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ABSTRACT

Context. Discovered in 1907, the Blazhko effect is a modulation of the light variations of about half of the RR Lyr stars.
It has remained unexplained for over 100 years, despite more than a dozen proposed explanations. Today it represents
an ongoing challenge in variable-star research.

Aims. We propose a new explanation. It is based on the observation that Blazhko stars seem to be located in the region
of the instability strip where fundamental and first overtone modes are excited at the same time.

Methods. An analysis of nonlinear and nonadiabatic pulsation models of RR Lyrae stars shows that a specific shock
(called first overtone shock) may be generated by the perturbation of the fundamental mode by the transient first
overtone.

Results. The first overtone shock induces a sharp slowdown of the atmospheric layers during their infalling motion. This
slowdown in turn affects the compression rate on the deep photospheric layers and the intensity of the x-mechanism.
After an amplification phase, the intensity of the main shock wave before the Blazhko maximum becomes high enough
to provoke large radiative losses. These can be at least equal to 70% of the total energy flux of the shock, which induces
a small decrease of the effective temperature at each pulsation cycle. In these conditions, when the intensity of the
main shock reaches its highest critical value at the Blazhko maximum, it completely desynchronizes the motion of the
phostospheric layers. At this point, the atmosphere relaxes and reaches to a new synchronous state that occurs at the
Blazhko minimum.

Conclusions. The combined effects of these two shocks on the atmosphere cause the Blazhko effect. This effect can
only exist if the first overtone mode is excited together with the fundamental mode. Because the involved physical
mechanisms are essentially nonlinear (shocks, atmospheric dynamics, radiative losses, mode excitations), the Blazhko
process is expected to be unstable and irregular. Consequently, the Blazhko process has a specific random nature that
is in contrast with the pulsation of non-Blazhko stars.
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between radial modes or between a radial mode and a non-
radial mode, or the influence of a magnetic field on the
pulsations of the star. The last two explanations have been
the most elaborate, but are currently ruled out by observa-
tions, as shown by Smolec et al. (2011). For intance, models
that require a magnetic field were excluded because all mea-
surements of the mean longitudinal magnetic field resulted
in null detections within 3o (Kolenberg & Bagnulo 2009).
Moreover, all these solutions produce a regular variation

Blazhko shock

1. Introduction

In 1907, the Soviet astronomer Sergey Nikolaevich Blazhko
observed for the first time periodic variations in the timing
of maximum light for the RR Lyrae star RW Dra (Blazhko
1907). Pragen (1916) and Shapley (1916) had indepen-

dently discovered that the light curve of RR Lyr was also
modulated in amplitude and shape, with a period of about
40 days. This modulation became known as the Blazhko
effect. After several decades of dedicated studies of Blazhko
stars, the cause of the Blazhko effect is now a long-standing
mystery. This secular problem has been recently reviewed
by Kolenberg (2012). Since the first explanation by Kluyver
(1936), more than ten models have been proposed to ex-
plain the amplitude and phase modulations on timescales
of days to months that are induced by this effect. Stothers
(2006) and Smolec et al. (2011) provided a detailed dis-
cussion of the different approaches proposed over the past
decades. These include tides in a binary system, resonance

of modulations occurring in the light and radial velocity
curves. However, recent highly accurate space-based ob-
servations definitively establish that the Blazhko effect has
irregularities. This stochastic nature of the Blazhko effect is
therefore an important feature that any future explanation
must take into account.

Recently, Stothers (2006, 2010) proposed a new expla-
nation of the Blazhko effect. The modulation is supposed to
be caused by changes in the structure of the outer convec-
tive zone, generated by an irregular variation of the mag-
netic field. However, Stothers did not provide an accu-
rate physical reason that would produce the strengthen-
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ing and weakening of the turbulent convection. To con-
firm this idea, a quantitative model capable of reproduc-
ing the light modulations must be produced. Smolec et al.
(2011) presented a simplified model to estimate the validity
of Stothers’ idea. To do this, they slightly modified the non-
linear convective pulsation hydrocode proposed by Smolec
& Moskalik (2008). They assumed that the intensity of the
turbulent convection changes by the periodic variation of a
mixing-length parameter «. Thus, this simple model can-
not predict quasi-periodic modulation as observed. This
model shows that reproducing the modulation of the light
curve of RR Lyr requires a variation of about 50% of the
mixing length on a timescale shorter than the Blazhko pe-
riod. Consequently, the question is how rapid (tens of days
or less as in the case of SS Cnc (Jurcsik et al. 2006), the
shortest known Blazhko period 5.31 days) and strong (50%)
changes of the turbulent convective structure are physically
possible. Finally, Stothers’ idea requires not only a more
a refined model but also a more detailed analysis of his
observations.

More recently, Buchler & Kollath (2011) proposed that
the fundamental pulsation mode can become destabilized
by a 9:2 resonant interaction with the ninth overtone. Nor-
mally high-order pulsation modes such as the 9th are not
able to destabilize the fundamental mode limit cycle be-
cause they have a strong damping rate. In their hydrody-
namical simulations, Szabo6 et al. (2010) showed that the
9th overtone is a strange mode (or surface mode) i.e., the
energy associated with its pulsation is confined to the outer
zones of the star. Consequently, its damping rate should
be short enough to destabilize the fundamental mode. Us-
ing the amplitude equation formalism of Buchler & Goupil
(1984), Buchler & Kollath (2011) showed that this 9:2 reso-
nance causes the modulation observed in Blazhko stars. It
can also yield the period doubling (PD) that is observed in
a few Blazhko stars. Szabo et al. (2010) observed a strong
PD effect in three stars and a weaker one in four stars out
of the 14 Blazhko stars observed by the Kepler space tele-
scope. However, the PD effect was not found in the 15
non-Blazhko stars observed with Kepler. Nevertheless, this
effect is transient, varies with the Blazhko cycle, and is not
observed in all Blazhko cycles.

Continuous and accurate observations of the CoRoT
and Kepler space telescopes revealed many new frequencies
in addition to the usual RR Lyrae pattern (fundamental
and Blazhko periods). These small additional features show
that the pulsation of RR Lyrae stars is not limited to the
two lowest radial modes, but is more complex than initially
suspected. At the Konkoly Observatory, Kollath and his
colleagues are studying this new aspect of the pulsation of
these stars, which could be called nonlinear astroseismology
of RR Lyrae (Molnéar et al. 2012a,b). They note that almost
all stars that show additional modes are Blazhko variables.
For the first time, they detected the first overtone in RR
Lyr, which has a very small amplitude of a few millimag-
nitudes, which explains why it has remained undetected by
ground-based telescopes. In addition, a closer inspection
of their nonlinear hydrodynamic models reveals that when
three different radial modes are present (the fundamental
mode and the first and ninth overtone), a great variety of
resonant, nonresonant and chaotic states are observed.

Currently, an intense debate about the physical origin
of the Blazhko effect is in progress. We propose a new
approach to this effect here. It is based on the fact that

Article number, page 2 of 15

the photospheric dynamics of the atmosphere is strongly
affected by five strong shocks in each pulsation cycle. We
have studied the effects of the interaction of these shocks
with atmospheric layers and especially with photospheric
ones. In Sect.2 of this paper, we discuss the pulsating
stars that show the Blazhko effect. In Sect.3, we pro-
vide the location of Blazhko stars and non-Blazhko stars
in the Hertzsprung-Russell diagram. A new explanation
of the Blazhko mechanism is proposed in Sect.4. Obser-
vational clues are investigated in Sect.5: detection of the
first overtone in Blazhko stars, turbulence amplification,
helium emission occurrence, UV-excesses, moving bump,
variation of the pulsation parameters during the Blazhko
cycle, shock amplification phase from Kepler data, ampli-
tudes of Blazhko stars, connection between pulsation and
Blazhko periods, irregularities and period doublings, and
possible connection of the Blazhko effect to the pulsation
mode switch. Finally, some concluding remarks are given
in Sect. 6.

2. RR Lyrae stars affected by the Blazhko effect

The RRa, RRb, and RRc Bailey types for RR Lyrae stars
were introduced by Bailey (1902) in his study of variable
stars in the globular cluster w Centauri. In his original
classification, Bailey fixed the separation between RRa and
RRb types to a period of 15 hours (0.625 day). RRa and
RRb are now usually condensed to just one type, called
RRab, because the gradual transition between them made
them almost undistinguishable. Thus, depending on the
shape of the light curve, at least 90% of RR Lyrae stars
are divided into two main subclasses: RRab-type with
asymmetric light curves with a fast rise and slower de-
cline, and RRc-type with nearly sinusoidal light curves.
RRab are fundamental mode pulsators, RRc are first over-
tone pulsators. When both the fundamental mode and the
first overtone are present, we have double-mode RR Lyrae
(RRd) stars. RRe-type are variables in the second overtone
mode.

Of the 16,836 stars of the OGLE-III Catalog of Variable
Stars (Soszynski et al. 2011) in the Galactic Bulge, 70%
are RRab-type stars and 30% are RRc-type stars, while
RRd-type stars are quite marginal (0.5%). In the Large
Magellanic Cloud, this last number increases to 4% for a
total sample of 24,906 RR Lyrae stars (Soszynski et al.
2009). Based on the amplitude equation formalism, Szabo,
Kollath & Buchler (2004) presented a large-scale survey of
the nonlinear pulsations in the RR Lyrae instability strip
(hereafter IS). They showed that the IS-region where stable
double-mode pulsations occur is very narrow, and that they
occur at high masses, unlike the region that contains both
RRab and RRc. As a result, it is not surprising that the
observed number of RRd stars is so low.

