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Figure 4. Datafor thesamestarsas in Fig. 2 after thecorrectingprocedure.

namelyweusedtheratioof thesaturatedandneighbouringcolumn

integratedþuxvaluesto correct for the lost þux.In Q3, Q8 and

Q13 however, this method failed, because þux leaked out of the

downloaded pixel area during the whole quarter, therefore no ref-

erencevaluescouldbe found. In thesecaseswe simply scaledthe

heavily saturated columnsto follow theneighbouring non-saturated

columns or sum of these.

This process indeed helped to match the space- and ground-

based data in some quarters but not in others, hence we decided

not to includethecorrectedlight curvesin Fig. 8. A moredetailed

pixel-basedanalysisof M giantsis in progressandwill bepublished

elsewhere.

The wavelet mapsof AF Cygni (Fig. 9) are also very similar,

with only minor differencesin theamplitudedistribution. Theplots

are organized in such a way that the wavelet map, in which the

amplitude is colour-coded and normalized to unity, is surrounded

by thelight curveon thetopandthecorrespondingFourierspectrum

on theleft. Thisway wecan seethetemporal behaviour of thepeaks

in the spectrum and also in some cases the effects of gaps in the

data.

To characterizeperiodicitiesweperformedaFourieranalysisfor

all thecorrectedlight curves.With iterativepre-whiteningstepswe

determinedtheýrst50 frequencieswith PERIOD04. In many cases,

therewere only a coupleof signiýcantpeaks(like for AF Cyg),

while for the lower-amplitude stars even 50 frequencies may not

includeevery signiýcantpeak.

The general conclusion, based on the various comparisons to

ground-based data, is that there is a good correspondence between

thetwo datasourcesin termsof thedominant periodsand theshape

of the light curves for the high-amplitudelong-periodvariables.

Keplerôs superiorprecisionallows for the determinationof more

periodsfor the lower-luminosity stars,but in caseswhen the fre-

quency contentis simple (like for a Mira star or a high-amplitude

SRvariable),1100d of Kepler dataarestill too short for revealing

meaningful new information. However, the uninterrupted Kepler

light curvesshouldallow for thedetectionof microvariability with

time-scalesmuchshorterthanthoseof thepulsations.Wenotehere

that we found no star with þare-like events that would resemble

thosereportedfrom theHipparcosdataby deLaverny et al. (1998).

4.3 Multiple periodicity

The light curvesof M giant variablescanbevery complex, seem-

ingly stochasticwith oneor few dominantperiodicities.Thecom-

plexity is inverselyproportionalto theoverall amplitude.Thelarge-

amplitudeMiras are known to be single periodic variableswith

coherentandstablelight curves.Theloweramplitudesaretypically

associated with complicated light curve shapes that can be inter-

pretedasa superpositionof multiple pulsationmodes.TheKepler

WG12sample(Section2)showsmany featuresin thedistributionof

amplitudesandperiodsthatwerefoundpreviously in ground-based

surveys.Here,weattemptto characterizethesystematicdistinction

betweendifferentgroupsof stars.

Basedon thecomplexity in thetime and thefrequency domains,

we sortedthestarsinto threegroups.Starsin Group1 have a wide

rangeof periodsbetweena few daysand100d (e.g.KIC 4908338

or KIC 11759262in Fig. 4). Group 2 containsstarswith very

low-amplitudelight curvesthataremostly characterizedby short-

period oscillations(e.g. KIC 6838420,KIC 8840004in Fig. 4),

occasionally supplemented by slow changes that may be related
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...a feh®r tºrp®kig 



HertzsprungïRussell-diagram 





Mire j·k a csillagok rezg®sei? 

