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RR Lyrae stars and the Blazhko effect
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® amplitude & phase modulation

® |light curve shape deformation

e ampl. mod.: A . -A.,/A,.~ 0.03-0.87
® period var: 1-4 % dP/P

® Blazhko period: 59 - ~1000¢



Blazhko effect - recent progress

Konkoly Blazhko Survey (ground-based ) CoRoT, Kepler (space-based, )

- Occurrence rate 50% for RRab stars
(€]:F ) Jurcsik et al. MNRAS 400, 1006, 2009

- Multiple modulation periods (GE, )
Sédor et al. MNRAS, 411, 1585, 2011

- Long-term modulations (-5)
Detre & Szeidl 1973, IAU Coll. 21, 31
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- Modulation can stop and restart (GE)
Sédor et al. A&A 469, 1033, 2007

- Cycle-to-cyle variations ()
Guggenberger et al. MNRAS, 415, 1577, 2011
HJD-2450000

- Blazhko-period changes ()
Kolenberg et al. MNRAS 411, 878, 2011

_ . CZ Lac
- Extreme modulations exist ()

Benké et al. MNRAS, 409, 1585, 2010
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Blazhko effect - recent progress

Konkoly Blazhko Survey (ground-based ) CoRoT, Kepler (space-based,

- Occurrence rate 50% for RRab stars
(€]:F ) Jurcsik et al. MNRAS 400, 1006, 2009

16.8

- Multiple modulation periods (G5, )
Sédor et al. MNRAS, 411, 1585, 2011

- Long-term modulations (-5)
Detre & Szeidl 1973, IAU Coll. 21, 31
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- Modulation can stop and restart (GE)
Sédor et al. A&A 469, 1033, 2007
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- Cycle-to-cyle variations ()
Guggenberger et al. MNRAS, 415, 1577, 2011

- Blazhko-period changes ()

Kolenberg et al. MNRAS 411, 878, 2011

- Extreme modulations exist () .| !
Benkd et al. MNRAS, 409, 1585, 2010




Blazhko effect - proposed mechanisms

Kesanancz /{odel Varcable Turbulent Conveclion
R

1. Magnetic oblique 2. Resonance model 3. Stothers’ idea
rotator /pulsator model Van Hoolst et al. 1998 Stothers 2006
Shibahashi 2000 Dziembowski & Mizerski 2004 Stothers 2010
Strong magnetic field 1:1 nonlinear resonance Magnetic dynamo effect altering
deforms the purely between the radial fundamental the stellar structure by causing
radial pulsation mode and a nonradial mode variable turbulent convection
Strong magnetic field was Too high amplitude required for Complex interaction of the
ruled out Chadid et al. 2004, the nonradial mode in some cases  turbulence and the magnetic
Kolenberg & Bagnulo 2009 dynamo. It is hard to model.

Blazkho period is the rot. period Smolec et al. 2011



Period doubling (PD) - a surprise

Manifestation: —

- alternating cycles e T+71 &
- half-integer frequencies i Faghbanghn
(1/2 o, 3/2 fo, 5/2 f,...) AR AR RIS R
SE— YN LT IRIINRL
- | RIRSRIRTRIRTE IR AR RE AR
3 Kepler PD RRab Blazkho stars  oc.oos; | R TR
RRLyr  KIC 7198959 g I piiRiirRRRURY
V808 Cyg KIC 4484128 - T SR
V355 Cyg KIC 7505345 20.004 HJD - 2450000
E -
4 other RRab stars show < 0.002}

signs of the PD effect
V2178 Cyg KIC 3864443 00 20 40 60 80 100 120
V354 Lyr KIC 6183128 Frequency (d")

V445 Lyr KIC 6186029
V360 Lyr KIC 9697825 RR Lyr Q1 Kolenberg et al. 2010

Other Kepler stars do not show the signs of the PD effect
Limit: Blazkho: 0.2-2.0 mmag non-Blazkho: 0.1-1.0 mmag




