taken during the most quiescent pulsation
phase, as this is the one that is as close as possible to a static atmosphere. The
phase around maximum radius turned out be the most unperturbed, according to
their nonlinear stellar pulsation models and according to the variation of full width
at half maximum (FWHM) with phase. The corresponding spectrum which was
taken at a pulsation phase of 0.278 (and is referred to as spectrum number 260)
was used to determine the chemical composition of RR Lyrae. This result in turn
can serve as a basis for the analysis of the remaining data, as the abundances are
not expected to change during the pulsation. The abundances of 45 elements were
determined by Kolenberg et al. (2010). They determined a (log g) of 2.4 ± 0.2,
a temperature of Teff=6125 ± 50 K, and a metallicity of Fe/H= -1.30 ± 0.1
dex. During their analysis it became clear that it was necessary to use a depth-
dependent microturbulent velocity, which they quantified.

In what follows we refer to the phase in which the spectrum shows the least
distortion due to pulsation as the quiet phase. We are aware of the relativity of
this expression, as an RR Lyrae atmosphere is never really “quiet”.
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Fe1 line @ 5171.596A and Mg1 line @ 5172.684A
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Figure 4.1: The set of spectra available for analysis shown. Spectra are sorted by
phase from top to bottom and are plotted with an arbitrary shift in the y-scale.
The motion of one iron and one magnesium line during the pulsation cycle can be
seen.

4.1.2 Consistent analysis: parameters of all phases

As the bisector points of the observed spectra needed to be brought into context
with the corresponding atmospheric dephts, it was necessary to have synthetic
spectra available for all phases which contain information on the optical depth of
formation of the wavelength points. This, in turn, required an accurate value of the
temperature for each phase, as well as an atmosphere model and knowledge of the
microturbulence velocity profile. Therefore, a consistent analysis of all spectra was
a basic requirement. This analysis of the whole set of the spectra was an iterative
process. The detailed results of this analysis will be published by Fossati et al.
(2014, in preparation) which is the second paper in the series on this data set of
RR Lyrae. The author of this thesis contributed by processing in the described way
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a subset of the spectra which were specifically important for the bisector study. To
obtain line parameters, the VALD database (Kupka et al. 1999, 2000; Ryabchikova
et al. 1997; Piskunov et al. 1995) was used. The gravity (log g) was fixed to 2.4
(the value that had been found for the quiescent phase) for all spectra, as the
expected changes are smaller than the uncertainty in the value. As the goal was
a consistent study of different pulsation phases, it was important that all spectra
were treated in exactly the same way. The process described below was therefore
applied to all spectra.

1. The starting point was an indicative value of Teff . This value was found
based on the vmic depth profile of the quiet phase and is therefore only
preliminary but accurate enough to be a starting value. As the vmic profile
influences the resulting model atmosphere, and as vmic is expected to change
with pulsation, new models are needed for each spectrum.

2. Using the initial temperature and the vmic profile of the quiet phase, an
abundance analysis was performed. The widthV code was used for this
purpose. A list of 237 suitable lines had been selected for this step. They are
all unblended lines, and their equivalent widths have been measured during
the preparation of the analysis. Abundances were determined using only lines
with small equivalent widths, as they are mostly independent of vmic .

3. In the next step, we determined a new vmic profile. This was done by elim-
inating the dependence of abundance and equivalent width. For this step,
only ions that have several observed lines (4 lines minimum) and that have
a wide range in equivalent width were used.

4. On the basis of the new vmic profile, new atmosphere models were calculated
for a range of different temperatures using the LLmodels code (Shulyak
et al. 2004). Usually a sequence of 5-9 models in temperature steps of 25K
were calculated.

5. New synthetic spectra were calculated based on those models using the
synth3 code by Kochukhov (2007, 2012). The spectra were created only
for the region around the Hγ line, as this was the one used to find the tem-
perature.

6. A refined Teff was measured by comparing the Hγ line with these new syn-
thetic spectra. This was done with the help of the binmag software which al-
lows easy viewing of observed and synthetic spectra. The temperature which
reproduces the wings of the Hγ line best was selected.

7. Again, the widthV code was used to determine new abundance values. As
in the previous iteration only ions that fulfill the requirements (i.e., that have
enough lines and with a wide spread in equivalent width) were chosen, and
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abundances were determined using only the weak lines which are independent
of vmic.

8. A new vmic profile was computed as in step 3.

9. This refined vmic profile was used to perform a last abundance analysis (using
the updated temperature). This time, however, in contrast to the previous
abundance measurements, all lines (also strong lines with a large equivalent
width) were taken into account. Due to the use of the now correctly deter-
mined vmic profile the dependence on equivalent width had disappeared, and
the abundances were all in good agreement.

In this way, final abundances were obtained for each spectrum (i.e., each ob-
served pulsation phase). These, of course, only serve as error indicators, as the
actual stellar abundances do not change during the pulsation.
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Figure 4.2: The effective temperature of RR Lyrae can vary by more than 1000 K
(i.e., by about one sixth of the stars temperature) during the pulsation. This figure
illustrates how much the Hγ line changes due to the differing temperatures during
the pulsation.

This procedure was followed for all the spectra. Finally, besides the abundances,
consistently determined temperatures and vmic profiles were available for all of
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them, and the derived abundances were in good agreement, as expected. Those
final models were used as a basis for the synthetic spectra computed for the bisector
analysis.

Temperature variations during the pulsation cycle in RR Lyrae stars can be
large. In our spectra, temperatures between 5950 and 7125 K were observed. Fig-
ure 4.2 illustrates how strongly the effective temperature alters the Hγ line which
was used as an indicator for Teff .

The derived vmic profiles for the various phases agree quite well in the relevant
region where the line formation mainly takes place, and deviate only in the outer
regions.

Now, after all relevant stellar parameters have been determined for all phases,
and the best stellar model for each spectrum has been found, the actual bisector
analysis can be started.

4.2 The Basics of Bisector analysis

The bisector of a spectral line is obtained by connecting the midpoints of horizontal
lines running from one side of the line profile to the other side. Therefore, the
ordinate is usually the intensity normalized to the continuum, and the abscissa
in the wavelength or – more frequently – the velocity value of the bisector point.
A schematic illustration of this concept is given in Figure 4.3. Bisectors are a
powerful and quantitative tool to study line asymmetries. A perfectly symmetric
line, of course, has a vertical straight bisector, while a distorted line shows a curved
and/or tilted bisector. The span of the bisector, i.e., the difference between the
highest and lowest measured velocity is usually termed the bisector amplitude.
Bisector analyses are best analyzed in high-resolution spectra with R≥60000, as
one needs as many observed points in a line as possible. The higher the resolution
(and the S/N), the finer the details and the smaller the velocity fields that can be
studied.

4.2.1 Methods of constructing the bisectors

Interpolation is always needed when constructing a bisector, because even with
very high spectral resolution there will not always be observed spectral points
available at exactly the same intensity on both sides of the line profile. Different
strategies can be applied to find the bisector. One is the method used for example
by Gray (1992) who uses interpolation only on the right side of the profile, while on
the left (lower wavelength) side the observed points are used. This method might
lead to a varying number of available bisector points depending on the width and
depth of the line, missing data, etc. Another approach is to request bisector points
at fixed fractions of the intensity (for example at 0.1, 0.2,... times the central
line intensity). This approach requires interpolation on both profile wings, but
leads to a fixed number of available bisector points. For this thesis, as we want to
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Figure 4.3: Schematic illustration of a spectral line bisector. It is constructed by
finding the midpoints of the horizontal lines connecting the line wings.

compare bisectors obtained in different spectra and of different lines, it was more
convenient to use the second method, in order to have a fixed number of points at
fixed positions in the intensity for all spectra and all lines.