Szeidl (1976) reported that three stars in the Galactic
field can be considered as RRc Blazhko stars: TV Boo,
BV Aqr, and RU Psc. Olech et al. (1999) showed that
three RRc variables in the globular cluster M55 exhibit
marked amplitude modulation on a timescale shorter than
a week. They thought it unlikely that this behavior would
be caused by the Blazhko effect because on certain occa-
sions the observation of the light curve amplitude changes
on a timescale of days. Nevertheless, today, these three
stars are accepted as RRc of the Blazhko type (Arellano
Ferro, Bramich & Figuera Jaimes 2012). Moreover, several
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variables of this type have been discovered in the LMC, in
NGC 6362, and in the OGLE data base. Recently, Arel-
lano Ferro, Bramich & Figuera Jaimes (2012) showed that
66% of the total population of RRc in the globular cluster
M53 (NGC 5024) present amplitude and phase modulations
typical of the Blazhko effect, while only 37% of RRab are
of Blazhko type. The fact that part of the RRc-types ex-
hibit the Blazhko effect is quite surprising. This new detec-
tion is mainly due to deep and large surveys for RR Lyrae
stars. We expect that the number of Blazhko RRc stars
significantly increases in the next few years. Nevertheless,
currently, M53 is the globular cluster with the largest num-
ber of RRc Blazhko variables, while no RRc stars with the
Blazhko effect are known in the globular cluster M5 (Jurcsik
et al. 2011). New observations are necessary to confirm and
understand the difference between globular clusters.

Finally, the Blazhko effect could be a common effect
among RRc and RRab variables. However, it is not yet es-
tablished that the physical mechanism causing the Blazhko
effect would be exactly the same for RRc and RRab stars.
Thus, the RRc stars may or may not exhibit the same
Blazhko effect as the RRab stars. Furthermore, as noted
by Molnar et al. (2012a,b), the great variety of resonant,
nonresonant and chaotic possible states in RR Lyrae stars
must be taken into account to explain all observed types
of low-amplitude variations such as small modulations. If
the Blazhko effect is linked with the interaction of strong
shock waves, the intensity of the shocks is certainly lower in
RRc than in RRab because we do not observe emission lines
of hydrogen in RRc. Therefore, this significant difference
should be taken into account when one aims to explain the
Blazhko effect in RRc. The OGLE-IIT Catalog (Soszyniski
et al. 2009, 2011) shows that the light amplitude of RRc
and RRd stars is similar and two to three times lower than
the maximum amplitude of RRab.

Until now, the Blazhko effect has not been observed
in RRd. This may be an observational bias due to the
small number of RRd compared to RRab and RRc. But
it is also possible that the coexistence of stable oscillations
in the fundamental and first overtone modes during the
same pulsation cycle may reduce the development of the
shock amplitude. Therefore, a Blazhko effect based on the
interaction of strong shock waves should not be possible
in double-mode RR Lyrae stars. This is consistent with
the fact that RRd do not show hydrogen lines in emission,
which are the signature of strong shocks. However, RRc and
RRd have similar amplitudes. Accordingly, the possibility
of Blazhko RRd stars is not irrefutably excluded because
we observe Blazhko RRc stars.

Period-amplitude (Bailey) diagrams for RR Lyrae stars
toward the Galactic Bulge (Soszynski et al. 2011) or in the
LMC (Soszyniski et al. 2009), for instance, show that RRab
form a very distinct group with other Bailey-type stars of
short periods (RRc, RRd, and RRe). Indeed, these stars
have P < 0.45 day, while for RRab, P is between 0.45 and
1 day. RRe variables have lower amplitudes and slightly
shorter periods than RRc variables. The amplitudes of the
RRab stars are strongly anti-correlated with the period,
whereas the amplitudes of the RRc stars have a parabolic
distribution. The maximum V-amplitude of short-period
RR Lyrae never exceeds 0.7 but can reach up to 1.6 for
RRab (Soszynski et al. 2003). Moreover, the amplitude
position of a star in the Bailey diagram can be strongly af-
fected by the Blazhko effect (Szeidl 1988), which concerns

up to 50% of RR Lyrae stars. Indeed, in the Bailey dia-
gram the highest amplitude of the Blazhko stars always fit
the mean distribution of the non-Blazhko stars while the
smallest ones induce a high dispersion at lower amplitudes.

The ASAS Catalogue of Variable Stars (Szczygiel &
Fabrycky 2007) contains 2212 RR Lyrae from a Galactic
survey of 75% of the whole sky with 8 < V < 14 mag.
The period analysis of this RR Lyrae sample shows a lack
of Blazhko variables with pulsation periods longer than
0.625 day. In addition, the list of well-known Galactic field
Blazhko variables (242 stars), recently published by Skarka
(2013), confirms this deficiency of Blazhko stars. Indeed,
95% of Blazhko stars have a pulsation period shorter than
0.625 day.

Thus, because the density of RR Lyrae stars with pulsa-
tion periods < 0.625 day and V-amplitudes < 0.7 is signif-
icantly lower, we can estimate that most/almost all RRab
Blazhko stars have a high amplitude (0.7 < AV < 1.6).
This means that strong shocks are necessarily present in
their atmosphere. As shown by exemplary light curves
of RR Lyrae stars in the LMC published by Soszyiski
et al. (2003), RRab curves become nearly sinusoidal when
P > 0.625 day (see their Fig. 3). We can also expect that
the average pulsation period of Blazhko stars is lower than
that of non-Blazhko stars. This tendency was already rec-
ognized by Preston (1964) in the globular cluster M5 and
by Nemec (1985) in six globular clusters, in the Draco dwarf
galaxy, and among field variables.

Consequently, because of the completeness of OGLE
surveys (Soszyriski et al. 2011), we can reintroduce RRa
(P <0.625 day) and RRb (P = 0.625 day) types. Further-
more, almost all Blazhko stars are within the RRa group,
while there are virtually no Blazhko stars in the RRb group,
as shown by Jurcsik et al. (2011) for M5. The stiffness of
the rising branch of light curves could thus be seen as a
signature of strong shocks in the atmosphere of RR Lyrae
stars.

Consider the V-band Bailey diagram for RR Lyrae stars
published by Soszynski et al. (2003), their Fig. 8. Statis-
tically, the amplitudes of RRab are highest when the ob-
served periods are shortest (P ~ 0.45day). Consequently,
it is plausible that the intensity of the main shock reaches
significantly high values for these periods. In this case,
emission lines of high intensity should be preferentially ob-
served in RRab stars with short periods. The amplitudes of
RRab gradually decreases by up to 0.2 for periods of about
0.70 day. For periods of this length, strong shocks are not
observed and Blazhko stars are rare. In RRc stars, shock
intensities are expected to be three to four times weaker
than in RRab stars (Fokin priv. comm. 2012). For this
reason, we could hypothesize that statistically there is a
striking amplitude jump between short-period (RRc) and
long-period (RRa) stars near the period 0.45 day. This is
what we observe, especially in data from large surveys such
as OGLE.

Finally, because currently there are no atmospheric pul-
sation models of RRc and RRd that produce a comprehen-
sive study of shock wave dynamics, we focus on the cause
of the Blazhko effect in RRab, i.e., RRa stars as defined
above.

Non-Blazhko stars do not seem to be purely fundamen-
tal mode pulsators with perfect stationary light curves. Be-
yond the primary frequency and its harmonics, additional
peaks with small amplitudes have been found (Benkd et al.
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2010). A comprehensive and more detailed study of the Ke-
pler non-Blazhko stars would be useful to determine the ex-
act deviations from perfectly periodic pulsation. Nemec et
al. (2011) and Benkd et al. (2010) found that KIC 7021124
and V350 Lyr pulsate simultaneously in the fundamental
and second-overtone modes. These stars are two special
cases among the 19 non-Blazhko stars in the Kepler field.

3. Location of Blazhko stars in the HRD

The location in the Hertzsprung-Russell diagram (hereafter
HRD) of RR Lyrae types RRab and RRc is currently a
difficult exercise. Indeed, neither the accuracy of the av-
erage luminosity < L > nor that of the effective temper-
ature < Teg > is particularly good because the reddening
effect, the metallicity effect, the surface gravity, and the
turbulent velocity, among others, affect the relationships
employed (Eqgs. 10 and 11, Nemec et al. 2011) to determine
< L > and < Teg >. Moreover, the amplitude of changes
induced by the pulsation during each cycle is high and is
not strictly regular from one cycle to the other. Thus, the
above relationships derived from stellar evolution models or
from stellar pulsation models provide disparate results (see
Fig. 13 of Nemec et al. 2011). Furthermore, the blue and
red edges of the instability strip are yet to be defined ac-
curately (compare for example those given by Stellingwerf
(1975) and Nemec et al. 2011). Nevertheless, apparently
the location of non-Blazhko stars is redder and closer to
the fundamental mode red-edge than that of Blazhko stars
(Fig. 1). With the use of the Kepler space telescope, this
HR-diagram, adapted from Fig. 13 of Nemec et al. (2011),
shows the location of 19 non-Blazhko stars (squares) and
9 Blazhko stars (circles) with known values for luminos-
ity and effective temperature (see Tablel). Two sets of
Horizontal Branch (HB) models (low- and high-metallicity)
from Dorman (1992) are given for comparison. The edges
of the IS were calculated with the Warsaw linear pulsa-
tion code assuming a mass M = 0.65 M. The fundamen-
tal mode edges are plotted as solid lines and first overtone
mode edges as dashed lines. As proposed by Pietrynski et
al. (2010), the pulsational luminosities and masses derived
from stellar pulsation models appears to be more accurate
than those derived from stellar evolution models because
not enough mass loss has been taken into account in the
evolution theory. Consequently, we chose the pulsational
solution for our star locations in the HRD. Although the
number of Blazhko stars used is limited, all are within an
intermediate region of the IS in which both the fundamen-
tal and the first overtone modes of pulsation are excited at
the same time. In contrast, non-Blazhko stars would not be
affected at all or only slightly by the first overtone during
their pulsation cycle. This trend needs to be confirmed by
more detailed observations.

4, Blazhko mechanism

The Blazhko mechanism that we propose is based on the
idea that several strong shocks occur during each pulsat-
ing cycle, as shown theoretically by Fokin & Gillet (1997).
These authors have calculated for RR Lyr, the eponym
and prototype of RR Lyrae stars, more than 20 nonlin-
ear nonadiabatic pulsational models in the parameter range
M =0.578 My, 55 < L/Lg < 70, 6875 K< Tog < T205K,
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Fig. 1. HR diagram adapted from Nemec et al. (2011) show-
ing the locations of the Kepler non-Blazhko RR Lyrae stars
(squares) compared with the Blazhko stars (circles) with known
luminosity and effective temperature (see Table1). For non-
Blazhko stars, the luminosity was derived from stellar pulsation
models, which take into account mass loss in contrast to evolu-
tion models. The blue and red edges for the IS were computed
using the Warsaw pulsation code. The fundamental mode edges
(FBE, FRE) are plotted as solid lines, and first overtone mode
edges (FOBE, FORE) as dashed lines. The two sets of HB mod-
els (low- and high-metallicity) are taken from Dorman (1992).
The numbers on the evolutionary tracks give the masses of evo-
lution models.

