
EV
S2
01

9	
–
Eu

ro
pe

an
	V
ar
ia
bl
e	
St
ar
	m

ee
tin

g	
–
14

-1
5	
Se
pt
em

be
r	2

01
9	
–
Ka
tr
ie
n	
Ko

le
nb

er
g Classical	pulsators and	space	

mission	data

Katrien	Kolenberg
4th European	Variable	Star	meeting,	14-15	September	2019,	Mira	Grimbergen,	Belgium

©	Kolenberg ©	Kolenberg



EV
S2
01

9	
–
Eu

ro
pe

an
	V
ar
ia
bl
e	
St
ar
	m

ee
tin

g	
–
14

-1
5	
Se
pt
em

be
r	2

01
9	
–
Ka
tr
ie
n	
Ko

le
nb

er
g

Classical	Pulsators &	Space	Missions	&	You
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Classical	Pulsators &	Space	Missions	&	You

Classes	of	Classical	Pulsators
Setting	the	scene	- before	the	space	missions	- expectations

Space	photometry	– benefits,	challenges,	opportunities	for	“amateurs”
Kepler	take-aways

TESS:	First highlights for	(subtypes	of)	Cepheids,	for	RR	Lyrae stars
Hopes,	plans	and	fine-tuned	expectations

Take-home	messages	- for	Pro-Am	collaborations
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high-amplitude	radial	pulsators

Keystones	for	
stellar	structure,	evolution	

galactic	and	extragalactic	studies	
distance	determinations	
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HRD	of	pulsating	stars,	adapted	from	Jeffery	(2008)
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Leavitt	Law
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P = 0.2 - 1.1 d
Light variations of ~ 1 mag

Pulsation	modes:	radial	pulsation

n=2,		…

RRd F	+	1H

à expected	period	ratios

Classes	of	Classical	Pulsators
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Figure: Benkö & Barcza 2009
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P = 0.2 - 1.1 d
Light variations of ~ 1 mag

Pulsation	modes:	radial	pulsation	+	modulation
+	period	doubling
+	low-amplitude	additional	modes
+	other	instabilities	

(cycle-to-cycle	changes,	period	jitter)	

n=2,		…

RRd F	+	1H

Classes	of	Classical	Pulsators
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+	deviations

Light	curve	&	Fourier	decomposition
Classes	of	Classical	Pulsators
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(Blazhko 1907)

Modulation
Blazhko effect 

Brightness vs. Time

Amplitude vs. Frequency
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The Blazhko Effect: Why?

©	Kolenberg
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Period doubling
Kolenberg et al. 2010, ApJ 713, 198
Benkö et al. 2010, MNRAS 409, 1585

Plachy et al. 2017, MNRAS 465, 173
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Low-amplitude additional modes

Szábó et al. 2015, EPJWC (here for RRab stars)
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Other instabilities
Derekas et al. 2012, MNRAS, 425, 1312 

Evans et al. 2015, MNRAS, 446, 4008
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Light	curve	&	Fourier	decomposition

©	Plachy 2017
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The	Space	Photometry	revolution:	MOST,	CoRoT,	Kepler,	…

©	Kolenberg
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KASC RR Lyrae working group

Data analysis
Modelling

Ground-based follow-up

RRab
RRab - BL
RRc
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KASC RR Lyrae working group
Data analysis

Individual Blazhko RR Lyrae stars - non-Blazhko stars
Additional frequencies found in RRab, RRc and RRab-BL stars!

…higher radial overtones!, nonradial modes?

Modelling
Hydrodynamical modelling

Period doubling
Testing of Blazhko models

Exploring radial resonance models for the Blazhko effect

Ground-based follow-up
Multicolor photometric observations

High-resolution spectroscopy of all targets
Time-series spectroscopy

Additional RR Lyraes in the Kepler field?