4.2.2 Applications of line bisectors

Bisectors are indicators of all kinds of atmospheric velocity fields and are used
with various goals in mind:

Bisectors as indicators of granulation and convection: One possible cause
for a line asymmetry is when velocity differences are associated with a bright-
ness gradient. This happens when solar and stellar granulation and convection are
present. The study of these phenomena is probably the most famous application
of line bisectors. In the case of granulation the asymmetry of spectral lines arises
because the rising and falling material contribute different amounts of the light. At
the same time, they are shifted to different wavelengths: The hot rising granules
move towards the observer and hence produce a blue-shifted component, which
is strong due to the brightness of the granules. The intergranular lanes, on the
other hand, are fainter and contribute a red-shifted, weaker component as they
move away from the observer (see Figure 18.12 of Gray 1992). This leads to most
frequent shape of a bisector: the classical “C”-shape that is seen in almost all
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cool stars where convection plays a role. A comprehensive review on this topic is
provided by Gray (1992).

Hot stars, however, usually show a reversed “C” shape and are separated from
the cool stars by the so-called granulation boundary (see Figure 4.4). The cause
of the reversed “C”-shaped bisectors has been a long-standing puzzle. A possible
explanation is the one provided by Gray (2010) who proposed that a steep decline
of the velocities with height in the star’s atmosphere together with a flux deficit in
a part of the red wing might be responsible for the shape. The shape of bisectors
therefore are a useful tool to check whether granulation is present in a star or not.

Figure 4.4: Illustration of different bisector shapes across the HRD from Weiss &
Kupka (1999).

Bisectors as discriminants of Luminosity and Gravity: Not only is the
overall shape of the bisector (“C” versus “reversed-C”) an indicator of temperature
and hence the presence of convection, but also the fine details of its shape give
information about the parameters of the star. This has been discovered by Gray
(2005) who analyzed 54 cool stars and found the height of the bluemost point of
the line bisector depends on the luminosity class and gravity. This point, when
used as an empirical luminosity indicator, can give a finer luminosity resolution
than the common statement of a luminosity class.

Bisectors in planet hunting: Interestingly, bisector analyses is not only used
for the study of stellar astrophysics. Also planet hunters, when trying to rule out



94 CHAPTER 4. A BISECTOR ANALYSIS

false positive detections, make use of bisectors. The underlying principle is that,
when an orbiting planet causes a change in the radial velocity of the star, it should
not alter the line profile (unless there is a transit), leaving the line bisector constant.
If on the other hand the bisector changes together with the changing radial velocity,
then the variation is most likely caused by phenomena in the stellar atmosphere
such as pulsation rather than by a planet. An example for a study using this
method can be found in Mart́ınez Fiorenzano et al. (2005).

Bisectors to study the solar cycle: In the sun the metallic lines that are
formed near the photosphere have the typical “C”-shape as it is expected for a
cool star that is governed by convection. Some chromospheric lines, however, show
a reversed “C”-shape which is still not fully explained. Already in the 1980s it
was noted that the bisector amplitudes of certain photospheric lines change on
timescales of years (Livingston 1984) which was attributed to the influence of
the magnetic activity on the convection and hence to the solar cycle. Pietarila &
Livingston (2011) on the other hand used a chromospheric (reversed C-shape) line
of Ca II and found that the solar cycle affects only the part of the line that is
formed in deeper layers, while the line core is not correlated with activity.

Bisectors to study pulsation: In some studies bisectors have been used to
study the pulsation of stars, as it is also the goal of this study. For example,
Wallerstein et al. (1992) applied the method to the Hα line of Cepheids. He used
the resulting bisector as a tool to determine whether line asymmetry is present,
how strong it is, and when during the pulsation it occurs. The asymmetry of the
lines in certain phases was attributed to a wave propagating through the line
forming region. However, only a very small number of bisector points (two) were
used by Wallerstein et al, with one point near the core of the line, and one point
at half of the line depth. In this thesis a larger number of points will be used and
hence more layers in the star will be studied.

A very detailed study of high-resolution (R' 100000) spectra was performed by
Elkin et al. (2008) who used line bisectors of different ions in the roAp star 10 Aql
to investigate the atmospheric motions. From their spectra obtained at the VLT
they could derive velocity amplitudes for different bisector points, demonstrating
an increase of pulsation amplitude with atmospheric height, which is consistent
with a wave running outward to layers with lower densities. Differing amplitudes
of lines of different ions allowed them to map the velocity fields of the atmosphere.
In roAp stars, the presence of pulsation nodes within the line forming region can
even lead to phase jumps in the bisectors (Elkin et al. 2008) and to very different
radial velocity amplitudes depending on the ion causing the line, and therefore
depending on depth in the atmosphere.

In spite of their usefulness, bisector analyses, however, have not been applied
to RR Lyrae stars before. In those large-amplitude stars it can be expected that
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pulsation is by far the strongest signal influencing the line shape and therefore
the bisector. Also, as we perform a relative analysis by comparing different phases
of the same star with each other, factors that influence all spectra equally will in
most cases be irrelevant.

4.3 Line selection for the bisector analysis

To study bisectors it is of great importance to select lines which are not blended
with others, as this would introduce a spurious line distortion that is unrelated to
pulsation. When following a bisector of a given line through the pulsation, it is
also good to select lines that do not fully disappear in the more violent phases of
the star. To select useful lines, both the observed and the synthetic spectra were
inspected, as the latter are important to identify weak blends that would not be
obvious in the observations. Also, metallic lines that lie within the extended wings
of hydrogen lines were excluded. For those lines, which at their wings never reach
continuum level, it is impossible to get bisector points at high intensity values that
are comparable with those of other lines.

The final sample of lines used is listed in Table 4.1 and consists of strong
as well as weak lines mainly of iron and titanium, but also some lines of other
elements were included. Both neutral and ionized lines are used, which in the
following are designated with the numbers 1 for neutral lines, and 2 for singly-
ionized lines, according the the usual convention. In the wavelength region beyond
6500 Å, instrumental effects as well as telluric lines play such a big role that the
lines that were selected for the bisector analysis can only be found between 4000
and 6500 Å. Another reason is that lines in RR Lyrae stars are quite sparse at
longer wavelengths.

Table 4.1: List of selected lines.