X =0.7,Y = 0.299. These models are purely radiative and
did not take into account the effects induced by the pho-
tospheric convective zone. Special attention was paid to
model the extended atmosphere: the density at the top of
the atmosphere is 10* lower than the density at the photo-
spheric level. The atmosphere contains 40-50% of the total
number of mass zones and its total mass is about 1076 of
the stellar mass. The shock propagation scenario is quali-
tatively the same for all these models.

Five shocks are identified by models during a pulsation
cycle. From the maximum expansion of the atmosphere to
the minimum radius, first the shock s4 appears, followed by
83, s3’, s1, and s2. Only sl and s2 always move outward
in radius and in mass, while, until the minimum radius,
s4, s3, and s3’ move toward the center of the star although
they move outwards in mass. The accumulated weak com-
pression waves (“buzz waves”) at the sonic point during the
beginning of the atmospheric compression produce shock
s4. The origin of shock s3 is associated with the stop of the
hydrogen recombination front near the phase of maximum
expansion. The cause of shock s3’ is not clear (Fokin &
Gillet 1997) but the shock might be generated by the per-
turbation of the fundamental mode by the transient first
overtone. The two strongest shocks s1 and s2 observed in
pulsational models are produced by the xk-mechanism that
occurs in both hydrogen and helium subphotospheric layers.
Finally, all shocks in the atmosphere around the pulsation
phase ¢ = 0.90 merge (s44s3+s3’+sl+s2) and form a sin-
gle shock, called the main shock (see Fokin & Gillet 1997).

Observations only show two blueshifted hydrogen emis-
sion lines during the pulsation cycle, while five shocks (s4,
83, 83’, s1, and s2) are identified by models. The strongest
emission, just before the luminosity maximum, corresponds
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Table 1. Features of Blazhko stars in Fig. 1: star name, Bailey type, average pulsation period, average light amplitude < AV >,
Blazhko period, average effective temperature and luminosity, and reference.

star type < P>day <AV > Pg days <Tr>K <L>/Lg Reference

SS Cnc RRab 0.367 1.27 5.309 6717 46.1 Sodor (2009)

RR Gem RRab 0.397 1.20 7.2 6883 47.5 Sodor (2009)

MW Lyr RRab 0.398 1.00 16.5462 6892 414 Jurcsik et al. (2009a)

XY And RRab 0.399 1.09 41.37 7100 40.5 Sodor et al. (2012)

DM Cyg RRab 0.420 1.01 10.57 6535 39.0 Jurcsik et al. (2009b)

CZ Lac  RRab 0.432 0.99 14.6 + 18.6 7100 46.5 Sodor, Jurcsik & Szeidl (2011)
UZ Vir RRab 0.459 0.93 68.24 6900 43.5 Sodor et al. (2012)

RZ Lyr RRab 0.511 0.97 121 6670 47.5 Jurcsik et al. (2012)

RR Lyr RRab 0.567 0.77 39-42 var 6480 48.5 Kollath, Molnar & Szabo (2011)

to the main shock. It was first reported by Struve & Blaauw
(1948). The secondary Ha emission occurs during the pre-
minimum brightening near the pulsation phase ¢ = 0.7. It
was discovered by Gillet & Crowe (1988) and is produced
when outer atmospheric layers in ballistic infall catch up to
the inner more slowly collapsing layers. In fact, the emis-
sion appears after s3’ merges with s3 and s4. Thus, before
their “collision”, s3, s4, or s3’ do not produce emission lines
because their velocity is again too weak.

We suggest that the physical origin of the Blazhko effect
is the interaction of atmospheric effects induced by the first
overtone shock (s3’) and the main shock.

4.1. The key process: the first overtone shock

As summarized above, Fokin & Gillet (1997) have made
a detailed analysis of the different shock waves occurring
during a pulsation cycle for RRab stars. It would be useful
if a similar study could be carried out for RRc stars. Nev-
ertheless, from a first analysis (Fokin priv. comm. 2012),
it appears that the different types of shocks identified in
RRab are also present in RRe, except perhaps s3’. Shocks
s1 and s2, generated by the x-y-mechanism, have an ampli-
tude three to four times lower in RRc than in RRab. For
instance, the final amplitude of the main shock is around
40 kms—1.

As discussed by Fokin & Gillet (1997), it is possible that
shock 83’ may be generated by the perturbation of the fun-
damental mode by the transient first overtone. This is con-
sistent with the recent detection of the first overtone in the
Kepler measurements of RR Lyr by Molnér et al. (2012a),
although its amplitude is very low. Indeed, in the Fourier
spectrum of the light curve, the amplitude ratio Ag/A; of
the peaks of the fundamental to the first overtone is 67,
102, and 138 for the quaters of Kepler observations P6, Q6,
and Q5. Moreover, Benké et al. (2010) identified a weak
first overtone signal in three other Blazhko Kepler stars:
V354 Lyr, V360 Lyr, and V445 Lyr. If this explanation is
correct, s3” would be present only when the star is in the
part of the IS where the first overtone is excited. However,
as the Blazhko stars seem to be distributed everywhere in
this part of the IS, weak perturbations of the fundamental
mode by the first overtone are required to decay indepen-
dently of the star location. Only the reddest region of the

IS, in which only the fundamental mode is excited, would be
unaffected by s3’. As this region is cold, convection must be
taken into account by any model because it tends to reduce
the amplitude of the pulsation and waves propagating in
the atmosphere. Consequently, shock waves should not be
as strong as in the case of a purely radiative model. If the
pulsation models developed by Fokin & Gillet (1997), which
are purely radiative, would show that s3’ is lacking in this
part of the IS, then it is likely that s3’ would not be present
in convective models either. It would be useful to perform
this test. We note that convection is mainly located in lay-
ers below and near the photosphere and convective motions
suddenly increase close to the phase of maximum compres-
sion. Consequently, convection does not directly affect the
atmospheric layers in which spectral lines are formed and
shocks reach their highest velocities.

The role of 83’ is to slow down the infalling motion of
the highest atmospheric layers on the photosphere. Indeed,
the infalling motion is driven by the merged shock s4-+s3.
The amplitude of this shock front is about 20 to 30 kms~1,
lower than that of s3’ (Fokin & Gillet 1997). Consequently,
when s4+s3 merges with s3’ around ¢ = 0.7, the ampli-
tude of the resulting shock s4+s3+s3’ decreases by about
20 kms~! during the phase interval 0.7-0.9, as shown by
our models. So there is a marked reduction of the infalling
atmospheric layers, that is to say, a reduced compression
on the photosphere, which induces the x-y-mechanism.

If s3’ did not exist, the compression would be mainly
governed by gravitation. Its intensity would be about the
same from one pulsation cycle to the other. Of course, some
irregularities around an average state must be observed be-
cause the balance between the energy exchange of shocks
sl and s2 and the atmospheric motion are not perfectly re-
producible. This pseudo-dynamical equilibrium takes place
for non-Blazhko stars and can explain the well-known reg-
ularity of their light curve.

The shock s3’ acts as a dynamical perturbation that
directly decreases the compression rate of the atmosphere
and the intensity of the k-y-mechanism. Consequently, the
intensity of shocks s1 and s2, which govern the amplitude
of the ballistic motion, is modified. Thus, a nonlinear inter-
action between atmospheric layers with complex dynamics
takes place, induced by different shocks that occur at dif-
ferent times. As a result of this complicated coupling, it
is unlikely that a stationary equilibrium state can be set
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up. Finally, shock s3’ would launch a dynamical unsteady
process at the origin of the Blazhko effect.

4.2. The second required process: the decrease of the
average effective temperature

Extensive multicolor photometric observations of high mod-
ulation amplitude RRab Blazhko stars have been performed
by Jurcsik et al. (2009a) for MW Lyr, by Jurcsik et al.
(2009b) for DM Cyg, by Sodor (2009) for RR Gem and
SS Cnc, by Jurcsik et al. (2011) for CZ Lac, by Jurcsik
et al. (2012) for RZ Lyr, and by Sodor et al. (2012) for
XY And and UZ Vir. The average effective temperature
is derived from the mean light curves by an inverse pho-
tometric Baade-Wesselink method using static-atmosphere
models (Sodor 2009). The variation of the average effec-
tive temperature is weak during the Blazhko cycle (around
1%). It reaches its highest value at the Blazhko minimum
(v = 0.50) and its minimum at the Blazhko maximum
(p = 0.0). The variation of the average effective temper-
ature is anti-correlated with the Blazhko phase. The de-
crease of the average effective temperature is probably due
to radiative losses of the main shock.

