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old, low mass, He-core, H-shell burning

horizontal branch stars
globular clusters, field, halo,
extragalaxies, ...

0.5-1.5™ amplitude, 0.2-1.09 period

RRab: fundamental mode
RRec: first radial overtone

RRd: fundamental + first overtone
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@ RR Lyrae stars - introduction
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old, low mass, He-core, H-shell burning

1 Non-modulated star: NR L
horizontal branch stars on-modulated star: NR Lyrae

globular clusters, field, halo, ool e o
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RRab: fundamental mode I P W ia s
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@ RR Lyrae stars - introduction

CSFK

old, low mass, He core H shell burning
horizontal branch stars

globular clusters, field, halo,
extragalaxies, ...

0.5-1.5™ amplitude, 0.2-1.09 period

RRab: fundamental mode
RRec: first radial overtone
RRd: fundamental + first overtone

Blazhko effect:
amplitude and phase modulation

distance indicators,
galactic structure tracers based on RR Lyrae in SDSS

Sesar et al. 2011, ApJ, 731, 4

STARS2016



£

£\
@ RR Lyrae: the space photometric revolution s
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Monoperiodic (mostly)

Radial pulsation

Simple light curves

Blazhko-effect: rare

Blazhko-effect: simple
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2006

Monoperiodic (mostly)

Radial pulsation

Simple light curves

Blazhko-effect: rare

Blazhko-effect: simple

@ RR Lyrae: the space photometric revolution
I

2016

Multiperiodic

Radial + Nonradial

Complex light curves

Blazhko-effect: ~50%

Blazhko-effect: complex,

multiple modulations
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@ RR Lyrae: the space photometric revolution
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Q5-Q12 (2yrs

hort-cadence Kepler light curve of RR Lyrae
Kolenberg et al., 2010, ApJL, 713, L198,  Szabo et al. 2010, MNRAS, 4009, 1244
Szabo et al. 2014, A&A, 570, A100
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Kepler magnilude scale (Kp - 7.08)
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Period-doubling: only in Blazhko-modulated RRab stars
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@ The Kepler legacy - period doubling
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Resonance paradigm:
Cause of the period doubling: 9:2 resonance with the gth radial overtone.
The same resonance may cause the Blazhko-modulation.
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The Kepler Blazhko zoo
Multiperiodic modulations are the norm
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Amplitude [mag]

Additional modes

Radial modes
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Amplitude [mag]

Additional modes

Radial modes

.003
[ V1127 Aql

Modulated stars:

frequencies around the
radial O1, O2 are
common.

Blazhko RRab

5288363

/ Radial modes or

Nonradial modes in
1:1 resonance with the

radial mode

Frequency [d™']

CoRoT RRab sample Szabd et al. 2014, A&A, 570, A100 STARS2016
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CoRoT RRab sample Szabo et al. 2014, A&A, 570, A100

Modulated stars:
frequencies around the
radial O1, O2 are
common.

Radial modes or
Nonradial modes in
1:1 resonance with the
radial mode

Non-modulated stars:
no additional frequencies
in the spectra down to the

Kepler & CoRoT limits.

Nemec et al. 2011 - Kepler
Szab6 et al. 2014 - CoRoT
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@ Radial + nonradial puls. modes
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Extra modes are Pl’esent RRc + RRd stars with 0.61 period ratio

- in all BL-modulated " Galaoc b sars
_ ® Moskalik et al. 15
RRab StaI'S 0.65 o .Turcsi:(( ct z:;. (2(%15) ‘
° [ o ()thcr nown stars
- 1n all RRec stars 0.64 f
- in all RRd stars < 06} T
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o L e .o Do RN ey 5 T
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Netzel et al. 2015, MNRAS, 453, 2022
unstable f-modes of ¢ = 7,8,9 angular degree ?

Dziembowski Comm. from the Konkoly Obs.,105, 201, 2016 STARS2016



@ Radial + nonradial puls. modes

CSFK

Extra modes are Pl’esent RRc + RRd stars with 0.61 period ratio
- in all BL-modulated T

. Galactic bﬁlge stars

RRab stars 065 % Tposkcial G019
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BUT absent in og1 f o TE TR "’
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Netzel et al. 2015, MNRAS, 453, 2022
unstable f-modes of ¢ = 7,8,9 angular degree ?
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@ Additional modes

Additional frequencies in space photometric targets

- Blazhko-modulated RRab stars : all O
- non-modulated RRab stars: none Q
- RRec (first overtone pulsators O1): all ( | >

- RRd (fundamental mode + O1): all O
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@ Additional modes

- RRec (first overtone pulsators O1): all

- RRd (fundamental mode + O1): all
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Y | K2: The story begins...
or's Second Mission - _

Kep!