Table 4.1
λ(Å) ion λ(Å) ion λ(Å) ion

Fe 1 lines
4062.4409 Fe1 4494.5630 Fe1 5324.1790 Fe1
4067.9777 Fe1 4602.9410 Fe1 5339.9290 Fe1
4132.8990 Fe1 4607.6460 Fe1 5369.9610 Fe1
4147.6690 Fe1 4890.7540 Fe1 5383.3690 Fe1
4184.8910 Fe1 4891.4920 Fe1 5397.1270 Fe1
4187.0380 Fe1 4903.3080 Fe1 5405.7750 Fe1
4199.0950 Fe1 4920.5020 Fe1 5415.1990 Fe1
4202.0280 Fe1 5014.9420 Fe1 5434.5230 Fe1
4217.5456 Fe1 5049.8198 Fe1 5569.6180 Fe1
4238.8090 Fe1 5133.6880 Fe1 5572.8420 Fe1



96 CHAPTER 4. A BISECTOR ANALYSIS

4250.1190 Fe1 5192.3440 Fe1 5586.7559 Fe1
4250.7869 Fe1 5194.9410 Fe1 5615.6439 Fe1
4271.7600 Fe1 5232.9390 Fe1 6136.6150 Fe1
4325.7619 Fe1 5269.5370 Fe1

Fe 2 lines
4178.8620 Fe 2 4491.4050 Fe 2 4576.3400 Fe 2
4303.1760 Fe 2 4508.2880 Fe 2 4582.8350 Fe 2
4385.3870 Fe 2 4515.3390 Fe 2 4620.5210 Fe 2
4416.8300 Fe 2 4520.2240 Fe 2 5197.5770 Fe 2
4489.1830 Fe 2 4541.5240 Fe 2 5534.8470 Fe 2

Ti 2 lines
4053.8209 Ti2 4443.7940 Ti2 4529.4740 Ti2
4312.8599 Ti2 4444.5545 Ti2 4563.7574 Ti2
4394.0510 Ti2 4450.4820 Ti2 4571.9680 Ti2
4395.0311 Ti2 4470.8532 Ti2 4708.6621 Ti2
4395.8389 Ti2 4501.2698 Ti2 4805.0850 Ti2
4399.7651 Ti2

other lines
4034.4830 Mn1 4425.4370 Ca1 5857.4510 Ca1
4121.3110 Co1 4554.0290 Ba2 5895.9240 Na1
4167.2710 Mg1 4588.1990 Cr2 6122.2170 Ca1
4208.9770 Zr2 5172.6840 Mg1 6141.7130 Ba2
4215.5190 Sr2 5528.4050 Mg1 6162.1730 Ca1
4246.8220 Sc2 5588.7490 Ca1 6347.1090 Si2
4254.3360 Cr1

As a first step, the asymmetry. i.e., the bisector, of given single lines was traced
through the pulsation cycle. As a starting point, a rough estimate of the radial
velocity of each phase was necessary. This value was determined in advance. Based
on this initial velocity, the line was found automatically in the spectrum, and the
wavelength and intensity of twenty bisector points were determined. The result for
a few selected lines can be seen in Figure 4.5 (for an Fe 1 and an Fe 2 line) and
Figure 4.6 (a Mg 1 line and a Ti 2 line). At this stage, the wavelength was not yet
transformed to velocity, to illustrate the line motion during pulsation as it appears
in the observed spectrum. Bisector points above 0.95 in intensity should not be
considered reliable, because noise in the data as well as slight blends start to play
a significant role in this region.

The overall behavior is the same for all lines or elements, respectively: The
motion of the lines in these plots is counterclockwise, with the long, almost vertical
bisector near the middle of the plot belonging to the quiescent phase of maximum
radius. Then, the star contracts and causes the lines to appear redshifted in the
right part of the diagram. Around minimum radius lines become shallow due to
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the prevailing temperature and pressure, and tilted due to velocity gradients in the
stellar atmosphere. During expansion lines are in the left part of the diagram, i.e.,
blue-shifted from the viewpoint of an observer. Some important pulsation phases
are labeled in the upper panel of Figure 4.5.

Similar to the findings of Elkin et al. (2008) we also observe that the tips of
the bisectors (that represent the part of the line which has formed higher up in
the atmosphere) have a larger range in wavelength and hence velocity, indicating
already that velocity amplitudes are higher in the outer part of the star.

To compare the bisector shapes more directly, the wavelength values were then
converted to velocities, and the bisectors from different spectra were plotted on
top of each other by removing the velocity that was determined for the line in each
spectrum. An example for this is given in Figure 4.7. The velocity of the center
of gravity of the line was used in the case shown in Figure 4.7, resulting in an
overlap of the middle part of the lines. Different velocity determination methods
(for example, fitting the tip of the line) lead to a different stacking of the lines.
The shape of the bisectors can more easily be compared in this plot.

4.3.1 Shifts between different ions

When the lines of different ions have different velocities, then consequently also
the bisectors appear systematically shifted. In Figure 4.8, all bisectors of all used
ions are shown for the quiet pulsation phase. Different colors indicate the elements:
black is neutral Fe, red is Ti 2, green is Fe 2 and blue are the remaining lines of
several other elements listed in Table 4.1. An approximate gamma velocity of RR
Lyrae of 80 km/s was subtracted from all lines for this plot.

It is obvious that there is a clear shift between the bisectors of different lines.
This figure is reminiscent of the graphs shown by Gray (2009) in connection with
the so-called “third signature of convection”. In this nomenclature, the macrotur-
bulence, which describes large-scale velocity fields, is the first signature of granula-
tion. The shape of the bisectors is the second signature, and the differential shifts
between bisectors of different lines is the third signature. In the Sun, as well as in
other stars, weaker lines have been found to be more blueshifted than the stronger
lines, because weak lines are usually formed in deeper layers of the atmosphere
than the cores of stronger lines and therefore are affected by other convective ve-
locities. Scaling factors can be found to transform the solar pattern to other stars
with different temperatures (Gray 2009). Interestingly, Gray (2009) also found the
same pattern for a hot star on the blue side of the granulation boundary.

However, in a pulsating star with such a high amplitude, one can expect that
granulation, even if it were there, would most likely be hidden beneath the strong
signal of the pulsation motions. In this sense, the only chance to check for granu-
lation in an RR Lyrae star would be during the most quiescent phase.

Another difference between Figure 4.8 and the study of Gray (2009) is that
they used only lines of Fe 1, while in our diagram, different elements and ions can
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Figure 4.5: Tracing the Fe 1 line at 5407.770 Å and the Fe 2 line at
4491.405 Å through the pulsation cycle. Note how lines gets deeper and shallower
due to the drastic change in temperature and pressure.
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Figure 4.6: Same as Figure 4.5 but for the Ti 2 line at 4394.051 and the Mg 1 line
at 4167.271 Å
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Figure 4.7: Motion of the 4383.545 Å line during the pulsation cycle, corrected for
the radial velocity of each spectrum so that lines are plotted on top of each other.

be found, and a strong shift occurs between the lines of Fe1 and Fe 2. Even though
Fe 2 lines are typically more shallow, the observed shift is not purely caused by
line depth, as it can be seen, for example, from the shallow Ti 2 lines which are
shifted in the opposite direction as the shallow Fe 2 lines.

The possibility that the effect is caused by an instrumental drift which influ-
ences the wavelength calibration can be excluded because the lines of all ions were
not selected from different regions but are spread over the same wavelength range
and therefore should be affected in the same way if an error in the wavelength
calibration were present.

4.4 The bisector in atmospheric depth

So far, the bisectors had only been calculated in the classical sense, i.e., as observed
intensity versus wavelength (or velocity). This had not been done for an RR Lyrae
star before. In this section, however, we go even a step further and connect the
points on the line wings to an actual position in the star by using the optical depths
which are found in the synthetic spectra, as well as the column mass,

∫
ρ dx, that

can be extracted in a subsequent step from the atmosphere models. In this way we
construct a atmospheric bisectors, i.e., Rosseland log(τ) versus velocity or column
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Figure 4.8: Classical bisectors for all selected lines in the quiet phase. The different
ions show different velocities.

mass versus velocity, which indicate the velocity in difference depths in the stellar
atmosphere.