As shown first by Fokin & Gillet (1997) for RRab, the
final amplitude of the main shock can be as high as 120-
170 kms™! ji.e., a high Mach number (between 15 and 20).
We expect that a shock becomes hypersonic from a Mach
number around 5. This means that the radiative field must
be taken into account in calculating the shock structure.
Within the range of Mach numbers given above, only the
radiative flux must be considered, while radiative energy
and radiative pressure can be neglected because in a stel-
lar pulsations the shock velocity v, is always much lower
than the speed of light ¢: (vs/c) < 6.107% (see Mihalas &
Mihalas 1984). One of the most important aspects charac-
terizing the radiative shocks is that the largest part of their
energy is lost as radiation. Indeed, comparing the pre-shock
and post-shock outer boundaries, Fadeyev & Gillet (2001)
have shown that in a pure hydrogen gas, most of the kinetic
energy of the gas flow is irreversibly lost. When the shock
velocity becomes higher than 60 kms~!, radiative losses in-
crease very rapidly with increasing upstream velocity. They
reach at least 70% of the total energy flux at the post-shock
outer boundary. The calculation of Fadeyev & Gillet (2001)
was the first to be based on the self-consistent solution of
the radiation transfer, fluid dynamics, and rate equations
for the steady-state plane-parallel shock wave. These au-
thors used the method of global iterations (Fadeyev & Gillet
1998). In a gas including the elements H, He, C, N, O, Na,
Mg, Si, S, Ca, and Fe, Fokin, Massacrier & Gillet (2000,
2004) showed that the cooling by elements with many line
transitions such as Fe can be very effective. In fact, the iron
cooling is very efficient for low pre-shock densities (lower
than or equal to p; = 107!g/cm3 for Population I, and
less or equal to p; = 107 12g/cm? for Population II), while
for higher densities (p; = 107%g/cm3) the line cooling be-
comes secondary with respect to the H continuum. As a
consequence, the iron cooling is expected to be efficient for
pulsating stars with low R/M ratios, like RR Lyrae stars.
Finally, this means that an increasing part of the photo-
spheric energy will be transported and then dissipated by
the main shock, when its intensity increases. Starting from
the Rankine-Hugoniot equation for energy and assuming
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that the shock is isotherm (very strong shock), the radia-
tive flux F. produced by the shock is

FT < p1U§7 (1)

N | =

where p; is the density of the unperturbed gas in front of
the shock. Assuming that the shock remains close to the
photosphere, the ratio between the shock luminosity L and
the photospheric luminosity L, writes approximately

L o pve
L, = 20T%

(2)

Thus, depending on the values of p;, vs and Teg, and still
assuming isothermal shock, which gives an upper limit, the
shock can in principle have an appreciable luminosity com-
pared to that from the photosphere. For instance, with
p1 = lO_gg/cm3 and Tex = 7T000K, Ly ~ L, if the shock
front velocity is much larger than 65 kms~—!. In fact, with
realistic radiative shock waves, the shock luminosity should
only reach a fraction of the photospheric luminosity. The
shock velocity always refers to the shock amplitude, because
we must consider the velocity of the upstream gas infalling
onto the photosphere.

When the main shock reaches its highest velocity at the
Blazhko maximum, the radiative losses are more significant
than at the Blazhko minimum. Observations show that the
average effective temperature decreases by about 1% (Ju-
resik et al. 2009a,b, 2011, 2012; Sodor 2009; Sodor et al.
2012), i.e., 4% in flux. This observational fact shows that
the dissipation induced by the main shock is relatively mod-
erate with respect to the total flux transmitted by the stel-
lar photophere. The small decrease in the average tempera-
ture shifts slightly the star through the HRD. For instance,
the position of RR Lyr is shifted by 65 K during half of the
70 pulsation cycles of the Blazhko period. This represents
a very small shift: about 2 K each pulsation period. In this
case, at each pulsation cycle, the radiative losses of the main
shock would be approximately equal to 0.1% of the photo-
spheric luminosity. However, if this small variation were
sufficient to decrease the intensity of the first overtone, as
a result, the intensity of shock s3’ would gradually decrease
between the Blazhko minimum and maximum. This as-
sumption must be confirmed by a quantitative approach to
demonstrate that a very small change in temperature can
cause a significant attenuation of s3’.

4.3. A shock-amplification process

As discussed above, when an RRab star is affected by the
first overtone, shock s3’ is produced. As observed in our
models, after s3’ merges with shock front s4+s3, the veloc-
ity of the new front s4+s3+s3’ decreases until the arrival of
the strong shock s2 (Fokin & Gillet 1997, see their Fig. 6).
The velocity decrease can reach 40% (model RR7b). Thus,
the role of s3’ is to decelerate the motion of the infalling
high atmospheric layers on the photosphere. From the pre-
vious paragraph, we know that the main shock dissipates a
fraction of the photospheric energy in the form of radiation
at each pulsation cycle. Consequently, the average effective
temperature decreases slightly, and at the following pulsa-
tion cycle, the intensity of the shock s3’ should decrease
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because the star is normally less affected by the first over-
tone. Indeed, if the average effective temperature decreases,
the star moves to the reddest part of the IS. If the intensity
of s3’ decreases continuously, the atmospheric compression
ratio increases constantly, as does the intensity of the main
shock. Finally, radiative losses caused by the main shock
would cause the decrease in the average effective temper-
ature, which weakens the effect of the first overtone. An
irreversible coupling between the main shock and shock s3’
takes place. This process is irreversible because after each
pulsation cycle, the star moves constantly a further away
from the place where the influence of the first overtone was
the strongest, which occurs at the Blazhko minimum.

Finally, when the star is affected by the first overtone,
it induces an increase of the k-y-mechanism in each pul-
sation cycle. In this way, the intensity of the main shock
increases cycle after cycle. Thus, an amplification process
takes place. It will stop when the strength of the shock is
sufficient to cause the de-synchronization of layers of the
photosphere. This means that a critical value of the main
shock intensity is reached. It depends on each star and the
stellar physical parameters and physical conditions of the
atmosphere. As a result, the shock intensity of Blazhko
stars is stronger than that of non-Blazhko stars because
there is no-amplification mechanism in non-Blazhko stars.
However, this amplification does not prevent a non-Blazhko
star from having a strong main shock.

4.4. The Blazhko cycle: the general pattern

The Blazhko process consists of two distinct phases. The
first is characterized by an amplification of the main shock
intensity. The second is a relaxation phase of the dynamic
motion of the photospheric layers.

The first phase starts at the Blazhko minimum. From
this moment on, pulsation cycles are typical. However, the
star is believed to lie in the zone of influence of the first
overtone. Shock s3’, generated by the perturbation of the
fundamental mode by the transient first overtone, slows the
ballistic movement back on the photosphere at each pulsa-
tion cycle during the interval phase 0.7-0.9. However, be-
cause the main shock is radiative, part of the photospheric
energy is lost, causing a slight decrease in the average ef-
fective temperature at each pulsation cycle. Consequently,
shock s3’ decreases in intensity. If the sudden deceleration
of the highest atmospheric layers decreases, the intensity
of the atmospheric compression progressively increases, as
does the stored energy, which is then released by the x-v-
mechanism. Thus, when the intensity of the main shock
increases, the ratio of the shock radiation flux to the to-
tal energy flux of the shock also increases. Consequently,
a Blazhko maximum occurs when the shock intensity be-
comes strong enough to desynchronize the layers of the pho-
tosphere. Finally, the first phase of the Blazhko cycle takes
place between the minimum and maximum. It is character-
ized by the amplification of the main shock intensity, until
the photospheric layers are desynchronized.

The second phase of the Blazhko cycle is a relaxation
phase: the time required for photospheric layers to regain
their synchronous state. This relaxation process begins just
after the Blazhko maximum to terminate at the Blazhko
minimum. During this phase, this does not promote the
formation of a strong main shock, because the motion of
photospheric layers is not in phase. Consequently, the re-

laxation process requires substantial time to achieve, be-
cause energy exchanges between shocks are not instanta-
neous. In addition, depending on the direction of movement
of the layers relative to others, intense and sudden dynamic
changes must occur. Thus, between successive pulsation cy-
cles, some strong instabilities in the intensity of the main
shock may be observed.

4.5. About the physical origin of s3’

The physical origin of shock s3’ has not been determined
yet. It has been suggested by Fokin & Gillet (1997) that
it may have been generated by the excitation of the first
overtone, which undergoes a transient phase. If this is the
case, s3’ should be the result of an additional local tran-
sient compression in the photospheric layers induced by a
superposition of the fundamental mode and the first over-
tone. Nevertheless, this statement has not been proven yet.
Another possible explanation is that a running wave arriv-
ing from subphotospheric layers becomes a shock wave (s3’)
at the photospheric level. Unfortunately, the numerical ap-
proach of Fokin & Gillet (1997) is not sufficiently developed
to allow a detailed study of the origin of s3’. More investi-
gations and new pulsation models that include convection
are necessary to solve this problem.

How is shock s3’ connected to the first overtone? In
most known Blazhko stars, the first overtone is not gen-
erally observed although it has been detected recently in
some Blazhko stars. In the light curve, its “signal” is limited
to millimagnitude levels. This means that the correspond-
ing velocity amplitude at the photosphere is probably very
weak, certainly lower than 100 ms~!. Because the first
overtone does not reach a limit cycle of pulsation, or rather
a cycle just close to it according to the definition of Blazhko
stars, this very weak signal is probably caused by the dis-
turbance of the fundamental mode by the transient first
overtone mode.

Three types of physical mechanism of the shock ori-
gin have been identified (Fokin, Gillet & Breitfellner 1996).
The best known is the steepening of a compression wave.
The shocks s1 and s2, which occur in the H and He sub-
photospheric layers, respectively, are not directly induced
by the fundamental mode. They are produced at a given
phase of pulsation. They are generated by a local overpres-
sure that appears when the luminosity accumulates during
the atmospheric compression. Indeed, the increasing tem-
perature provokes a decreasing mean molecular weight due
to ionizations of H (He) at an almost constant density in the
region where L decreases. Because the local overpressure
appears relatively suddenly, it produces a hydrodynami-
cal reaction in the form of an upward compressing wave.
This wave quickly transforms into a shock wave because the
atmospheric density decreases very rapidly with altitude.
Thus, these shocks are not directly produced by the funda-
mental mode but require its contribution through thermo-
dynamical mechanisms (v- and k-mechanisms). This first
mechanism of shock generation was first suggested by Fokin
& Gillet (1994) in a nonlinear model of the pulsating star
BL Herculis.

The second formation mechanism occurs when the re-
combation front ceases to move near the phase of maximum
expansion of the atmosphere. At this moment, two running
waves are produced that move in opposite directions. Then,
due to a rapidly decreasing density when the altitude in-
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creases, the upward wave quickly transforms into a shock
wave.

The last mechanism is a transonic compression caused
by the accumulation of several small-amplitude compres-
sion waves generated by the local rarefraction that is in
turn induced by the hydrogen recombination.

In pulsation models of classical Cepheids (Fokin, Gillet
& Breitfellner 1996) or RR Lyrae (Fokin & Gillet 1997)
only one shock is generated at the hydrogen recombination
front. However, in the BL Her model computed by Fokin &
Gillet (1994), several shocks are produced at the hydrogen
recombination front. The reason for this is that probably
the second overtone of BL Her is close to the 2:1 resonance
with the fundamental mode. Thus, the hydrogen recombi-
nation could be decelerated twice per fundamental period,
which each time induces a new shock.