EV
S2
01

9	
–
Eu

ro
pe

an
	V
ar
ia
bl
e	
St
ar
	m

ee
tin

g	
–
14

-1
5	
Se
pt
em

be
r	2

01
9	
–
Ka
tr
ie
n	
Ko

le
nb

er
g



EV
S2
01

9	
–
Eu

ro
pe

an
	V
ar
ia
bl
e	
St
ar
	m

ee
tin

g	
–
14

-1
5	
Se
pt
em

be
r	2

01
9	
–
Ka
tr
ie
n	
Ko

le
nb

er
g

RR Lyrae star
Long Cadence versus Short Cadence

~ 30 min ~ 1 min
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Kolenberg et al. 2010, ApJ 713, 198
Benkö et al. 2010, MNRAS 409, 1585

Repeating cycles Blazhko modulation

Typical Kepler Long Cadence Data
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Kepler’s non-Blazhko RR Lyrae stars

Nemec et al. 2011, MNRAS 417, 1022
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Kepler’s Blazhko Zoo

�50% BBenkö et al. 2010, MNRAS 409, 1585
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Celik et al. 2012 
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Celik et al. 2012 
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Speagle, Kolenberg, & Benkö 2013 
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RR Lyr in the Kepler field (!)
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Custom apetrure by Steve Bryson (NASA Ames)
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Kolenberg et al. 2006, A&A 459, 577 Kolenberg et al. 2011, MNRAS 411, 878
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Why do some stars do it and others don‘t?

Repeating cycles Blazhko modulation
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Explanations for the Blazhko Effect

2006-2010, pre-Kepler
©	Kolenberg
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Kolenberg et al. 2006, A&A 459, 577 Kolenberg et al. 2011, MNRAS 411, 878
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Period Doubling

ç
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Manifestations of period doubling:
alternating cycles
half-integer frequencies (1/2 fO, 3/2 fO, 5/2 fO,…)

Kolenberg et al. 2010, ApJ 713, 198
Szabó et al. 2010, MNRAS, 409, 1244
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Period doubling in RR Lyr (Q1+Q2)

Szabó et al. 2010 MNRAS, 409, 1244
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Hydrocode showing	the	onset	of	period	doubling

Szabó et al. 2010, MNRAS 409, 1244

9:2 resonance between fundamental mode and 9th overtone

Radial mode resonances, period doubling and the Blazhko effect
Kolláth, Molnár & Szabó 2011, MNRAS 414, 1111

Only Blazhko RR Lyrae stars show period doubling

New model
Buchler & Kolláth, 2011, ApJ 731, 24
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Why	was	period	doubling	not	seen	before?
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Why	was	period	doubling	not	seen	before?

“terrestrial exclusion principle”
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Explanations for the Blazhko Effect

2011
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Explanations for the Blazhko Effect

Can we rule out some?

Molnár & Kolláth 2010, JPhCS 218, 2027 
Smolec et al. 2011, MNRAS 414, 2950
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RR02 stars – new double mode stars

Benkö et al. 2010, Nemec et al. 2011
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RRc stars – puzzling additional mode

Moskalik et al. 2011, in press

Period ratio
of ~0.61
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Crazy Star

Guggenberger et al., 2012

The complex case of V445 Lyr observed with Kepler: two Blazhko modulations, 
a non-radial mode, possible triple mode RR Lyrae pulsation, and more
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Spectroscopic parameters 

Nemec et al. 2013
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Fl
ux

Time

RR Lyr in short cadence
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Fl
ux

1913 2011
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Fl
ux

A NEW ERA

1913 2011
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Period shorter at Blazhko maximum 

Pulsation Period

Stellingwerf, Nemec, Moskalik (2013)
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Blazhko Period

Stellingwerf, Nemec, Moskalik (2013)
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Explanations for the Blazhko Effect

©	Kolenberg
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Modulation

Period	doubling

Additional	modes

Unusual	period	ratios

Instabilities

Setting	the	scene

©	Kolenberg
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Modulation

Period	doubling

Additional	modes

Unusual	period	ratios

Instabilities

Link	with	physical	parameters?	 Effect	on,	e.g.,		distance	determination?