For this purpose, synthetic spectra over the complete wavelength range were
computed using the SynthV code (Tsymbal 1996). This spectrum synthesis code
produces spectra from a given atmosphere model and a line list, for example as
the ones extracted from VALD. In contrast to other synthesis codes, it can handle
depth-dependent microturbulent velocities which can be provided in an optional
additional input file, and it was modified to provide the optical depth in the output
together with the regular synthetic spectrum.

Concerning the rotation and macroturbulence velocities vsini and vmacro, re-
spectively, several combinations were tested. In contrast to the bluer horizontal
branch stars, RR Lyrae stars are generally slow rotators with narrow lines and
usually only upper limits for their rotation can be given (see for example Peterson
et al. 1996). For the same reason, Kolenberg et al. (2010) could not determine
definite values for the velocities but were able to give ranges for them: vsini is
between 0 and 9 kms−1, and vmacro is between 6 and 11 kms−1. The values are not
independent of each other as both contribute to line broadening. Therefore, using
the minimum value of vmacro requires using the maximum of vsini and vice versa.
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After testing several combinations, the values that were finally used to convolve
our synthetic spectra were vsini = 9 km/s and vmacro = 6 km/s, as this turned
out to fit the observed spectra best.

To be able to compare the synthetic spectra to the observations, they were
convolved to have the correct instrumental resolution so that they match the ob-
served spectra. One has to note that due to the finite resolution, the narrow core
of the line (which is formed in the highest layers) is not fully resolved, decreasing
our ability to study these parts of the atmosphere. The convolution leads to a mix-
ture of different τ values, which especially results in a decrease in the maximum
atmospheric height that can be observed. We therefore cannot probe the highest
line forming regions. This means that, even though lines are normally formed in
a region between 0.5 ≥ log(τ) ≥ -3, after convolution we can almost exclusively
investigate values in the range 0.5 ≥ log(τ) ≥ -2.

Figure 4.9 shows all selected lines together with their classical bisectors (middle
panels) and their bisectors in atmospheric depth (right panels). Only results for
the “quiet” phase is shown here as an example as the full set of lines for all spectra
would require too much space.

The procedure to arrive at an atmospheric bisector then was the following: For
each line the code reads in the spectrum as well as a previously estimated velocity
of the photosphere at the phase in question. This value was found by analyzing
the LSD profile of the spectrum. Based on this velocity, each desired line can be
correctly located in the observations. After that, the synthetic spectrum is read
by the code, and the selected line is cut from it. Using the known laboratory
wavelength, both lines (the observed as well as the synthetic one) are transformed
to velocity space. The data are then interpolated to the desired bisector points at
the given fractions of total line depth (see Section 4.2.1), and the horizontal middle
points between the interpolated line points (the bisector points) are calculated.

In the next step, the code estimates the correspoding formation depth τ , as well
as the interpolated layer number for each point in the line profile using information
provided by the spectrum synthesis. With the help of the layer number, the column
mass

∫
ρdx as well as the Rosseland optical depth log(τRoss)can be extracted from

the model atmosphere. The result is a file that contains the bisector information
on all selected lines in the input list for a given spectrum.

The projection of the line profile points to the log(τRoss) function and to the
column mass, respectively, was not an easy step, as several aspects needed to
be considered. One is that the lines in the synthesis are always symmetric, as
the synthesis is based on a static model atmosphere. In reality, the lines are not
symmetric, because we are dealing with a fast pulsating star. The line distortions
that are present in the observations are therefore not represented in the synthesis,
and it would make a difference whether the blue or the red wing of the observed
line is mapped to the function of log(τRoss). Also, it is necessary to consider the
wavelength shift caused by the overall radial velocity of the star to connect the
observed wavelength to the correct part of the line in the synthetic spectrum. Not
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Figure 4.9: Observed data in velocity space (left panel), classical bisectors (mid-
dle panel), and atmospheric bisectors (right panel). Asterisks represent observed
spectral points, dots and diamonds are the calculated bisector points.
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Figure 4.9: continued
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every line has the same velocity. Shifting the points of a certain line by the overall
velocity of the star might result in not accurately matching the line center with
that of the synthetic line, again introducing an error.

In order to avoid these problems, the synthetic line (intensity versus wave-
length) served as an intermediate step between the observed line and the τ and
column mass profiles. This means that the intensity values of the observed spec-
trum were first projected to the synthetic spectrum which in turn provided the
velocity values that could subsequently be connected correctly to the correspond-
ing optical depth and layer information.

Even though, in principle, lines that correspond to the same optical depth τ
must be formed at similar atmospheric depths because their opacity coefficients are
equal, there are more factors that play a role. A difference in excitation potential,
for example, also causes the lines to form at different physical heights where the
temperatures are different, even though their optical depths are equal. Therefore
it was necessary to connect the line profile points to the column mass, which is
a more physical variable to decribe the height in the atmosphere. This value was
extracted from the atmosphere model that had served as the basis for the spectrum
synthesis.

In Figure 4.10, the resulting atmospheric bisectors of all selected lines are shown
in the same plot for comparison. Even though in principle the formation depth
is taken into account during the spectral synthesis, a difference in velocity like
discussed in the previous section is still present for different ions.

The mean bisector: Bisectors of different lines, especially when transformed
to optical depth or column mass in the atmosphere, should have similar shapes.
Therefore, it is possible, in order to decrease the scatter in the data, to calculate
a mean bisector using a large set of lines rather only one single lines. Before
averaging, however, all lines were inspected carefully, and those which showed
anomalies for example due to blends which had been undetected before or due to
strong observational errors, were removed. Because of the velocity shifts between
different elements that was discussed in the previous section, only lines of the same
element were averaged.

Figure 4.11 shows the average Fe 1 bisector (red asterisks) for spectrum 260
(the quiet phase) and the subsequent spectrum number 261 which was taken about
20 minutes later, plotted together with the individual bisectors of all used Fe 1
lines (in black).

It is this mean bisector that will be used in the next step to calculate a pulsation
acceleration that can be compared to hydrodynamical models.

4.5 Comparison to pulsation models

Hydrodynamical pulsation models have been very successful in reproducing the
observed light curves and radial velocity curves of RRab as well as RRc stars. One
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Figure 4.10: Atmospheric bisectors for all selected lines in the quiet phase. The
different ions still have different velocities.

example for a detailed hydrodynamical nonlinear model for RR Lyrae stars is that
of Fokin (1993) which have kindly been provided for comparison with the data.

Using our bisector results, we were now able to check whether also the pre-
dicted pulsational velocity fields agree with the observations, at least in the part
of the line forming region which we could investigate with our spectra. For this
purpose, first the theoretical accelerations were calculated from the radius change
provided in the model output for the phase near maximum radius (which corre-
sponds to the “quiet” phase). Then we calculated the observed acceleration from
the velocity difference of the bisectors of the quiet phase (spectrum number 260)
and the surrounding spectra that were taken in intervals of about 20 minutes.