Finally, we understand that the mechanism of forma-
tion of this type of shock, especially s3’, is not directly
connected to the pulsation mode but it is a direct conse-
quence of dynamical and/or thermal processes occurring in
the atmosphere themselves that are induced by pulsation.
In this way, we assume that shock s3’ is connected with the
first overtone.

5. Observational clues
5.1. Detecting the first overtone

Asg already discussed in the previous section, the first over-
tone was detected in some Blazhko RRab stars (Molnar et
al. 2012a; Benko et al. 2010). Its intensity is rather weak
because the amplitude ratio Ay/A; is around 100 for RR
Lyr. In the explanation of the Blazhko effect as discussed
above, the transient first overtone disrupts the fundamen-
tal mode and produces a shock wave of moderate intensity
(s3’). This causes a sharp slowdown of the atmospheric
layers during their infalling motion. The weak amplitude
of the first overtone is consistent with our theory because
its effect must be limited mainly to the formation of a run-
ning wave at the origin of s3’. Thus, the detection of the
first overtone is a necessary element when considering our
explanation of the Blazhko effect. It should be helpfull in
the near future to check in detail its presence in all Kepler
Blazhko stars.

5.2. Turbulence amplification

Gillet et al. (1999) suggested that the microturbulent veloc-
ity variation in the atmosphere of radially pulsating stars
has two physical origins. The first is the slow global density
compression /expansion of the atmosphere during the pul-
sation, the second is the consequence of the passage of a few
compressive waves and shocks in the atmosphere. In classi-
cal Cepheids, the main source of turbulence variation is the
global compression of the atmosphere (Gillet et al. 1999).
The intensity of the four shocks propagating in their atmo-
sphere during each pulsation cycle is not high enough to
induce turbulence peaks stronger than that of global com-
pression. Non-Blazhko stars show four similar shocks per
pulsation cycle, but the turbulent velocity has not been de-
termined yet. Thus, because the velocity of the shocks is
higher in these stars, it is possible that turbulence peak as-
sociated with the main shock is higher than that produced
by the global compression.
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Fokin, Gillet & Chadid (1999) calculated the turbulence
variation during the pulsation cycle of the Blazhko star:
RR Lyr. The strongest turbulence peak is induced by s3’
when it merges with s4+s3. This new peak is stronger
than that produced by the global compression. It reaches
almost 7 kms™!, i.e., a supersonic velocity, while with the
global compression we barely reach 5 kms~'at the highest
velocity. In addition, the width of this new peak is much
broader than all the others. After a rapid rise, the turbulent
velocity decreases slowly whilst maintaining a high level
due to its cumulative effect on global compression. Then,
with the appearance of a narrow peak caused by the main
shock, the turbulence level drops abruptly. Thus, the effect
of the “collision” between s4+s3 and s3’ induces a significant
increase in turbulence. Of course, this turbulent effect is not
observed in non-Blazhko stars. This means that the FWHM
of the metal absorption lines increases more strongly at this
pulsation phase (¢ = 0.7) in Blazhko stars that in non-
Blazhko stars.

To determine the variation of the turbulent velocity
Upury With the pulsation phase, Fokin, Gillet & Chadid
(1999) computed a large set of Fe Il line profiles for different
phases. They used their hydrodynamical model RR41 for
RR Lyr (Fokin & Gillet 1997). The line profile modelling in-
cludes projection effects, the stellar rotation, pulsation and
gradient velocities, all of which can be enhanced by shock
waves. Turbulence was not considered in the model. With
these theoretical line profiles, they used vy, as a free pa-
rameter to obtain the best fit to the observed FWHM. The
difference of the FWHM between observed and theoretical
line profiles is assumed to be an increase of the turbulence.
As shown by contribution functions, the point flux of the
line profile closer to the FWHM level comes from layers
above the photosphere. Thus, it is expected that vi,.p is
more sensitive to the atmospheric effects induced by s3’.
Finally, because vy, is deduced in part from observational
line profiles, it is not surprising that the presence of s3’ can
be highlighted.

The maximum turbulent increase around the pulsation
phase 0.7 clearly occurs when s3’ merges with the shock
front s4-+s3. Thus we can expect that this turbulence am-
plification is induced by the “collision” of shocks, i.e., by
the gas compression of atmospheric layers located above
the photosphere. As discussed by Gillet et al. (1998), turbu-
lence amplification can also be induced by the passage of gas
through the shock front s4+s3, and then s4+s3+s3’. How-
ever, we are unable to explain why the main shock does not
produce a higher level of amplification despite being much
faster than s4+s3+s3’. One possible explanation is a satu-
ration effect of the amplification due to radiative losses that
more significant when the shock velocity increases. More
investigations are necessary to clarify this point.

5.3. Helium emission occurrence

As discussed in detail by Gillet, Fabas & Lébre (2013), in
general, emission in helium lines is not present in RR Lyrae
stars. It is only observed in Blazhko stars and solely at the
Blazhko maximum (Preston 2009, 2011). So far, the ob-
servation of Hel emission lines has been reported in ten
RRab stars, very weak He Il emission was detected in three
of them. No detection was made in RRec-type stars (as
for hydrogen). Thus, helium emission is quite exceptional,
unlike hydrogen emission, which is common in RRab. As
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for the hydrogen emission, helium is produced in the wake
of the main shock wave, but only when the temperature
of the wake is sufficiently high. This requires the main
shock to reach a critical Mach number Mpye1 to produce
Hel in emission and then to exceed a second higher thresh-
old Mach number My, for HelIl. Finally, one can iden-
tify three hydrodynamic regimes associated with the main
shock intensity: the first is the supersonic regime in which
only hydrogen lines are in emission. The second is the low
hypersonic regime, in which we also find He I emission lines,
and the third is the strong hypersonic regime in which the
Hell emission lines appear. We conclude that the occur-
rence of helium emission is consistent with the explanation
of the Blazhko effect proposed above. Finally, the hyper-
sonic regime can only occur at a Blazhko maximum and
only for stars with the highest amplitudes.

5.4. UV-excesses

The high ultraviolet excess during the pulsation cycle of a
RR Lyrae star was first found by Hardie (1955) in RR Lyr.
It is clearly observed in the [U — B] index during the hump
of the light curve (¢ = 0.9), i.e., when the main shock
quickly crosses atmospheric layers. A secondary UV-excess
may be present around ¢ = 0.7. This was clearly observed
in non-Blazhko stars X Ari, RX Eri, and RR Cet (Gillet &
Crowe 1988; Gillet, Burki & Crowe 1989; Burki & Meylan
1986). These excesses occur during the hump (¢ = 0.9) and
the bump (¢ = 0.7) of the light curve. During the hump,
the excess is stronger (4 to 10 times) than during the bump.
The bump takes place when the compression of upper layers
of the atmosphere on the subphotospheric layers reaches
its highest value. This occurs when the inward shock front
s4+s3 reaches its highest velocity. If its Mach number is
large enough a short-lived emission is observed. Because
the secondary UV-excess affects non-Blazhko stars as well,
it is not unique to the Blazhko effect.

For a Blazhko star, the secondary UV-excess also occurs
when the bump takes place, i.e., when the compression of
upper layers of the atmosphere on the subphotospheric lay-
ers reaches its highest value. Similarly, a weak emission line
appears if the shock front s44-s3+-s3’ is sufficiently intense.
However, due to the modulation of shock s3’, the phase
of the secondary UV-excess (as the bump) moves during
the pulsational cycle to more than 10-20% of the pulsation
period.

The effective temperature associated with the shock is
close to the temperature of the region of the wake where
de-excitations and recombinations of atoms arise. This cor-
responds to a temperature range of between 15,000 K and
25,000 K. Thus, the shock is like a black body with a peak
wavelength between 1200 and 20004 | i.e., in the UV region.
In comparison, and depending on the pulsation phase, the
wavelength maximum of the star black body is between
4000 and 5000A in the visible region. Consequently, as the
U-filter of the Geneva photometric system is centered at
3456A with a half-width of 465A, only the reddest part of
the black body shock contributes to the UV-index. In the
same way, because the V;-filter is centered at 5405A with
a half-width of 465A, the index [U — V}] is pratically unaf-
fected by the temperature variation with pulsation phase of
the photospheric black body. Indeed, the index is more or
less constant during the major part of the pulsation cycle
except during the bump and the hump. Finally, only two

UV-excesses are visible during a brief interval of the phase
observed.

As part of our explanation of the Blazhko effect, it is ex-
pected that the UV-excess associated with the bump moves
in the same way as the appearance of shock s3’. Con-
sequently, the pulsation phase of the UV-excess may be
variable during the Blazhko cycle. More observations are
necessary to establish this.

5.5. Moving bump

Observations clearly show a bump in the light curve in al-
most all of the non-Blazhko stars. For instance, it is clearly
visible in X Ari around ¢ = 0.72, i.e., just before the lumi-
nosity minimum (Gillet & Crowe 1988). From a sample of
62 well-observed RRab stars, Gillet & Crowe (1988) found
that the bump occurs between ¢ = 0.63 and 0.80 with
an average ¢ = 0.72 + 0.02. For a non-Blazhko star, the
phase of the bump is always the same. RRab stars with
the weakest amplitudes and the shortest periods and all
RRc stars do not present such a bump. Consequently, the
bump cannot be attributed to s3’, since non-Blazhko stars
are not affected by the first overtone. Hill (1972) proposed
that “a shock develops as the material levitated by the pre-
vious pulsation returns to the photosphere with free fall
acceleration, thus colliding with the slower inward-moving
photosphere.” In this case, this infalling shock may be con-
sistent with the discovery of a weak hydrogen line emission
(intensity of 10% above the continuum) during the bump
(Gillet & Crowe 1988). However, the intensity of shocks s4
and s3 is certainly too weak to produce this emission line
on its own. Indeed, Fokin & Gillet (1997) found that the
velocity of s4 and s3 is only slightly supersonic (Mach num-
ber M ~ 2). In these situations, we can hypothesize that
the emission only appears when shocks s4 and s3 merge,
forming a new shock front that is strong enough to cause
the signature of such a small emission. During the infall
phase, we observe that the resulting shock s4+s3 moves in
toward the center of the star although it moves outwards
in mass. Consequently, the recomposed emission (without
the absorption mutilation) must be redshifted for the ob-
server, as seen in Fig.8 in Gillet & Crowe (1988). Finally,
we note that the Blazhko effect is not at all at the origin of
the bump.