Åa pulz§ci· fizik§j§nak meg®rt®se (pl. 

gerjeszt®si ®s csillap²t§si mechanizmusok) 

Åmeghat§rozhat·k a csillagok tulajdons§gai 

(sŤrŤs®g, kor, belsŖ forg§s, t§vols§g, stb. ) 

Åtesztelik az anyag fizik§j§t sz®lsŖs®ges 

kºr¿lm®nyek kºzºtt (pl. opacit§sok, 

napneutr²n·-probl®ma) 



Hogyan m®rhetj¿k meg egy csillag 

rezg®seit? 

Åf®nyess®gv§ltoz§s 

Åsebess®gv§ltoz§s 



A Nap sebess®ggºrb®je 

BiSON (Birmingham Solar 

Oscillations Network) 



Hogyan ®szlelhetj¿k m§s 

csillagok par§nyi rezg®seit? 



Exobolyg·k: 51 Pegasi (1995)



15 ®ve az exobolyg§szokkal! 

47 UMa (Fischer et al. 2002) 



A Nap spektruma 



Egy j·dcella ®s m§s semmi... 
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A Nap rezg®sei a nappali ®g spektrum§b·l (HARPS) 



A vil§g legnagyobb napt§vcsºve 



Milyen rezg®sek ezek? 

Åhanghull§mok (p-m·dusok) 

Ågravit§ci·s hull§mok (g-m·dusok) 

(NEM a t®r gravit§ci·s hull§mai) 





A Nap belsej®ben 



A konvekci· gerjeszti a rezg®seket 



A konvekt²v z·na rezg®seket ger jeszt a felsz²n 

kºzel®ben.  

A m·du sok egy  szf®rikus orgonas²p 

saj§tr ezg®seivel ekvivalensek. Radi§lis ®s 

nem radi§lis rezg®sek.  

A frekvenci§k m®r®s®vel a csi llag belsej®rŖl 
szerz¿nk inform§ci·kat,  m ivel a hull§m ok 

§th aladn ak a belsŖ ta rto m§nyokon.

Nap t²pus¼ csi llagr ezg®sek



Gºmbi harmonikusok 
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X

FT

Zoom

Csillag sŤrŤs®ge

Csillag kora

Nap t²pus¼ csi llagr ezg®sek
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Szol§ris oszcill§ci·k 

teljes²tm®nyspektruma 
Dn 
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Szeizmikus inverzi· 

A belsŖ hangsebess®g (SOHO/MDI) 



BelsŖ rot§ci· 

(SOHO/MDI) 



Mi a helyzet m§s Nap t²pus¼ 

csillagokkal? 





ţrfotometria: mire j· az?

Nagys§grendi ugr§sok a f®nyess®gm®r®s relat²v pontoss§g§ban 

Å   đj fizika! 

Å   100%:   Mir§k, (szuper)n·v§k 

Å   1ð10%: Geometriai ®s fizikai (pulz§l·, erupt²v ®s 
kataklizmikus) v§ltoz·csillagok 

Å   0,1%:    Fed®si exobolyg·k ð forr· jupiterek 

Å   0,0001ð0,01%: Nap t²pus¼ csillagrezg®sek, exoholdak,  
exofºldek, ??? 



ţrfotometria: mire j· az?

Az ƣrb®li m®r®sek c®lja 

Å   A fºldi l®gkºr zavar· hat§sait·l mentes adatgyƣjt®s 

Å   A nappalok ®s ®jszak§k v§ltakoz§sait·l mentes m®r®sek 

Å   Fotonzaj-limit§lt adatok (0,1% ð 1 milli· foton) 

Å   Kis t§vcsƉ ð f®nyes csillag! 



M§s csillagok napfogyatkoz§sai

Fed®si exobolyg·k: a bolyg· elhalad a csillag elƉtt, ®s 
kitakarja. EbbƉl meg§llap²that·, kisz§m²that·, 
detekt§lhat·: 

Åa val·s m®ret (a csillagsug§r ar§ny§ban) 

Åa sƣrƣs®g 

Åa bolyg· szerkezete! 