The resulting acceleration turned out to be of the same order of magnitude over
a large range of column mass, but the curve showed a different shape in the deepest
layers. In this region the pulsation accelerations that occur in the model show a
steep rise and are too large. The accelerations for other nearby pairs of spectra were
also calculated to check whether the difference could be due to an offset in phase,
meaning that the midpoint between the times when spectrum 260 and 261 were
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Figure 4.11: All Fe1 bisectors for spectrum number 260 (the quiet phase, see Kolen-
berg et al., 2010) and the subsequent spectrum 261. Overplotted in red are the
corresponding mean bisectors.

recorded does not exactly correspond to the time of maximum radius. However,
the resulting values for the other spectrum pairs turned out to be comparable. The
accelerations calculated from four pairs of spectra around the quiet phase, as well
as that of the model are shown in Figure 4.12. The mean bisector of Fe 1 is shown
in black, Fe 2 is shown in red, and the other elements are plottd in green. It can
be seen that th accelerations observed in different elements are comparable, and
that the predicted rise in acceleration near the photosphere of the model is not
present in the data.

In any case, the observed acceleration seems to be in good agreement in the
upper parts of the atmosphere (i.e., at lower column mass). The slope of the
acceleration is small, indicating that the quiet phase can indeed be considered
rather “quiet”.

It is definitely worth to try this kind of analysis with RR Lyrae spectra of
a higher resolution, thereby increasing the range of optical depth that can be
investigated, as with a higher spectral resolution the signal will not be smeared
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out to this extent. For example, increasing the resolution to a feasible value of
R=100.000 would make log (τ) values in the range between -1.5 to -2 accessible.
Also a higher S/N would increase the ability to study bisector points closer to
continuum than a fractional intensity of F/Fc=0.9 which in our data are already
highly influenced by random noise.

4.6 The Van Hoof effect

Even when not looking into as much detail as in a full bisector study, it can in
principle be observed that the different layers of a pulsating star have different
velocities. Just by deriving the overall velocities of different lines and comparing
the results, differences can emerge. Especially phase lags between velocity curves
can rather easily be found when plotting the velocity curves of lines against each
other, instead of plotting the velocity against time or phase. As radial velocity
curves of all our selected lines necessarily emerge as a byproduct of our bisector
analysis, we present them here in a separate section in this classical way. The
main purpose is to compare the results to previous studies that were performed at
different Blazhko phases.

The phenomenon of phase lags that occur between the velocity curves derived
from different elements or lines is called the Van Hoof effect, because it was first
described by van Hoof & Struve (1953). They reported that in their spectra of
β Canis Majoris (a β Cephei star) the radial velocity curve of the Hγ line lagged
behind that of the oxygen II lines at 4345 and 4349 Å by 17 minutes, which is
a logical consequence of a running wave propagating through the atmosphere. A
similar behavior was already at that time expected to appear in Cepheids and RR
Lyrae stars.

Phase lags and velocity differences can, of course, even cause different signs in
the velocities of different layers (with respect to the stellar center), as some layers
might be still contracting while others have already reached their turning point
and start expanding.

Mathias & Gillet (1993) were the ones to propose the Van Hoof effect as a tool
to study wave propagation through the atmosphere. They proposed a method of
detection using velocity curves of different elements plotted directly against each
other. This method is robust against error sources which could cause differences
in velocity curves without the presence of a Van Hoof effect, like different velocity
amplitudes of the elements. The method is also mostly independent of parameters
like the projection (limb darkening correction) factor. Their method of detection
and plotting is the one that will be used in this section.

Mathias & Gillet (1993) were also the first ones to unambiguously find a Van
Hoof effect between metallic lines. Both β Cephei stars studied by them showed
this effect. Previously, the Van Hoof effect was only found between Balmer lines
on the one side, and metallic lines on the other side. The fact that hydrogen lines
are formed much higher in the atmosphere than metallic lines causes large velocity
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differences which are easier to detect, while metallic lines are all formed at similar
depths with only small velocity differences, which makes the detection of the Van
Hoof effect much more challenging. The previous results of van Hoof & Struve
(1953) on this topic had been inconclusive due to large error bars.

For Cepheids, velocity differences and phase shifts between Hα lines and metal-
lic line have been documented in detail for several stars by Wallerstein et al. (1992),
who also used bisectors of Hα to quantify the line asymmetries that were present
during certain pulsation phases.

In RR Lyrae, the Van Hoof effect had been proven to exist by Mathias et al.
(1995). In their data set of four nights of spectra centered around the Hβ and Hγ
lines, respectively, they clearly found a strong phase difference when comparing
the hydrogen lines to nearby metallic lines. Their results were consistent with the
concept of a running wave propagating from the deeper atmosphere where the
metallic lines are formed to the upper layers where the hydrogen line cores are
formed. Due to low spectral resolution, however, they could not detect a Van Hoof
effect between different metallic lines. This phenomenon was later claimed to be
detected by Chadid & Gillet (1998).

During the bisector analysis for this thesis, we automatically obtained accurate
radial velocities for a large number of lines. In principle, the velocity derived for
a specific line corresponds to the bisector points in the line core. This allows a
comparison with previous works on RR Lyrae based on different data that were
taken in different cycles of this drastically changing star. By applying the method
proposed by Mathias & Gillet (1993) we were able to study the Van Hoof effect
in our extensive data set that also has a much higher resolution that the one
used for the previous studies. Keeping in mind that the pulsation behavior of RR
Lyrae stars changes dramatically with the Blazhko effect and also on longer time
scales, having studies of the atmospheric dynamics based on data sets obtained in
different years is extremely valuable. A comparison can allow to see the differences
that the Blazhko effect causes in the motion of the line forming layers.

4.6.1 The Van Hoof effect in our spectra

In principle, radial velocity curves are available for all 91 unblended lines that were
used for calculating line bisectors, but for reasons of space, we show and discuss
only a few of them. For comparison purposes, preferably lines that have been used
in previous studies are shown.

The Fe 2 line near 4924 Å that was used by Mathias et al. (1995) was not in
our bisector sample because of a slight blend with an Fe 1 line, but we calculated
its velocities specifically for this section. The other lines shown by Mathias et al.
(1995), Ti 2 near 4563 Å and Fe 1 near 4920 Å, were part of the bisector sample.

As the preferred method to find line velocities we chose the center of gravity
of the lower half of the line, as this is a very robust method also for distorted
lines where Gaussian fitting might not be adequate. Heliocentric corrections for
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Figure 4.13: The phase lag between the Hβ line and the Fe 2 line becomes obvious
in the velocity-velocity diagram. This Figure can be compared to Figure 1 in
Mathias et al. (1995). The same two lines are shown. Red symbols indicate a
different Blazhko phase.

the measured velocitites were determined for each spectrum using the iraf task
rvcorrect.

Figure 4.13 shows a velocity- velocity diagram of a hydrogen line (in this case
Hβ) and can be compared directly to Fig. 1 of Mathias et al. (1995). The spectra
that were taken around a Blazhko phase of about 0.3 are shown in black, while
the small range for which spectra at a different Blazhko phase (around 0.8) are
available is shown in red. A sharper edge in the curve near 0.8 is obvious for the
Blazhko phase 0.3 while the red curve is smoother and resembles more the results
of Mathias et al. (1995).

The comparison with he previous study also reveals a steeper slope between
phases 0.9 and 0.95 which might also be attributed to the different Blazhko phase
at which the sets of spectra were taken. The steep slope is a sign that during this
phase, the region where the Fe 2 line is formed experiences a strong acceleration
while the layer where the core of Hβ has its origin is almost at a constant velocity.
Afterwards, from phases 0.95 to 0.0, the opposite is the case. The velocity ranges
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Figure 4.14: Velocity-velocity diagram for H γ and the Ti 2 line at 4563.757 Å.
This Figure can be directly compared to Figure 2 in Mathias et al. (1995). The
same two lines are shown. Red symbols indicate a different Blazhko phase.

in this work are comparable to those of Mathias et al. (1995) with the velocity of
Hβ ranging from about -130 km/s to about -35 km/s. For the Fe 2 line, velocities
seem to reach slightly higher values (-45 km/s) in the data of Mathias et al. (1995)
while in our data, no velocities above -50 km/s occur. Again, this might be a result
of a difference in the Blazhko cycle.