In 1988 Gillet & Crowe observed that the bump phase is
variable in Blazhko stars, although at that time no detailed
investigation had been performed. Indeed, in Blazhko stars,
the additional shock s3’, which merges with the front s4-+s3,
must strongly affect the intensity and phase of the bump,
as observed by Guggenberger & Kolenberg (2006, 2007).
In some cases, the bump may even disappear temporarily.
The period of the bump variation is equal to the Blazhko
period, suggesting that variations of the bump are directly
connected to the Blazhko phenomenon. It would be inter-
esting to study in detail the evolution of the bump versus
the amplitude of the Blazhko effect because the observed
motion of the bump might help to provide constraints for
the models. For instance, for RR Lyr, the bump is cen-
tered at ¢ = 0.67 at Blazhko minimum, while it moves
to ¢ = 0.75 at the Blazhko maximum (Guggenberger &
Kolenberg 2007). For SS For, the phase of the bump varies
between ¢ = 0.65 and 0.85, i.e., 20% of the pulsation period
(8% for RR Lyr). At the Blazhko maximum, the bump oc-
curs at the end of the ballistic motion, just before the min-
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RRLyr Q1 Kepler data (2009 May 16 - June 10)
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Fig. 2. Evolution of the light curve amplitude versus the

pulsation cycle number during the first quarter of Kepler ob-
servations (Q1) conducted between 2009 May 16 and June 10.
The strongest main shock occurs at the Blazhko maximum, the
weakest at the Blazhko minimum. The sudden desynchroniza-
tion of the photospheric layers occurs just after the strongest
shock. A new synchronization of these layers would arise after
a relaxation phase of the photosphere at the Blazhko minimum.
The shock intensity would be amplified after the Blazhko mini-
mum until the Blazhko maximum. These processes are not reg-
ular but they sometimes suffer high random fluctuations caused
by physical processes of very different nature (shocks, gravita-
tionnal infalling motion, radiative losses, etc.), occurring in the
atmosphere.

imum radius, i.e., when the infalling shock front s4+4s3+s3’
reaches the highest possible velocity. At the Blazhko min-
imum, the bump occurs far ahead of the minimum radius.
Thus, in the latter case, the most intense compression of
the atmosphere is not allowed because the effect of delay
induced by s3’ is at its strongest. The stronger the com-
pression, the later the bump should appear and the stronger
the main shock should be as well. Consequently, the behav-
ior of the bump in the light curve over the Blazhko cycle
is consistent with the explanation of the Blazhko effect as
proposed in the previous section.

5.6. Variation of the pulsation parameters during the Blazhko
cycle

Thanks to the high-quality photometric observations made
by satellites such as CoRoT and Kepler, it has been found
that parameters such as the pulsation period or amplitude
vary on the Blazhko period. The variation of the param-
eters could be studied in many details and with unprece-
dented precision. First Guggenberger & Kolenberg (2006,
2007) showed that in the phase of the bump in the light
curve of SS For and RR Lyr (RRab stars) is variable with
a period equal to the Blazhko period. They conclude that
there is a direct connection of the Blazhko effect and the
“motion” of the bump. Kolenberg et al. (2006) showed
that the pulsation period also varies on the Blazhko pe-
riod. In 2009, Le Borgne & Klotz, using in O-C observa-

Article number, page 10 of 15

RRLyr Q2 Kepler data (2009 July 4 - August 11)
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Fig. 3. Evolution of the light curve amplitude versus the

pulsation cycle number during the second quarter of Kepler ob-
servations (Q2) conducted between 2009 July 4 and August 11.

tions of light maxima, confirmed for RR Lyr that the pulsa-
tion period changes with a periodicity equal to the Blazhko
period. Poretti et al. (2010) showed that both light am-
plitude and pulsation period of the Blazhko star CoRoT
101128793 vary in the Blazhko period. Guggenberger et al.
(2011) found strong changes in the Blazhko period, both
in magnitude of the maximum and minimum light and in
the phase of the bump feature, for CoRoT ID 105288363.
They established a clear correlation between the phase and
the amplitude of the bump during different Blazhko cy-
cles. These authors also show that the Fourier parameters
are a useful tool to quantitatively describe the light curve
shape, as a skew curve produces higher amplitudes of the
harmonics than a less skew (more sinusoidal) curve. When
plotting the amplitude ratios of the harmonics versus time,
they clearly put into evidence the shape changes with the
Blazhko phase. The fact that the period reaches its mini-
mum value at the Blazhko maximum is known for several
stars. For instance, V445 Lyr, observed by the Kepler mis-
sion, shows a correlation between the fundamental period
and the Blazhko phase (Guggenberger et al. 2011).

Another approach to determine average observed pa-
rameters derived from pulsation light curves is based on the
inverse photometric method (IPM) using static-atmosphere
models with different [Fe/H] metallicities. This series of
work has already been discussed above for the changes of
< Tegt > during the Blazhko cycle. The stellar mass and the
metallicity do not vary during a Blazhko cycle, but about
1-2% of the changes in the average physical parameters,
such as < L >, < Teg > and < R >, occur during the
Blazhko cycle. This method also allows us to determine
the variation of the average pulsation period, the average
pulsation amplitude, the pulsation-averaged V-magnitude
and the pulsation-averaged B-V color. All these parame-
ters show a Blazhko periodicity. The IPM method gives
results similar to those of the photometry of CoRot and
Kepler satellites. In particular, depending on the star, vari-
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ations of the pulsation period and the pulsation amplitude
are either correlated or anticorrelated, or not synchronized.
The most surprising changes in the above parame-
ters characterizing the pulsation are the sudden direction
changes of the variation at each Blazhko minimum and
maximum. We would expect that at these two breaking
points the structure of the photosphere is significantly af-
fected. When shock s3’ abruptly decelerates the free-fall
motion of the highest atmospheric layers, the photospheric
compression occurs earlier and induces a premature k-7-
mechanism. Consequently, the pulsation period is increas-
ingly reduced. Observations show that the period reaches
its lowest value at the Blazhko maximum (Guggenberger
et al. 2012). Then, the direction of change of the period
is reversed and reaches its highest value at Blazhko min-
imum. Outside these two significant extrema, the physi-
cal processes occurring in the atmosphere are more quiet.
Between the Blazhko minimum and maximum takes place
the amplification phase of the intensity of the main shock.
Between the Blazhko maximum and minimum occurs the
re-synchronization of photospheric layers. Thus, our in-
terpretation of the Blazhko effect appears to qualitatively
explain these sudden reversals of direction of variation of
parameters such as pulsation period. Nevertheless, a de-
tailed analysis is required to confirm this explanation.

5.7. Shock amplification phase from Kepler data

We show the evolution of the light curve amplitude versus
the pulsation cycle number during the first quarter of Ke-
pler observations (Q1) conducted between 2009 May 16 and
June 10 and during the second quarter of Kepler observa-
tions (Q2) conducted between 2009 July 4 and August 11,
in Figs. 2 and 3.

Measuring the height of the rising branch of the light
curve provides the light amplitude and consequently an es-
timate of the main shock intensity. Figure3 gives the Kp
amplitude of the light curve of RR Lyr during the second
spacecraft roll (Q2) of the Kepler space telescope, between
HJD 2,455,016 and HJD 2,455,054 (2009 July 4 and Au-
gust 11). These light curves were published by Kolenberg,
Bryson & Szab6 (2011) in their Fig. 4. The 68 consec-
utive pulsation cycles represent a time span of 39 days,
equal to a Blazhko period. Between the minimum ampli-
tude (cycle 12, Fig. 3) and the maximum amplitude (cycle
45), the shock intensity increases according to the process
described above. The increase is not always regular and
monotonous. From time to time, there is a gap (up to
0.1 Kp-magnitude) during the amplification phase of the
shock (between cycles 22 and 35). In general, one gap
is not immediately followed by a second gap. To achieve
an amplification of the shock intensity, there are typically
between two and four consecutive pulsation cycles. How-
ever, at each observed Blazhko cycle, the shock intensity
increases until it reaches a maximum value. For RR Lyr, in
both sets of observations Q1 and Q2 (Figs. 2-3), the high-
est value corresponds to a maximum amplitude of about
0.9 Kp-magnitude. After this main shock of exceptional in-
tensity, all subsequent shocks have a lower intensity, which,
on average, continually decreases until the Blazhko mini-
mum. We proposed above that the main shock intensity is
amplified until it becomes high enough to cause the com-
plete desynchronization of the photospheric layers. After
this spectacular event, a relaxation phase occurs between

the maximum and the Blazhko minimum. This is necessary
to enable the re-synchronization of the layers.

Observations show that the pulsation of a non-Blazhko
star is regular enough, with a good repetition of the light
curves. Nevertheless, with four-shocks crossing the atmo-
sphere at each pulsation cycle, a non-Blazhko star is not a
perfect Swiss clock. With a sufficiently good level of accu-
racy, many small irregularities are observed from one pul-
sation cycle to another. Indeed, as already discussed above,
shocks do not propagate in a homogeneous atmosphere, and
several processes occur. First, the motion of the atmo-
spheric layers is never perfectly synchronized. Thus, shocks
can be accelerated or decelerated depending on atmospheric
conditions and their rates of radiative losses. The four
shocks, which pass through the whole atmosphere at each
pulsation, merge among themselves at different phases and
produce residual shocks of variable intensities. In addition,
nonlinear interactions between shocks and atmospheric lay-
ers are complex and must increase with the amplitude of
the pulsation. Despite all this, it may be noted that the
pulsation of a non-Blazhko star remains relatively stable
and steady.

The big difference in how a Blazhko star explains the
strong irregularities observed is the presence of shock s3’.
This shock slows down the infalling motion of the high at-
mospheric layers on the photosphere, causing a “collision”
(a slowdown) with the infalling shock front s4+s3. The in-
tensity of shock s3’ varies at each pulsation cycle due to ra-
diative losses of the main shock, which are themselves vari-
able from one cycle to another. Consequently, the nonlin-
ear interaction between these two shock waves would cause
irregularities and gaps such as observed in Blazhko stars
(Figs. 2-3).