Setting	the	scene

©	Kolenberg
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High-precision	space	photometry

Ground-based	photometry	of	many	stars	over	many	years

à statistics
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Emese	Plachy (2017)
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©	Emese	Plachy (2017)

TESS	yield	predictions

Large	area	covered!	All	Cepheids in	the	Galaxy	…
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TESS	Classical	Pulsators
First	Light	Papers	in	preparation
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”Good	data”:	photometric	precision	&	enough	observed	pulsation	cycles
à brightness,	pulsation	period	and	location	in	the	sky	determine	selection

Target	Selection
Setting	the	scene
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RV	Hor
sparse	stellar	field

OGLE-LMC-RRLYR-23457
LMC	outskirts

TESS	(S1)	64x64pix,	22.4’x22.4’ DSS

differential	framesingle	TESS	cadence ©	Molnár /	Plachy
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• Sectors	1	to	5
• Classical	Cepheids:	

• 10	fundamental	mode
• 3	first-overtone	mode
• 2	double	mode

• Type	II	Cepheids:	3
• Anomalous	Cepheids:	7

3	SC	light	curves:	bright	classical	Cepheid	β	Dor (CVZ),	2	anomalous	Cepheids:	XZ	Cet in	S3,	UY	Eri in	S4	

TESS	SPOC	data	products	for	SC	data,	differential	photometric	pipeline	based	on	FITSH	
(see	Pál Szabó’s poster	and	Andras Pal’s	presentation)

Goal:	investigate	pulsation	behavior	and	influence	of	data	quality	on	the	results

…from	fields	with	different	stellar	densities	

in	the	Galaxy	and	the	Magellanic Clouds
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g TESS	photometry	– opportunities	and	challenges

minimum	light maximum	light

___ custom	pixel	mask
___ SPOC	pixel	mask

©	Molnár /	Plachy
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g TESS	photometry	– opportunities	and	challenges

β	Dor:	fundamental	mode	pulsator,	P	=	9.842	d	

©	Molnár /	Plachy
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Galactic	Anomalous	and	Type	II	Cepheids

XZ	Cet:	first	anomalous	Cepheid	(AC)	found	in	the	Galactic	field

©	Molnár /	Plachy
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XZ	Cet short	cadence	TESS	data

©	Molnár /	Plachy
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XZ	Cet short	cadence	TESS	data
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Overtone	Petersen	diagram	for	the	fX modes,	XZ	Cet,	the	anomalous	Cepheid	fits	right	in,	
so	the	fx or	f0.61-type	modes	are	common	along	three	groups	now:	RRc,	O1	DCEP,	and	O1	ACEP.
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First	highlights:	Cepheids

©	Molnár /	Plachy
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g First	highlights:	CepheidsAnalysis	of	TESS	data	of	10	additional	short-period	Cepheid	candidates

©	Molnár /	Plachy
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RV	Men:	Cepheid	imposter	(probably	a	rotational	variable)	with	a	large	amplitude	and	a	relatively	stable	light	curve	shape

First	highlights:	Cepheids

©	Molnár /	Plachy
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Confusion	in	classification
between	subtypes	

&	resemblance	to	other	variables
(rotational	variables,	binaries)

Period	doubling	
can	also	resemble	primary	and	secondary	eclipses
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Cepheids in	the	Magellanic Clouds	

A	variety	of	targets	in	LMC,	SMC	and	Bridge

©	Molnár /	Plachy



EV
S2
01

9	
–
Eu

ro
pe

an
	V
ar
ia
bl
e	
St
ar
	m

ee
tin

g	
–
14

-1
5	
Se
pt
em

be
r	2

01
9	
–
Ka
tr
ie
n	
Ko

le
nb

er
g First	highlights:	Cepheids

Cepheids in	the	Magellanic Clouds	

©	Plachy
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Cepheid	O-Cs:	unclear	if	scatter	is	instrumental	or	intrinsic	jitter,	makes	detecting	LITE	harder.	
We	can	confirm	CEP-0227	because	we	have	an	ephemeris	for	it,	and	probably	see	contribution	
from	a	secular	period	change	term	too.