Figure 4.14, which allows a direct comparison with Figure 2 of Mathias et al.
(1995) is an entirely different case. While the shape of the curve is similar to our
Figure 4.13, it differs a lot from previous results on the same line. We see again
a distinct time interval where the metallic line experiences strong acceleration,
followed by a phase of acceleration of the hydrogen line. Mathias et al. (1995)
measured a different behaviour. This might indicate that the Blazhko phase makes
a larger difference in the pulsation of the layer where Hγ is formed than at the
region of Hβ. The red curve which was obtained from a Blazhko phase around 0.8
this time does not resemble the previous results on these lines either.

The metallic lines were found to show a very similar behaviour to the one
documented by Mathias et al. (1995) and Chadid & Gillet (1998). An example,



124 CHAPTER 4. A BISECTOR ANALYSIS

-110 -100 -90 -80 -70 -60 -50
Fe1 @ 4920.5020 A

-110

-100

-90

-80

-70

-60

-50
F

e
2

 @
 4

9
2

3
.9

2
7

0
 A

0.0

0.15

0.20

0.30

0.40

0.50

0.70

0.90

0.910

0.951

0.964
0.972

0.994

Figure 4.15: Velocity-velocity diagram for the Fe 1 line at 4920.502 Å and the Fe
2 line at 4923.927 Å. This Figure can be directly compared to Figure 3 in Mathias
et al. (1995) and Figure 2 of Chadid & Gillet (1998). The same two lines are shown.
Errors amount to about 0.5 km/s

using the same lines that had been used in previous studies, is shown in Figure 4.15
which can be compared to Figure 3 of Mathias et al. (1995) and Figure 2 of Chadid
& Gillet (1998). The“8”-shaped double loop that had been present in previous
works is also present in this study. The Blazhko phase in this case does not cause
a noticeable change in the curve.



Chapter 5

Discussion and Outlook

Several models have been proposed in the past as possible explanations for the
Blazhko effect that manifests itself as a modulation of the amplitude and/or phase
of the light curve of about 50% of all RRab Lyrae stars. One of the most promis-
ing models was the oblique rotator-pulsator model which involves a strong dipole
magnetic field. The presence of such a field is a prediction that can be tested with
measurements, which was one of the goals of this thesis.

By the means of spectropolarimetry, in this thesis five RR Lyrae
stars have been searched for the presence of a strong magnetic field.
All measurements resulted in null detections, which is consistent with the
findings of Kolenberg & Bagnulo (2009). The use of high-resolution spectroscopy
instead of the low-resolution spectroscopy and the revisit of some previously ob-
served targets ensured that the non-detections in the past were not a consequence
of limited resolution. High resolution spectropolarimetry had before only been per-
formed for a single star: the prototype and brightest member of the class of RR
Lyrae stars: RR Lyr itself. For other stars, only low-resolution measurements had
been available.

This study increased the number of RR Lyrae stars for which spec-
tropolarimetric observations have been performed to twenty-one. With
the reported null-detections for all of them, even with high-resolution
data, the magnetic oblique pulsator-rotator model that had been one of
the most plausible explanations for the mystery of the Blazhko effect
can be considered ruled out.

Another aspect that discriminates different types of models is the regularity of
the predicted effect. For a long time, the Blazhko effect was considered a strictly
periodic phenomenon, and in the literature usually only one Blazhko period was
given for each star. Consequently some proposed models linked the modulation
directly or indirectly to rotation, making it difficult to explain irregularities, should
they be present. Before the space age, however, the regularity of the Blazhko effect
and the presence of irregularities was very difficult to test. For this goal, very long
time series are needed. As the typical duration of a Blazhko cycle is several months,
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and several cycles need to be observed to check the effect’s regularity, an enormous
amount of data spread over a long period of time is required. Not only would the
required effort be huge to obtain such a data set from the ground, the data would
unfortunately also suffer from daytime/weather gaps and long interruptions during
seasons in which the target is not observable.

As a consequence, the clues on possible changes in the Blazhko modulation
were sparse. There were reports on discrepancies in the measured modulation am-
plitudes or modulation periods for some stars, but due to large gaps between the
observations it remained a mystery whether those differences were caused by su-
perimposed secondary modulations, long term continuous (evolutionary) changes,
sudden period jumps or chaotic irregularity. On top of this, most checks of the
long-term stability made it necessary to combine data obtained by different au-
thors with different instruments and filters, possibly introducing errors.

Only with the availability of satellites providing uninterrupted homogeneous
data sets with a time base of months and even years for RR Lyrae stars it became
possible to study the stability of the Blazhko effect. By using data provided
by the CoRoT and Kepler space missions, the irregular nature of the
Blazhko effect was demonstrated in this thesis and its changes were
documented in detail for two stars.

The thorough analysis of the ultra high-precision light curves also revealed
many previously unknown features in the Fourier spectra of these stars,
like the presence of possible non-radial modes and the excitation of
radial overtone modes. Before that, non-radial pulsation modes had only been
unambiguously detected in an RRd star, also using satellite data (Gruberbauer
et al. 2007). With the analyses that form part of this thesis it became clear
that RR Lyrae stars and also the Blazhko effect effect are more complex
than previously thought and that new models are required to explain the
full variety of observed features. In particular, it turned out that new
models that can reproduce irregular or even chaotic modulations are
needed, while the models that require exact clock-work like repetition
of the Blazhko effect consequently face severe problems. The discoveries in
the satellite data of which some are part of this thesis have triggered new modeling
efforts.

During the time the last part of this thesis was written, promising new models
and ideas have been developed. They do not require strong magnetic fields and can
reproduce irregularities in the modulation. One of them is the scenario described
by Gillet (2013), who makes use of the observations that Blazhko stars seem to
occur only in the region of the instability strip where both the first overtone
and the fundamental mode are excited. He suggests a shock wave termed the
“overtone shock” causes a slowdown of the atmosphere layers during the stellar
contraction, leading to a change in compression which influences the κ mechanism.
This shock wave is one out of five shocks that occur during a pulsation cycle
according to the models of Fokin & Gillet (1997). The interaction of the main
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shock with the overtone shock finally causes the Blazhko effect. Gillet explicitly
predicts an irregular Blazhko effect. Also, some other observational aspects are in
good agreement with the predictions of this scenario. For example, the observed
decrease in average effective temperature during the Blazhko maximum that was
observed by Jurcsik et al. (2009) can be connected to a dissipation of energy that
is expected to occur when the main shock reaches its highest amplitude. Also,
for example, the observed movement of the bump in the light curve during the
Blazhko effect cycle is consistent with the predictions. One has to note, however,
that this model is still in a purely descriptive state and that the hydrodynamical
computations did not yet produce modulated light curves.