Figure 2 gives the Kp-amplitude of the light curve of
RR Lyr during the first roll (Q1), between HJD 2,454,967
and HJD 2,454,992 (2009 May 16th-June 10th). The orig-
inal light curves are shown by Kolenberg, Bryson & Szabo
(2011) in their Fig. 4. The amplitude of the gap just af-
ter the shock of maximum intensity is variable. It is larger
(0.1 Kp-magnitude) during Q1 than during Q2 (0.02 Kp-
magnitude). In fact, it is rather when the intensity value of
the main shock reaches a critical level that the desynchro-
nization of photospheric layers occurs. For a given star, this
value mainly depends on the gravity and, more incidentally,
on physical conditions within the atmosphere.

Finally, the amplitude of the light curve of a Blazhko
star, and accordingly the intensity of the main shock, fol-
lows a random path during the Blazhko cycle (Figs. 2-3).
This path strongly depends on the previous history of the
dynamics of the atmosphere that occurred during the last
pulsation cycle at the very least.

5.8. Amplitudes of Blazhko stars

Szeidl (1988) showed the amplitudes of non-modulated
stars compared with those of Blazhko stars. The Blazhko
effect introduces a dispersion of light curve amplitudes: the
highest amplitude of Blazhko stars always fits the mean
distribution of non-Blazhko stars, while the smallest ones
induce a high dispersion at lower amplitudes. This au-
thor concluded that the Blazhko effect was a suppressing
phenomenon that weakens the amplitude. As reported by
Guggenberger (priv. comm. 2013), the behavior of some
individual stars like V445 Lyr, where the amplitude almost
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disappears at the Blazhko minimum, seems to support this
picture of a supressing Blazhko effect.

In our explanation of the Blazhko effect, this phe-
nomenon is generated by desynchronization. During this
phase, the pulsation of the atmosphere is completely desta-
bilized. Thus, the amplitude of the pulsation can reach
very low values as observed for V445 Lyr. When the pul-
sation of atmospheric layers are synchronized again, the
amplification mechanism of the intensity of the main shock
is activated. At the time of Blazhko maximum, the main
shock reaches its greatest intensity.

Non-Blazhko stars may, like Blazhko stars, have very
high amplitudes. The question is to know whether the max-
imum amplitude of Blazhko stars may be higher than that
of non-Blazhko stars. If we consider the V-amplitude dis-
tribution of RR Lyr stars in M5 versus period (Jurcsik et
al. 2011), we see that the highest amplitudes are reached by
Blazhko stars. Of course, because the number of stars used
is too small, this result is not conclusive. Further studies
need to be carried out to establish whether the amplifica-
tion mechanism of the main shock is capable of producing
shocks of higher intensity than in a regular pulsation like
that of non-Blazhko stars.

5.9. Connection between pulsation and Blazhko periods

As shown by Jurcsik et al. (2005) from a sample of 894
Blazhko stars, the possible range of the Blazhko period de-
pends on the pulsation period. Blazhko stars with a pulsa-
tion period shorter than 0.45 day can have a modulation pe-
riod as short as a few days, whilst this cannot exceed about
twenty days for a pulsation period longer than 0.625day.
In contrast, for the large majority of RRab stars in the
range 0.45-0.625 day, Blazhko periods have a uniform dis-
tribution, without any correlation whatsoever between the
two periods. However, these Blazhko periods are usually
longer than 25days. To explain the connection between
the two periods at shorter and longer pulsation periods,
Jurcsik et al. (2005) assumed that the Blazhko period cor-
responds to the rotational period of RR Lyrae stars. In this
case, they showed that the distribution of the projected ro-
tational velocities of red and blue horizontal branch stars at
different effective temperatures shows a similar behavior as
those derived for RR Lyr stars from their Blazhko periods.
For pulsation periods shorter than 0.45 day, the number of
RRab stars is too small to give a definitive finding about
their distribution in this period range.

In our explanation of the Blazhko effect, the length of
the Blazhko cycle is defined by the sum of the following two
phases: (1) the duration of the amplification phase of the
main shock intensity, which results in the desynchroniza-
tion of the photospheric layers at Blazhko maximum and (2)
the time used by the photosphere to regain its synchronous
state occurring at Blazhko minimum. The duration of these
phases depends on several factors, in particular, on the
physical parameters of the star such as gravity. This prob-
ably explain why some stars sometimes deviate from the
general distribution, even in the range 0.45-0.625 day.

The dispersion of Blazhko RRc stars is rather uniform,
as can be seen in Figs.4 and 6 of the Blazhko period dis-
tribution generated by Jurcsik et al. (2005). In previous
sections, we reported that the shock intensity in RRc stars
is expected to be three to four times weaker than in RRab
stars. This means that, if the shock amplification mecha-
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nism is working, it is weak. Consequently, the duration of
the relaxation phase of the photosphere may be short. This
is why we can observe short Blazhko periods. However, de-
pending on the value of the star parameters (mass, radius),
long Blazhko periods may also be possible, as observed by
Jurcsik et al. (2005).

5.10. Irregularities and period doublings

The explanation of the Blazhko effect that we have pro-
posed above involves several independent factors. First,
there are shock s3’ and the main shock, which reaches a
high intensity. Next, during their infalling motion on the
deep photosphere, atmospheric layers (which may be a time
slowed down by s3’), are essentially governed by the grav-
itational force and the increasing compression on the deep
photosphere. The shock amplitude depends on the physical
conditions within the atmosphere and also on the rate of
their radiative losses. The intensity of the x-y-mechanism
depends on the intensity of the above mechanisms such as
shocks. Finally, from one pulsation cycle to another, these
physical processes are combined. From the point of view of
energy, they are not independent because they influence
each other in a nonlinear way. However, from Blazhko
minimum to maximum, or during the reverse phase cor-
responding to the photospheric relaxation, the atmosphere
evolves irreversibly because the average effective tempera-
ture changes the direction of variation twice during each
Blazhko cycle. As a result, the various processes men-
tioned above cannot reach a state of equilibrium. Energy
exchanges between all processes and their combinations are
unstable and can therefore explain the more or less signifi-
cant irregularities. Finally, the Blazhko effect would be like
an energetic system with many degrees of freedom, con-
stantly disturbed by the unstable radiative energy loss of
the main shock. Under these conditions, it is not surprising
that at any time of the Blazhko cycle and for an irregular
time interval, a phenomenon similar to that of period dou-
bling appears fortuitously for a time and then suddenly dis-
appears. Finally, irregularities would be caused by a purely
random process and not be the result of a chaotic system
in the sense of a dynamical system.

Figure 4 shows the first-return map with the successive
Kp-magnitude amplitude of the light curves during the Q2
set of Kepler observations (Fig. 3). We observe no partic-
ular form such as the triangular shape reported by Fokin
(1994) for chaotic models of RV Tauri stars, or one and two-
band chaotic cycles for models of W Virginis stars (Buchler
& Kovacs 1987). Thus, we can propose that our shapeless
first return map of RR Lyr is the consequence of a random
irregularity. However, many more observations than those
currently available to us are needed to confirm this trend.

Buchler & Kollath (2011) used the amplitude equation
formalism to study the 9:2 resonant interaction. They lim-
ited their amplitude equations to the coupling between the
9th overtone and the fundamental mode, although a reso-
nance with any other higher mode is possible. Because the
resulting amplitude equations have eleven free parameters,
the authors imposed some constraints (for instance, they as-
sumed to be inside the fundamental mode instability strip)
to try to identify possible study solutions. Other remain-
ing parameters were chosen arbitrarily to give a plausible
stellar solution. In the solution presented, the temporal
variation of the amplitude of the two modes show qualita-
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RR Lyr Q2 Kepler data (2009 July 4 — August 11)
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Fig. 4. First return map on the successive pair of the am-

plitude, n+1 vs. n, during the second quarter of Kepler obser-
vations (Q2) conducted between 2009 July 4 and August 11.
The first return map is shapeless, without particular structure,
testifying to a rather random irregularity around the diagonal
straight line, which is the identity map.

tive irregular modulations as observed in Blazhko stars. To
determine the nature of these modulations, the authors con-
structed a first return map with the successive amplitude
maxima of the light curves induced only by the fundamen-
tal mode. They showed the appearence of a well-defined
structure called tent-like shape, indicating a chaotic origin
due to the presence of a strange attractor. This theoreti-
cal approach is different from that based on observational
curves because these are the sum of all excited pulsation
modes. As a result, we cannot directly compare our first
return map (Fig. 4) with that obtained by Buchler & Kol-
lath (2011). Is the tent-like structure still present if the
theoretical light curves has been based on both considered
modes? It would be interesting to know the answer to this
question.

5.11. Connection with the pulsation mode switch?

As first suggested by van Albada & Baker (1973) and shown
by Caputo, Castellani & Tornambe (1978), the evolution
of the pulsation mode of a RR Lyrae star depends on its
evolutionary history starting from the Zero-Age Horizontal
Branch (ZAHB). In fact, if a star evolves from a ZAHB
point bluer than the fundamental blue edge (FBE), then
RRab pulsators (F-mode) can be produced only at one
time during their redward traveling after the FBE (see their
Fig. 3). The star evolves from a ZAHB point redder than
the FBE, the star should change its pulsation mode twice:
the first time during its blueward evolution at the FBE, and
a second time at the first overtone red edge (FORE) during
its redward evolution. In this case, we have first the mode
switch: F-FO, and then FO-F. In fact, in the intermedi-
ate region located between the FBE and FORE edges, a
region called the “either-or region” (or “hysteresis region”),
both fundamental and first overtone show a stable limit

cycle, and can therefore coexist. Thus, a redward travel-
ing star (RRc-type) preserves its previous pulsation mode
(FO), whereas a blueward traveling star (RRab-type) con-
tinues in the F-mode. This is a hysteresis phenomenon for
RR Lyrae stars crossing the IS. Using a large-scale survey
of nonlinear pulsations in the RR Lyrae IS, Szab6, Kollath
& Buchler (2004) also found that the pulsational state de-
pends on the direction of the evolutionary tracks. In the
course of their survey, these authors have also encounted
another type of hysteresis, namely a very narrow region
where either fundamental (RRab) or double-mode (RRd)
are possible. This hysteresis occurs solely during redway
evolution but the possibility that blueward or both blue-
and redward evolution produce double-mode stars is not
excluded. Thus, as RRd have approximately the same am-
plitude as RRc, the intensity of their shocks is probably
similar. Therefore, it is possible that there are some RRd
Blazhko stars but their number is certainly very small.