Åa bolyg·l®gkºr sz²nk®pe 

Åa visszavert f®ny 

Åa bolyg·l®gkºr szerkezete 

Åa csillag l®gkºr®nek szerkezete



A Kepler c®lja Fºld t²pus¼, lakhat· 

bolyg·k felfedez®se a fed®si m·dszerrel 

Szimult§n ®szlelt tºbb mint 150 ezer 

csil lagot 

95 cm-es bel®pŖ ny²l§s¼ Schmidt-

t§vcsŖ, l§t·mezeje mintegy 100 

n®gyzetfok, 42 CCD-bŖl §ll· mozaikkal 

Fotometriai pontoss§g: 

 A zaj  <  20  ppm 6,5 ·r§nyi 

m®r®s ut§n egy 12 magn. Nap 

t²pus¼ csillagra  

 => 4-szigma detekt§l§s egy 

exofºld tranzitja eset®n. 

Heliocentrikus p§lya, 2009-2013

Cr ed i t : Han s Deeg

Kepler-Ťrt§vcsŖ



KEPLER ASZTROSZEIZMOLčGIA

Kb. 4000 csillag 

LC ®s SC adatok (30 percenk®nt, 1 percenk®nt egy pont) 

A teljes HRD-t lefedik a csillagt²pusok: szol§ris csillagok, 

feh®r tºrp®k, vºrºs ·ri§sok, klasszikus pulz§l· v§ltoz·k 

KASC: >400 tud·s egy¿ttmŤkºd®se 

14 munkacsoport, ebbŖl kettŖnek magyar vezetŖje 

(Szab· R·bert, Kiss L§szl·)



Nap t²pus¼ 
csillagok





Kis luminozit§s¼ vºrºs ·ri§sok: 
szol§ris oszcill§ci·k minden¿tt
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Gravity modes as a way to distinguish between
hydrogen- and helium- burning red giant stars
Timothy R. Bedding1, Benoit Mosser2, Daniel Huber1, Josefina MontalbaËn3, Paul Beck4, Jßrgen Christensen- Dalsgaard5,

Yvonne P. Elsworth6, Rafael A. GarcēËa7, Andrea Miglio3,6, Dennis Stello1, Timothy R. White1, Joris De Ridder4, Sask ia Hekker6,8,

Conny Aerts4,9, Caroline Barban2, Kevin Belkacem10, Anne- Marie Broomhall6, Timothy M. Brown11, Derek L. Buzasi12,

Fabien Carr ier4, William J. Chaplin6, Maria Pia Di Mauro13, Marc- Antoine Dupret3, Sßren Frandsen5, Ronald L. Gilliland14,

Marie- Jo Goupil2, Jon M. Jenkins15, Thomas Kallinger16, Steven Kawaler17, Hans Kjeldsen5, Savita Mathur18, Arlette Noels3,

Victor Silva Aguirre19 & Paolo Ventura20

Red giantsareevolved starsthat haveexhausted thesupply of hydro-
gen in their coresand insteadburn hydrogen in asurroundingshell1,2.
Once a red giant is sufficiently evolved, the helium in the core also
undergoes fusion3. Outstanding issues in our understanding of red
giantsincludeuncertaintiesin theamount of masslost at thesurface
beforehelium ignition and theamount of internal mixingfrom rota-
tion and other processes4. Progress is hampered by our inability to
distinguish between red giantsburning helium in thecoreand those
still only burninghydrogen in ashell. Asteroseismology offersaway
forward, being apowerful tool for probing theinternal structuresof
stars using their natural oscillation frequencies5. Here we report
observationsof gravity-modeperiod spacingsin red giants6 that per-
mit a distinction between evolutionary stages to be made. We use
high-precision photometry obtained by the Kepler spacecraft over
more than a year to measure oscillations in several hundred red
giants. Wefind many starswhosedipolemodesshow sequenceswith
approximately regular period spacings. Thesestarsfall into two clear
groups, allowing us to distinguish unambiguously between hydro-
gen-shell-burning stars (period spacing mostly 50seconds) and
those that are also burning helium (period spacing 100 to 300
seconds).