Another very promising approach was presented by Buchler & Kolláth (2011)
who could demonstrate with the help of amplitude equations that a 9:2 resonance
between the fundamental mode and the 9th overtone can lead to a modulation
of the amplitudes. The same resonance had before been shown by Szabó et al.
(2010) to be the reason for the phenomenon of period doubling in the light curves
of three RR Lyrae stars observed with Kepler . Also, it had been found by Kolláth
et al. (2011) to be the explanation for the alternating cycles that occurred in
their hydrodynamical models of RR Lyrae stars. This 9th overtone appears as a
surface mode, also called “strange mode”. The resulting Blazhko periods are in
the same range as the observed ones, and the phenomenon is found in a wide
rage of parameters of their amplitude equations (Buchler & Kolláth 2011). But
even though the amplitude equations deliver such a clear picture of modulated
amplitudes, both of regular and irregular type, the hydrodynamical models are
not yet able to produce a Blazhko modulation. Buchler & Kolláth (2011) mention
that this might be due to the numerous difficulties that a surface mode such as
the 9th overtone poses.

Modeling the non-linear pulsation of RR Lyrae stars in detail is not an easy
task. After facing difficulties in the beginning, however, hydrodynamic models
have in the last decades become very good at reproducing observed light and
radial velocity curves. Those models also predict, among other parameters, radius
changes and gas velocities for many different layers in the star, which need to be
compared to observational data. In most cases, however, the observer can only
study the photosphere of the star. But by studying spectral lines it is possible
to gather some information about various depths in the star, as different parts
of the line are formed in different regions. The best way to study atmospheric
velocity fields are spectral line bisectors which for this reason have been used by
some authors on pulsation stars. Such an analysis had, however, never before been
performed for an RR Lyrae star. To apply this method for the first time
to an RR Lyrae star was also part of this thesis, and the brightest known
member, RR Lyrae itself has been chosen as a target, espacially since it is also a
Blazhko star.

Line asymmetries were quantified through the pulsation cycle for
several selected lines, and are now available for comparison to other RR Lyrae
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stars and to spectra of the same star taken at a different time. Additionally, the
different parts of the line profile were brought into context with their
depth of formation using thoroughly determined stellar parameters and
atmosphere models. As expected from pulsation theory, the velocity
amplitude was found to be larger for the outer layers of the star. A
comparison of the observed pulsation acceleration around the phase of
maximum radius with the hydrodynamic models of Fokin (1993) re-
vealed similarities with only a slight offset. A comparison with new models,
as well as similar studies for other RR Lyrae stars and especially the use of higher
spectral resolution data would be an interesting goal for the future.

Unfortunately, during the work of this thesis, both satellites which delivered
extremely precise uninterrupted time series of RR Lyrae stars, have ended their
primary mission: CoRoT has been terminated due to a computer failure, and
Kepler , after two reaction wheels failed, cannot observe its original filed of view
any more. It will, however, continue to obtain high-quality data for stars, among
which are also several RR Lyrae stars, near the ecliptic in its second part of the
mission, K2.

Nevertheless, new discoveries might still be made with the data of the Kepler
primary mission. Even though the working group for RR Lyrae stars has been very
active and has analyzed several stars as well as many aspects of the data, there are
still Kepler light curves which have not been analyzed in detail. Only a few Kepler
stars have enjoyed such a detailed analysis as it was presented in this thesis for
V445 Lyr. The remaining light curves might still lead to unexpected discoveries,
and should be analyzed in the future.

These upcoming analyses of Kepler data might, now that it is known that
RR Lyrae stars can have additional radial overtone modes as well as non-radial
modes, answer the next logical question about the statistics: which percentage of
stars do show an irregular Blazhko effect, and how many show a regular Blazhko
effect? In which of them are the overtones and additional frequencies present, and
which stellar parameters do discriminate those groups of stars? Is there a relation
between the newly discovered features and the position within the instability strip
or the evolutionary status of the stars?

Another puzzling aspect of RR Lyrae stars is their apparent lack in binary
systems. Even though normally around 50% of all stars found in binary or multiple
systems, and many RR Lyrae stars can be considered well-studied, only very few
of them are known members of a binary system. And this does not seem to be
caused be their low metal content. Interestingly, according to Machida (2008) the
fraction of binaries in low-metallicity environments should even be higher than
in solar-metallicity environments, so given the low metal content of RR Lyrae
stars, an even higher number of binaries would be expected. Of course, during
their evolution, RR Lyrae stars might have interacted with their companion, if
there was one, so the very close systems might have been destroyed. Nevertheless,
systems in wider orbits should exist, and it is surprising that only so few of them
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have been observed. It is already planned by the author to tackle this
question as a next step in RR Lyrae research.

Additionally, the few known RR Lyrae binaries deserve to be studied in de-
tail, which is another project by the author that has already started. Besides the
unusual object OGLE-BLG-RRLYR-02792 which was found by Pietrzyński et al.
(2012) to have a mass of only 0.26 M� - too small to ignite helium and therefore
not an RR Lyrae star in the classical sense, there is only one other confirmed
star: TU UMa, which is considered the only known classical RR Lyrae binary. The
binary nature of this star needs confirmation with recent data, as the last orbit
calculations are meanwhile 15 years old. New data of TU UMa, both pho-
tometric and spectroscopic, have already been obtained by the author
and will, together with other published O-C values, lead to a refined
and updated orbit solution of this unique object.

Summing up, RR Lyrae stars definitely remain objects worth studying, and a
lot of work still remains to be done before they are fully understood.
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Abstract

This thesis is dedicated to the study of Blazhko stars, i.e., RR Lyrae stars whose
light curves are modulated by a still unexplained mechanism. Photometric data
provided by two space missions have been analyzed. But as photometry alone
cannot answer all the questions, also spectroscopic studies were performed.

Several models have been proposed to explain the Blazhko effect that modulates
the light curves of about half of all RRab Lyrae stars. Resonances with non-radial
or radial modes were among the possible explanations, as well as a cyclic quenching
of the pulsation due to changes in the convection. One of the most promising
models, however, was the one that required a strong magnetic dipole field which
alters the observed pulsation through rotation, similar to the scenario that is widely
accepted in the case of roAp stars. Magnetic field measurements of RR Lyrae stars
had been contradictory, and were – except for one study – mostly focused on
a single star: the prototype RR Lyrae itself. In this thesis, spectropolarimetric
measurements were presented for a sample of RR Lyrae stars.

This study increased the number of RR Lyrae stars with available spectropo-
larimetric measurements to 21, finding no magnetic field in any of the observed
objects. Also, some of the stars previously only observed with low-resolution spec-
troscopy were observed with higher resolution, confirming the non-detection of a
strong dipole field, and therefore ruling out the magnetic oblique rotator-pulsator
model for the Blazhko effect.

Even though its origin still is a mystery, the Blazhko effect was usually con-
sidered a simple phenomenon which modified the pulsation in a strictly periodical
way. Uninterrupted high-precision time series provided by the satellite missions
CoRoT and Kepler allowed for the first time to investigate the long-term regular-
ity of the Blazhko effect. In this thesis, the detailed analyses of two satellite data
sets are presented, and the irregular nature of the effect is demonstrated and doc-
umented. Non-radial modes have been found in the Fourier spectra of the studies
stars, as well as the presence of higher overtone pulsations, which in some cases can
be transient. Peterson diagrams were used to diagnose the identity of the modes.