2013 November, Mountain View, CA, 2nd Kepler Science Conference STARS2016
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The K2 RR Lyrae Survey

The K2 RR Lyrae Survey
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@ Motivations for K2 observations

CSFK

Original Kepler field: ~50 RR Lyrae
K2: thousands of exquisite RR Lyrae light curves

K2 is a statistical mission:
occurrence rate of dynamical phenomena (resonances,
extra modes, period doubling, Blazhko-modulation) and
dependence on age, metallicity, (extra)galactic
environment, location —> better understanding

rare objects

Golden (well-observed) sample,
synergies with Gaia and LSST
(parallaxes, proper motions, distances) EESE

Galactic structure studies:
halo streams, dwarf galaxies

STARS2016



/
;'-._
Y

-4 \

@ Motivations for K2 observations

CSFK

Original Kepler field: ~50 RR Lyrae
K2: thousands of exquisite RR Lyrae light curves

K2 is a statistical mission:
occurrence rate of dynamical phenomena (resonances,
extra modes, period doubling, Blazhko-modulation) and
dependence on age, metallicity, (extra)galactic
environment, location —> better understanding

rare objects

Golden (well-observed) sample,
synergies with Gaia and LSST
(parallaxes, proper motions, distances)

Galactic structure studies:
halo streams, dwarf galaxies
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. rare objects
(RRd stars,
ultra-long
period Blazhko
modulations,
etc.)

. strongly
amplitude-
modulated RRc¢

Morm. flux

Ralativa flux

K2 results
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K2-E2 field
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very small, old dSph
distance: 160 kpc

3 known RR Lyr stars

V ~ 21.5 mag
doable with K2

RR Lyrae stars in Leo IV

EFIC 210282473, 210282472

4

EPIC 210282474

{ =

EPIC 210282474

A

A,
gt

EPIC 210282472 8

k"
210282473 WA

Molnar et al. ApJ, 812, 2, 2015
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A
@ RR Lyrae stars in Leo IV
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- differential image
photometry

- all 3 stars recovered

- clear 30-day modulation
- will be usetul
for TESS, PLATO |

i “mwss‘«w @w W Mm \-«»\

: . EPIC 210232472 - Lac IV V2

1 1
6811 &320 BE30 B8IC 0 Z)D‘i') 1 1.251.5
3J3-2450000 [d) cule. pnass IP-0.709ES d)

USNC R [mag]

204 -
‘‘‘‘‘‘‘

i i wmm i me AN

= © EPIC 215(2324""1 Leo v\t

GBI’J az0 5030 CﬁoL" 683¢ 0 ¢ 200 007 1 1.2515
8.J3-2450000 [d] nuls, prasae (P-0.61303 d)

i i i 's%%t&‘kéwww ik "‘\w\

224 - EPIC21028247¢ LeoNV3 _
6513 6820 BE30 J 68 0 GBEC 658C J 25053 112515

STARS 20 16 832450000 [d] culk. phase (P=0.63058 d}

USNO A [mag|

USNO = [mag|




o
~
-
)
o puy
=
=
«
-
&
m
g
Q
e
&
—
=
g,
=
=
=
)
en




-
-
O
Lo
4
o
-
)
m

g - —————

- b— &

—— - —

o —— W —

b
R e

STARS2016







STARS2016



0.8

0.75
e

=2 07
\t.‘
E
n_u:

0.65

0.6

0.55

I

Petersen diagram

0.3

0.4 0.5 0.6 0.7
Pem [day]

0.8
STARS2016



Strevnaest peaks Moy
be offsxk {F:.am ratios 0.825
we would e\tpech

08 -

Clazzical RRA skars are
confined o bhis thin

0.775 ¢

———

Tha aHiluds
cormection frequenc
of K2. Mo blue polnts
alownn Erese Lines.

Ancowolous
RRdAs renilv’

Orange diamonds are
all from TR L’r!