Oscillations in red giants, like those in the Sun, are thought to be
excited by near-surface convection. The observed oscillation spectra
areindeed remarkably Sun-like, with abroad rangeof radial and non-
radial modesin acharacteristiccombpattern7ï11.However, theoretical
modelsof red giants12ï16 reveal amorecomplicated story for thenon-
radial modes (those with angular degree l $ 1), and it has been sug-
gested that thisoffersameansto determinetheevolutionary statesof
these stars15. Owing to the large density gradient outside the helium
core, ared giant iseffectively divided into twocavities. In theenvelope,
theoscillationshavepropertiesof acoustic pressuremodes(p modes),
but in thecore, they behavelikegravity modes(g modes), with buoy-
ancyastherestoringforce.Themodelspredict averydensespectrumof
theseso-called mixed modesfor each valueof l (except l 5 0,asradial g
modesdonot exist).Most mixed modeshaveamuch larger amplitude
in thecorethan in theenvelope, and werefer to them asg-dominated
mixed modes. Like pure g modes, they are approximately equally
spaced in period17,18, and measuring their average period spacing
(DP) would give a valuable new asteroseismic probe of the cores of

redgiants.Unfortunately, theyhaveveryhigh inertias(thetotal interior
mass that is affected by the oscillation), which leads to a very low
amplitudeat thestellar surfaceand makesthem essentially impossible
to observe. However, because of resonant coupling between the two
cavities, someof themixed modeshavean enhanced amplitudein the
envelope, makingthem morelikep modes. Thesep-dominated mixed
modeshavealower inertiathan theg-dominated mixed modes,and so
their amplitudes can be high enough to render them observable. We
expect their frequenciesto beshifted from theregular asymptoticspa-
cing, a featureknown asómodebumpingô19.

Figure1ashowstheoretical oscillation frequencies in ared giant of
mass1.5M[ (whereM[ isthesolar mass). Thedashed linesshow the
radial modes (l 5 0), whose frequencies decrease with time as the
envelopeof thestar expands.Thesearepurep modesand areapproxi-
mately equally spaced in frequency, with aseparation of Dn. Thesolid
lines show the much denser spectrum of dipole modes (l 5 1). The
g-dominated mixed modesappear asupward-sloping lineswhosefre-
quenciesincreasewith timeasthestellar corecontracts. Thesemodes
are approximately equally spaced in period. The downward-sloping
features that run parallel to the l 5 0 modes are produced by mode
bumping: thep-dominated mixed modes, with frequenciesdecreasing
with age, undergo avoided crossings19 with the g-dominated mixed
modes. A similar pattern of modebumping and avoided crossings is
seen in modelsof subgiant stars13,20.

In Fig. 1b we show the period spacings between adjacent l 5 1
modesin oneof themodels, indicated in Fig. 1awith thevertical line.
The dips in Fig. 1b correspond to bumped modes that are squeezed
together. Theperiod spacing of theg-dominated modes(DPg) can be
measured from the upper envelope but cannot be observed directly
becauseonly thebumped modeshaveenough p-modecharacter to be
detected, by virtueof their reduced mode inertias6,12ï14. Observations
will detect only a few modes in each p-mode order, and the average
spacings of those observable sequences (DPobs) will be less than the
trueg-modespacingby up to afactor of two (theactual valuedepends
on thenumber of modesdetected,which isafunction of thesignal-to-
noiseratio in thedata,and on thestrength of thecouplingbetween the
g- and p-modecavities20).Figure1cshowsthemodefrequenciesof the
model in Fig. 1b displayed in eËchelle format, where thespectrum has
been divided into segmentsthat arestacked oneabovetheother. Note
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