Additionally, in this thesis, for the first time, a bisector analysis was performed
for an RR Lyrae star. This analysis was performed on the best-studied Blazhko
star: RR Lyrae itself. Velocity profiles of observed spectral lines were not only
studied with respect to the observed intensity, but were also connected to the profile
of formation depth via synthetic spectra. This allowed to observe the velocity fields
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within the stellar atmosphere and to compare the motions to those predicted by
pulsation models. Also, the Van Hoof effect in RR Lyrae was studied on the basis
of our spectra, and the results were compared to previous studies.



Zusammenfassung

Diese Arbeit widmet sich der Analyse von Blazhko-Sternen, also solchen RR Lyrae
Sternen, deren Lichtkurven durch einen unbekannten Mechanismus moduliert wer-
den. Dafür wurden Daten zweier verschiedener Satellitenmissionen ausgewertet. Da
aber photometrische Daten alleine nicht für die Beantwortung aller Fragestellungen
geeignet sind, wurden auch Sternspektren analysiert.

Für den Blazhko Effekt, der die Lichtkurven etwa der Hälfte aller RR Lyrae
Sterne moduliert, wurden schon viele mögliche Erklärungen vorgeschlagen. Darunter
waren unter anderem Resonanzen zwischen radialen und nichtradialen sowie zwis-
chen mehreren radialen Schwingungsmoden, oder auch eine zyklisch wiederkehrende
Störung der Pulsation durch Veränderungen der Konvektion. Eines der vielver-
sprechendsten Modelle war aber jenes, dem zufolge ein starkes Dipol-Magnetfeld,
das zur Rotationsachse geneigt ist, die Pulsation beeinflusst.

Die verfügbaren Magnetfeldmessungen von RR Lyrae Sternen waren allerdings
widersprüchlich. Außerdem bezogen sie sich – bis auf eine Studie – alle auf nur
einen einzigen Stern: RR Lyrae selbst, den Prototypen dieser Klasse von Ster-
nen. In der vorliegenden Arbeit wurden Messungen für fünf RR Lyrae Sterne
durchgeführt, und damit die Anzahl der RR Lyrae Sterne für die Magnetfeldmes-
sungen verfügbar sind, deutlich vergrößert. Ausserdem wurde, im Gegensatz zu
frühreren Studien, dabei eine hohe spektrale Auflösung verwendet. Einige der bere-
its zuvor mit niedrigerer Auflösung beobachteten Sterne wurden neu gemessen,
wobei sich die Nichtdetektionen jeweils bestätigten. Damit kann das Modell des
geneigten Rotator-Pulsator endgültig als ausgeschlossen angenommen werden.

Obwohl der Blazhko Effekt ein ungelöstes Rätsel darstellt, wurde er doch meist
für ein zumindest raltiv einfach zu beschreibendes Phänomen gehalten, das zu
einer exakt periodischen Modulation führt. Die extrem langen und lückenlosen
Datensätze, die von den Satelliten CoRoT and Kepler aufgenommen wurden, er-
laubten nun aber erstmals eine Überprüfung dieser angenommenen Regelmäßigkeit.

In dieser Arbeit werden die detaillierten Analysen zweier solcher Datensätze
vorgestellt, und die irreguläre Natur des Blazhko Effektes wird aufgezeigt und
dokumentiert. Zudem wurden nicht-radiale Schwingungsmoden sowie Obertöne
der Grundschwingung nachgewiesen, die teilweise nur vorübergehend auftreten.
Petersen-Diagramme wurden dabei zur Diagnose verwendet.

Weiters wird in dieser Arbeit erstmals eine sogenannte Bisektoren-Analyse
für einen RR Lyrae Stern präsentiert. Diese wurde an RR Lyrae selbst, dem
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bisher am besten dokumentierten Blazhko-Stern, durchgeführt. Dabei wurden die
Geschwindigkeitsprofile der beobachteten Linien nicht nur im klassischen Sinn, also
in Bezug auf die beobachtete Intensität berechnet, sondern mit Hilfe von synthetis-
chen Sternspektren auch in Bezug auf die tatsächliche Tiefe in der Sternatmosphre.
Das ermöglichte eine Betrachtung der Geschwindigkeitsfelder in der Atmosphäre
und dadurch einen Vergleich mit hydrodynamischen Pulsationsmodellen. Dabei
konnte auch der sogenannte Van Hoof Effekt untersucht und mit früheren Studien
verglichen werden.
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Blažko S., 1907, Astronomische Nachrichten, 175, 325

Buchler J. R., Kolláth Z., 2011, ApJ, 731, 24

Butler D., Manduca A., Bell R. A., Deming D., 1982, AJ, 87, 640

Cacciari C., Clementini G., Prevot L., Buser R., 1989, A&A, 209, 141

Chadid M., Gillet D., 1998, A&A, 335, 255

Chadid M., Wade G. A., Shorlin S. L. S., Landstreet J. D., 2004, A&A, 413, 1087

Christy R. F., 1966, ApJ, 144, 108

Clement C. M., Goranskij V. P., 1999, ApJ, 513, 767

Clementini G., Corwin T. M., Carney B. W., Sumerel A. N., 2004, AJ, 127, 938

Cousens A., 1983, MNRAS, 203, 1171

Cox A. N., 1993, in Nemec J. M., Matthews J. M., eds, IAU Colloq. 139: New
Perspectives on Stellar Pulsation and Pulsating Variable Stars The Periods of
RR Lyrae. p. 409

Deutsch A. J., 1956, PASP, 68, 92

Donati J.-F., Semel M., Carter B. D., Rees D. E., Collier Cameron A., 1997,
MNRAS, 291, 658

Dziembowski W. A., Cassisi S., 1999, Acta Astron., 49, 371

Elkin V. G., Kurtz D. W., Mathys G., 2008, MNRAS, 386, 481

Feast M. W., Laney C. D., Kinman T. D., van Leeuwen F., Whitelock P. A., 2008,
MNRAS, 386, 2115

Feuchtinger M. U., 1998, A&A, 337, L29

Feuchtinger M. U., 1999, A&A, 351, 103

Fokin A., 1993, in Nemec J. M., Matthews J. M., eds, IAU Colloq. 139: New Per-
spectives on Stellar Pulsation and Pulsating Variable Stars A Full-Amplitude
Nonlinear Model for RR Lyrae: Pulsations, Shock Waves and H alpha Peculiar-
ities. p. 265

Fokin A. B., 1992, MNRAS, 256, 26



BIBLIOGRAPHY 137

Fokin A. B., Gillet D., 1997, A&A, 325, 1013

For B.-Q., Sneden C., Preston G. W., 2011, ApJS, 197, 29

Gillet D., 2013, A&A, 554, A46

Gray D. F., 1992, The observation and analysis of stellar photospheres.

Gray D. F., 2005, PASP, 117, 711

Gray D. F., 2009, ApJ, 697, 1032

Gray D. F., 2010, ApJ, 721, 670

Gruberbauer M., Kolenberg K., Rowe J. F., Huber D., Matthews J. M., Reegen P.,
Kuschnig R., Cameron C., Kallinger T., Weiss W. W., Guenther D. B., Moffat
A. F. J., Rucinski S., Sasselov D., Walker G. A. H., 2007, MNRAS, 379, 1498

Guggenberger E., Kolenberg K., 2006, Communications in Asteroseismology, 148,
21

Guggenberger E., Kolenberg K., Chapellier E., Poretti E., Szabó R., Benkő J. M.,
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Soszyński I., Dziembowski W. A., Udalski A., Poleski R., Szymański M. K., Kubiak
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