In a recent paper, Arellano Ferro, Bramich & Figuera
Jaimes (2012) showed that Blazhko RRc and Blazhko RRab
stars in the globular cluster M53 are on average redder than
their non-modulated counterparts (see their Fig. 8). This
observational result is based on the V — I color distribu-
tion of 18 RRab (with 10 Blazhko) and 22 RRc (with 18
Blazhko) stars. According to this, RRab and RRc Blazhko
stars would be cooler than non-Blazhko stars. This is not
consistent with the location of Blazhko RRab stars from the
Galactic field in the HRD (see Fig. 1). Indeed, the location
of non-Blazhko stars is redder and closer to the fundamen-
tal mode red-edge than that of Blazhko stars that are in the
either-or region, i.e., between the FBE and FORE edges.

During their long-term photometric monitoring of the
globular cluster M5, Jurcsik et al. (2011) studied properties
of a sample of 50 RRab stars in which 20 stars are iden-
tified as or suspected to be Blazhko stars. They showed
that Blazhko stars have systematically larger amplitude,
shorter period, and fainter mean V-magnitude than regu-
lar RR Lyrae stars. In addition to these specific features
in the location of Blazhko stars, Jurcsik et al. (2011) noted
that the population of RR Lyrae in globular clusters is ei-
ther rich in Blazhko stars or in RRd stars or in both, while
the Blazhko effect is common among Galactic-field RRab
stars, where RRd are rare. Thus, a possible connection
between the Blazhko effect and the star evolution may be
related to mode switching between the fundamental and
the first overtone modes. Nemec (1985) previously noted a
possible relation between Blazhko variables and RRd stars
in the Draco dwarf galaxy. It is also suggested that irreg-
ular changes observed in the pulsation period of Blazhko
stars may be related to mode instabilities at or near the
transition region separating RRc and RRab pulsators in
the HRD.

Arellano Ferro, Bramich & Figuera Jaimes (2012) sup-
ported the idea that Blazhko modulations in RRc stars are
connected with the pulsation mode switch. The Blazhko
effect would appear systematically in stars undergoing a
change in their pulsation mode. In this case, and follow-
ing the Caputo, Castellani & Tornambe (1978) analysis,
Blazhko RRab stars should appear immediately after the
passage of FORE into the pure fundamental mode region.
Thus, Blazhko RRab stars should be only located in the re-
gion between FORE and FRE limits. This does not seem to
be the case. Similarly, Blazhko RRc stars should be located
in the region of the pure first overtone, just after passing
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the FBE limit. As the number of known Blazhko RRc stars
is limited at present, it is currently difficult to clarify this
point. Additional observations are necessary.

In the framework of our explanation of the Blazhko ef-
fect, the fact that the pulsation mode of a RR Lyrae star
depends on its evolutionary history from the ZAHB and
can change when the star passes through the FBE or FORE
limits, does not determine its physical origin. Following Ca-
puto, Castellani & Tornambe (1978), due to the hysteresis
mechanism, RRc or RRab stars change or do not change
their pulsation mode when they cross FBE or FORE. Thus,
it is not the mode switch that triggers or stops the Blazhko
effect. Indeed, in our explanation, it is only the presence
or absence of shock s3’ that determines the appearance of
the Blazhko effect. In other words, the star may be within
the intermediate region of the IS in which stable pulsations
both in the first overtone mode or in the fundamental are
possible. Thus, the Blazhko effect does not always manifest
in stars undergoing a pulsation mode switch when they pen-
etrate the either-or region. Indeed, when an RRab comes
from the pure fundamental region of the IS (redward trav-
eling), the star becomes a Blazhko star but continues to
pulsate in the fundamental mode in the either-or region.
We have the same situation when an RRc from the purely
first overtone mode region penetrates the either-or region.
Arellano Ferro, Bramich & Figuera Jaimes (2012), using
the fact that the distribution of the Blazhko RRc variables
is redder than that of the non-modulated RRc in the globu-
lar cluster M53, proposed that the Blazhko effect manifests
systematically in stars undergoing a change in pulsation
mode. This statement does not seem consistent with our
explanation of the Blazhko effect.

6. Conclusion

We proposed a new explanation of the Blazhko effect. The
mechanism is based on the role played by two shock waves
in connection with the dynamics of atmospheric layers, es-
pecially photospheric layers. We assumed that two pulsa-
tion modes are systematicaly excited in Blazhko stars in
contrast to non-Blazhko stars. In addition to the funda-
mental mode, which almost reached its limit cycle, the first
overtone is marginally excited. Shock s3’ recorded by Fokin
& Gillet (1997) may be generated by the perturbation of
the fundamental mode by the transient first overtone. Mol-
nar et al. (2012a) reported, for the first time, the detection
of the first overtone in the Kepler observations of RR Lyr,
but with a very weak amplitude level. Of course, the fun-
damental mode plays a dominant role in RRab, while the
situation is reversed in RRc when the star moves into the
either-or region of the IS.

There is a damping effect during the infalling motion of
atmospheric layers on the photosphere. This deceleration
is particularly marked when s3’ merges with the infalling
shock front s4-+s3. This sudden deceleration, somewhat like
a collision, produces a decrease in atmospheric compression
that in turn affects the k-mechanism. The second shock,
called the main shock, has the highest intensity among the
five shocks propagating in the atmosphere at each pulsation
cycle (Fokin & Gillet 1997). The Mach number of the main
shock can be large (M > 15). In these conditions, Fadeyev
& Gillet (2001) have shown that most of the kinetic energy
of the shock is lost as radiation (> 70%). This effect should
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cause a small decrease (about 1%) of the average effective
temperature between the Blazhko minimum and maximum.

By definition, non-Blazhko stars do not present modula-
tions. The dynamics of their atmosphere is only perturbed
by four shocks during each pulsation cycle, as in classical
Cepheids (Fokin, Gillet & Breitfellner 1996). Indeed, shock
s3’ is not present because the first overtone is not excited.
Consequently, there is no sudden dampening effect during
the free fall motion of the atmosphere. Observations show
that the light curves of non-Blazhko stars are reproducible
with a good degree of accuracy. Nevertheless, this repro-
duction is not perfect and small departures are visible when
data are analyzed in more detail. In Blazhko stars, shock
83’ is active. Its action completely destabilizes the dynamics
of the atmosphere as far as generating a random behavior
(modulations), which is not present in non-Blazhko stars.

The Blazhko effect can be described by two main steps.
The first takes place from the Blazhko minimum to the
maximum. During this interval, the main shock intensity
is amplified. This amplification is not monotonous. Indeed,
sometimes it undergoes random fluctuations of large ampli-
tude but the average amplification is maintained. The sec-
ond phase occurs from the Blazhko maximum to the mini-
mum. At the Blazhko maximum, the intensity of the main
shock reaches its highest value. For this value, the shock
energy should be sufficient to completely desynchronized
photospheric layers. This phenomenon provokes a sharp
break of the amplification mechanism. This break can be
also observed through the change of direction of variation
of the pulsational parameters such as the pulsation period
or the amplitude of the light curve. From this moment,
the average effective temperature increases. The motion of
photospheric layers being destabilized, a relaxation phase
takes place until the Blazhko minimum is reached. At this
point, the photosphere becomes re-synchronized.

In our explanation of the Blazhko effect, it is possible
to understand the phenomenon of helium occurrence. It
is directly connected with the amplification mechanism oc-
curring in Blazhko stars. At the Blazhko maximum, the
main shock reaches its highest intensity while it is lowest
at the Blazhko minimum. Thus, it is normal that helium
emission lines are only observed around the Blazhko max-
imum and only in stars in which the intensity of the main
shock is high enough to excite helium. HeIl emission may
only be detected in Blazhko stars with shocks of exceptional
intensity.

Because the Blazhko effect, induced by atmospheric
shocks, shows the behavior of a purely random process,
it is possible to understand the “PD effect” recently ob-
served in a few Blazhko stars in the Kepler data and why
this is a transient and unpredictable phenomenon. Thus,
it would not be necessary to involve a classical chaotic sys-
tem, in the sense of dynamical systems such as proposed
by Buchler & Kollath (2011), to explain the Blazhko ef-
fect. Many interesting features, such as the first and the
ninth overtones, during cycle-to-cycle variations of RR Lyr
were recently highlighted by Molnar et al. (2012a,b). It is
possible that these features together with the interacting
shock hypothesis proposed in this paper can explain the
Blazhko effect. Indeed, if complex atmospheric motions
induced by the different shocks propagating into the atmo-
sphere have an erratic behavior, they may be the cause of
the small observational features detected by these authors.



D. Gillet: Atmospheric dynamics in RR Lyrae stars: The Blazhko effect

More investigations in this area are necessary to clarify this
supposition.

Because the Blazhko effect takes place in stars that are
affected by the fundamental mode and the first overtone, it
may also be observed in a part of RRc stars. Since 1999,
observations have proven that the Blazhko effect is also a
common effect (~ 50%) among RRc variables. Of course,
the amplitude of shocks in RRc, especially the main one, is
weaker than in RRab. If shock s3’ is not present in RRc,
the physical mechanism causing the Blazhko effect in these
stars is perharps not exactly the same that in RRab. In fact,
to cause the Blazhko effect, it is sufficient that a shock wave
disrupts the precarious balance between the main shock
and the infalling motion of atmospheric layers in the pho-
tosphere. If the fundamental mode dominates, s3’ plays this
role, while if the first overtone dominates, the disturbance
of the fundamental mode on the first overtone must induce
a shock equivalent to s3’. A theoretical approach is needed
to identify the exact mechanism. High-resolution spectro-
scopic observations of RRc stars are required to achieve a
complete observational investigation of the Blazhko effect
in RRc stars. A similar investigation would be also useful
for RRd stars although the Blazhko effect has not yet been
detected in these rare stars.

Finally, the pulsation mode switch between the funda-
mental and the first overtone mode does not seem to be the
cause of the Blazhko effect. According to our explanation
of the Blazhko effect, when the star (an RRc or an RRab)
penetrates the either-or region of the IS, the star becomes
a Blazhko variable.
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