Kxpler
213-Qie

g
- N e s e

band. Crosses are weird Aoy § I‘ ;
ones (.9, 3lazhikn, mode ;P::c: ":::’&: el - b A
seoibchers). Note overlap 1; i e |28\ L 2 : ook o
with some KRab R T . | % RR Lyr is super—weird:
additicnal modes: 0.75 solid reds are forests of
likely thate are the ) peaks separated by the
radlal first @ X Ala:hko frequency. Dashed
overtone o g Teds are expected values.
in ot least some Q-e 0.725 . v »
of thera tao, 2 ’ \_7 ,
C] & |
0.7 " Frequency??? » 1
7 ® J‘ . > O m D '
{ 2 : * .sc e < |
T‘\e ?:?0 = 23 vokio = * . . 0 . \ 4
thi s where the balf- 0675 . tela. - i pad f |
cger peais of —mny P L RO e Could these be gmmodes up here?
W 4 ¢ Strongest signals have Lownger
These are bhe si‘)ns DF 065 k) ﬁ;;.;dsb::a“ G Mmm
dyhamical ihsl:abilil::g - 5
caused by a 9:2 . wthe f+fo peals is in the second-
resonance with the . overtone region. Non-radial f;
2%h ovgriong. 0,625 modes with weird geometry perhaps?
. [ ,; : . » ...‘m.-
! ’:L _‘-";-.__'-_L'x'x_' .,.l:'.'_._" ‘._!;;.;:_'
: ; ) e
Is bhe £, qroup here o8 ~ 3 ! & } .h.h—.l.w.u..a.
the second radial . . ..o I o X o | s g : : . 3
avertane? Period ’ - S s & §. I: & ‘ B < R
rakios anre, bubt not v = : "L I l < | ‘ L | ‘
seen b non-Linear 1D () 575 e e R~
hudro models yet. I V1127 Asl, the only B ~ P y—
» £ 1 d |
: skof&—rgfbd one. ! ‘: WM_,
0.55 = ]
0.3 04 05 0.6 0.7 08
Py (day)

RRabs: blue - K2; redd dots - Kepler; red circles - CoRoT; briangles - ground-based

RRds: grey — OGLE-IV; black: field; crosses: anomalous STARS2016



@ Take home messages

CSFK

- Space photometry has revolutionized the study of classical variable
stars
- New dynamical phenomena can be studied:
- period doubling, resonances
. additional (nonradial) modes
- complex and frequent modulations
- K2, TESS, PLATO: bright future for space photometry
- K2 RR Lyrae survey:
- light curves will be public (contact: rszabo@konkoly.hu)
- golden sample to calibrate and study upcoming Gaia and LSST
data

STARS2016



Prof. Don W. Kurtz + RR Lyrae stars
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The linpact of Lorge Scale Surveys on Pulsating Star Research
ASF Conference Searics, Vol. 203, 2000
L. Szubudes & L. W, Kurls, eds.

A New Look at the Blazhko Effect in RR Lyrae Stars with
High-Quality Data from the MACHO Project

D W. Kurtz !, C. Alcock 22. R. A. Allsman 4, D Al» 243

T. S. Axelrod ©, A. C. Becker * D B Bennett 238 K. H. Cook %3,
K. C. Freeman 8. K. Griest 39 -al J. Lehner ¥1¢ S L. Marshall “3'"
D. an-u b D A, Peterscn ¥, M. R. Pratt "" P J Quinn ¥,
A,
D

Rodger' 817 (3. W. Stubbs 37 T, W. Sutherlan d 1 “, A. Tomaney 7
. L. Welch 1% {The MACHO Collaboration]

Abstract. We present the lesl resulls ol the analyvsis of 22 Blazhke
stars. We find: 1) Blazhko RRab stars that are nearly pure amplitude
modulators; 2) Bluzhke RRab stars that have both amplitude and phase
modulation; 3) A Blaziko RRab star that has an abrupt period change: 4)
Proof of the Blazhko effect in RRc stars. Our data show the character of
the araplitude and phase modulations of the light curves over the BlazhXko
cycles far hetter than has been previously poessibia.

Discussion

Luts Balona: Nave you secn any significaat power in frequencies indepencent of
the main pulsation frequency or the Blezhko frequency? These would be good
candidatas for nonradial pnlsation.

Don Kurlz: Yes, ve o sometiznes see additivual (reguencies., However, I have
not ver scen ons when ‘.ho:r is convincing evidence that it is real; e tacy
ofles are integral aumbers of d7Y, or are essociated with amplitude or phase
variability

Mike Jerzymewncz: Don, | beleve the first analysis which showed equidistant
frequency triplets was thet of Berkowski on AR Her. The padcer was published
in Acta Astronomica in 1980,

Don Kurtz. Soiry, Mike. I wvas unawere of that. 1 will look it up.

(Géza Kovdes: What percentage of the MACHO Rab dataset did you sample
in vour selection procedure of Blazhko stars?

Don Kurtz: Idon™t know. We were selecting interasting stass to stady in detai,
rather than doing a systematic survey. kor that, see the poster paper by Kovacs
et al. in these proceedings (p. 313).

Horace Smith: You muke a ckar case that surveys sach as the MACHO sur
vey wil revolatiomze this subject. 1 wish to make a plea for continued long-

terin observations of Blazhko stars as wel. Such observations are important
for identifylng changas In the phase, amplitude, or period of the Elazhko effect
on many-yeéar time scales, changes which may help cecde among alteraative
explanations.