Period doubling in pulsating stars
history

RV Tauri stars:
Definition: alternating deep and shallow minima

Period doubling in Cepheid, W Vir, RV Tauri models
Buchler & Kovacs (1987, 1988)
Moskalik & Buchler (1991, 1992)

Period doubling in a Mira star (R Cyq)
Kiss & Szathmary 2002

Period doubling in BL Her stars in OGLE-III
Smolec et al. (2011)

Cause of PD in the hydro models:

low order resonance between the fundamental mode and

a low-order radial overtone

(2n+1) W, ~ 2wk n=1,2 0: fundamental mode k: k™ overtone

PD has never been observed in RR Lyr stars nor in RR Lyr models.




Period doubling in RR Lyr (Q1+Q2)
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Significance of period doubling

- PD and the Blazhko effect are strongly related

- PD is seen only in Blazhko stars
- strong PD is present only in certain Blazkho phases
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lated with 100 mass shells and identical paramet

Models and explanation
Hydrodynamical calculations proved that the cause of the period

doubling effect is a high order resonance (9:2) between the
fundamental mode and the 9% radial overtone (strange mode).

Szabo, Kollath, Molnar et al. MNRAS, 409, 1244, 2010
Kollath, Molnar, Szabd MNRAS, 414, 1111, 2011
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Figure 4. Linear growth rates of radial modes. Starting with
the second overtone, modes become more and more damped, but

then overtone eight gets close to the unstable regime, indicating
its strangeness. Overtone nine and then could become excited on
their own.

Kollath, Molnar, Szabé MNRAS, 414, 1111, 2011

Strange modes:
- trapped surface modes
- can be eXCited, despite being hlgh order overtones. Fig. 6. Adiabatic eigenvectors &r,, /v vs. acoustic depth for the Cepheid

Model; note the different scales on the left and on the right column.
The strange mode is labelled by .5%°.




Linear 'diagnostic’' diagram
of half-integer resonances

Notation: 067:

6" overtone
with a 7:2
resonance
with the
fundamental
mode

Candidates:
099 067 045

150M - L
Kollath, Molnar, Szabé MNRAS, 414, 1111, 2011



Nonlinear 'diagnostic' diagram

Blue region:
resonant
positive
Floquet
exponent
(PD)

It follows
the 9:2
resonance
with the 9
strange
overtone.

Kollath, Molnar, Szabé MNRAS, 414, 1111, 2011




Bifurcation cascade

Bifurcation-cascade
(Feigenbaum)

This phenomenon

IS a true bifurcation in a
dynamical sense
confirmed by the
cascade.

The cascade can lead to
chaos.

Chaos in RV Tau and

semiregular stars
Buchler et al. 1996, 2004,
Kollath et al. 1998

Kollath, Molnar, Szabd “““—-«—___
MNRAS 414, 1111, 2011

Chaos in RR Lyrae models?
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A Kepler RR Lyr short-cadence data set
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Period doubling throughout the Blazhko cycle.



Possible three-mode resonances

Additional frequencies, close
to the 1%t and 2" overtones.

KIC 6183128, prewhitened with nf,
Most stars are modulated
and show period doubling
as well.

V354 Lyr (KIC 6173128)

3f +f =f

frequency [d"]

Resonances involving
nonradial modes are also possible.



A new explanation for the Blazhko effect

9:2 resonance: cause or effect?
Buchler & Kollath ApJL, 731, 24, 2011
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Fia. 1.— Temporal modulation of the two amplitudes of the irregularly modulated period two pulsation.

Irregular (chaotic) amplitude modulations naturally result from
the nonlinear resonant mode coupling between the
fundamental mode and the 9" overtone using amplitude
equations.

Blazhko effect is much more complicated than previously thought,
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Fia. 1.— Temporal modulation of the two amplitudes of the irregularly modulated period two pulsation.

Irregular (chaotic) amplitude modulations naturally result from
the nonlinear resonant mode coupling between the
fundamental mode and the 9" overtone using amplitude
equations.

Blazhko effect is much more complicated than previously thought,

but thanks to Kepler we may have found the solution.
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