First	highlights:	Cepheids

©	Molnár /	Plachy
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• RR	Lyrae targets	for	this	study:	SIMBAD	and	Gaia	DR2	catalogs	(not	exhaustively)
• <	12.5-13.0	mag	in	TESS	passband	for	Camera	1-3
• <	14.0	mag	in	TESS	passband	for	Camera	4
• Targets	with	severe	systematics	or	contamination	discarded

3	SC	light	curves:	ST	Pic		in	S1+S2,	BV	Aqr in	S1,	RU	Scl in	S2	

TESS	SPOC	data	products	for	SC	data,	FFI:	differential	photometric	pipeline	based	on	FITSH	
(see	Pál Szabó’s poster	and	Andras Pal’s	presentation)

Ground-based	data:	KELT	(Kilodegree Extremely	Little	Telescope)	for	33	stars	(Pepper	et	al.	2007,	2012),	
Wide-Angle	Search	for	Planets	(SuperWASP),	Butters	et	al.	2010;	Paunzen et	al.	2014).	RU	Scl :	data	from	
Chile	in	2017-2018	(Hambsch 2012).	

Your	data?
j

…from	fields	with	different	stellar	densities	
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• Non-Blazhko stars?	(or	are	all	stars	modulated?)	
• Modulation	properties
• Additional	modes
• RRd stars
• Contamination
• Faint	stars
• Different	populations,	different	pulsation	properties?

Things	to	investigate	for	RR	Lyraes with	TESS	
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Modulation	properties
First	highlights:	RR	Lyraes
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Modulation	properties
First	highlights:	RR	Lyraes
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Additional	modes:	Echelle	diagrammes!
First	highlights:	RR	Lyraes

Normalized	frequency Frequency	modulo	fpuls

©	Molnár

©	Molnár

©	Molnár
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RRd stars

Mind	the	gap!

©	Molnár ©	Molnár
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Contamination

©	Molnár

TESS	RR	Lyrae star	data	“contaminated”	by	a	Delta	Scuti
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Also	asteroids	going	through!	See	László Molnár’s poster.

©	Molnár
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With	TESS	we	can	start	doing	real	asteroseismology of	classical	pulsators!

Take-home	message
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Follow-up	campaigns:	
• multicolor	photometry
• (time	series)	spectroscopy
• X-ray	data?
• interferometry?

Hopes,	plans	and	expectations



EV
S2
01

9	
–
Eu

ro
pe

an
	V
ar
ia
bl
e	
St
ar
	m

ee
tin

g	
–
14

-1
5	
Se
pt
em

be
r	2

01
9	
–
Ka
tr
ie
n	
Ko

le
nb

er
g

Follow-up	campaigns:	
• multicolor	photometry
• (time	series)	spectroscopy
• X-ray	data?
• interferometry?

Hopes,	plans	and	expectations
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g RR	Lyraes and	Pro-Am

Dedicated	ground-based	observations	for	
specific	targets!

Loooong time	base	– slow	evolution
Multicolor	data	supplement	space	mission	data

Specific	projects:	photometry	and	spectroscopy
…some	ideas…

©	Kolenberg
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Binarity

Light-time	effect	(O-C	diagrams)

O-C	values	vs.	elapsed	cycles	(E/10000)
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Binarity

McDonald	Observatory
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Finding	the	center	of	mass	velocity

Guggenberger,	Barnes,	Kolenberg
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TU UMa 2014 data
Liu(1991) template
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Individual	template

Elisabeth	Guggenberger	- RR	Lyrae	2015

RVc,2014=92.6km/s
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CCD	camera
Photographic 135-mm	focal,	f/2.8	lens
Fully transportable instrument

Poretti,	LeBorgne,	Klotz	(2015)	



EV
S2
01

9	
–
Eu

ro
pe

an
	V
ar
ia
bl
e	
St
ar
	m

ee
tin

g	
–
14

-1
5	
Se
pt
em

be
r	2

01
9	
–
Ka
tr
ie
n	
Ko

le
nb

er
g

Kepler and			VTT	
monitoring
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The	amplitude of	the	Blazhko
effect is decreasing since 2008	

2008 55				0.062		d
2009 78				0.062		d
2010 42				0.045		d
2011 56				0.020		d
2012 75				0.017		d
2013 27				0.012		d

Joint	CoRoT-Kepler	Meeting,		Toulouse,	July 2014
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±1σ

IN	2014			RR	Lyr WAS			NOT			A			BLAZHKO			STAR	

©	Poretti,	LeBorgne,	Klotz	

presented at	joint	CoRoT-Kepler	Meeting,		Toulouse,	July 2014

At	least	not	in	phase	modulation

But	what	about	amplitude	modulation?
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