Robert Buchlcr: Have yon done any time-dependent Fourier dececmposition of
the light curves? The temporal variation of these light-curve shape paramesers
could give us mportan, dyraciical infonmation aboat the Blazlko mechenisi,
and help us ciscriminate between some of the proposed models. In the prc-
ceedings of the previous pulsation conference m Los Alamos 1 presented such
an analysis that I perfcrmed an the old data of Balazs-Detre and of Wal-aver..
What was particularly striking was that the Fourier phase ¢,; was oscillatory,
rather than running.

Don Kuriz: 1 havea't done that yet, but I car and will. I'll send you the results.

Aiex Schwarzenbery-Czerny: Important informetion in the data on the Blazhks
offect iz the coherence of <he madunlation. The present syrweys zre long ennagh
to investigate that, cither in the time domain [changes in Blazhko period and
amplituds ), or ir. tae frequency domain |broadeniag of sidelobes with respect to
the window function central peak).

Hiromete Shibarashi: 1 noticed from vour tables shown as that the relative
ratic of the amplitades of the side-components to the central component of the
triplat becomes larger with the increase of the harmonic order. s it the gonerzl
tendency common in all the other stars which you have znzlyzed?

Don Kuriz: Yes, itis. Uhe higher amplitude of the outside pair of frequencies ia
the harmonic triplets, relative tc the central frequency, describes the fact that
the light curve i more nearly sinusoidal at Blazhke mirimum and more non-
sinusoidal at Blazhko maximum. This can be seen in tha light curves themselves.

Darragh O'Doenoghue: Are the data you have presemted comsistent with the
theories whicl will b presented at this meeting?

Don Kur'z: By iddling with various parameters in those thearies, the answer i
probably yes, Tha: means the ecluzion to the Blazhko effact is still unknown.
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ABSTRACT
We have discovered a new, rare triple-mode RR Lyr star, EPIC 201585823, in the Kepler
K2 mission Campzign 1 data. This star pulsaies primarily in the fundamental and [irst-
cvertone radial modes, and. in addition, a third non radial mode. The ratio of the period
of the non-radial mode o tat of the firsst-overtone radial mode, 0.616 285, 1s 1emarkably
similar to that seen in 11 other triple-mode RR Lyr stars, and in 260 RRc stars observed
, , in the Galactic bulge. This systematic character promises new constizints on RR Lyr star
a0 2.5 150 L 0 models. We detected subharmonics of the non-radial mode frequency, which are a signature 3
fegucacrd ¢f period doubling of this oscillation; we note that this phenomenon is ubiguitcus in RRe
| and RRd stars observed from space, and from ground with suthcient precision. I'he non-
J radial mode and subharmonic freguencies are not constant in frequency or in amplitude.
| N ‘The amplitude specirum of EPIC 201585823 is dominated by many combination frequencias
4 l W among the thiee interacling pulsation node frequencies. lnspection of the phase relationships
5 4 i cf the combination frequancies in a phascr plot explains the ‘upward” shzpe of the light curve.
fregazacy e We also found that raw data with custom masks encompassing all pixels with significant signal
for the star, but without correction for pointing changes, 18 best for frequency analysis of this
star, and, by implication, other RR Lyr stars observed by the K2 mission. We compare several
pipeline reductions of the K2 mission data fcr this star. ST ARS2 01 6
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ABSTRACT

We have discovered a new, rare triple-mode RR Lyr star, EPIC 201585823, in the Kepler
K2 mission Campzign 1 data. This star pulsaies primarily in the fundamental and [irst-
cvertone radial modes, and. in addition, a third non radial mode. The ratio of the period
of the non-radial mode o tat of the firsst-overtone radial mode, 0.616 285, 1s 1emarkably
similar to that seen in 11 other triple-mode RR Lyr stars, and in 260 RRc stars observed
in the Galactic bulge. This systematic character promises new constizints on RR Lyr star
models. We detected subharmonics of the non-radial mode frequency, which are a signature
¢f period doubling of this oscillation; we note that this phenomenon is ubiguitcus in RRe
and RRd stars observed from space, and from ground with suthcient precision. I'he non-
radial mode and subharmonic freguencies are not constant in frequency or in amplitude.
‘The amplitude specirum of EPIC 201585823 is dominated by many combination frequencias
among the thiee interacling pulsation node frequencies. lnspection of the phase relationships
cf the combination frequencies in a phascr plot explains the ‘upward’ shzpe of the light curve.
Wz also found that raw data with custom masks encompassing all pixels with significant signal
for the star, but without correction for pointing changes, 18 best for frequency analysis of this
star, and, by implication, other RR Lyr stars observed by the K2 mission. We compare several
pipeline reductions of the K2 mission data fcr this star.
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Personal thoughts
He helped in

- research/scientific questions

- research group organization

career development,

job/grant applications

astronomy outreach

administration

He never said ‘no’
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