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Pulzujici hvezdy v HRD

Pulzujici hvézdy se vyskytuji v celém HR diagramu kromé malo hmotnych hvézd hlavni posloupnosti (konvekce,

malé amplitudy, Spatna detekovatelnost)

Nejpocetnéjsi skupina proménnych hvézd (cca 70 % ve VSX)
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GAIA collab., Eyer et al. 2019, A&A, 623, 110 Variability
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Class Other names Mode Period Amplitudes
Type Ranges (Light variation)
Solar-like main-sequence p 3 to 10 min <8 ppm
pulsator red giants, sub-giants P few hrs to few days few 10 ppm
~ Dor slowly pulsating F g 0.3to3d < 50 mmag
4 Sct SX Phe(Pop.II) p 18 min to 8 h < 0.3 mag
roAp - P 5.7 to 23.6 min < 10 mmag
SPB 5 Per q 0.5tobHd < 50 mmag
BCep BCMa,(Oph pleg 2 to 8 h(p) < 0.1 mag
53 per few days(g) < 0.01 mag
pulsating Be A Eri,SPBe pleg 0.1tobd < 20 mmag
pre-MS pulsator pulsating T Tauri, P 1to8h < 5 mmag
Herbig Ae/Be, p 1to8h < 5 mmag
T Tauri g 8htobd < 5 mmag
p-mode sdBV EC14026, V361Hya p 90 to 600 sec < 0.3 mag
g-mode sdBV PG1716+426 g 0.5to3 h < 0.01 mag
p-mode sdOV P 60 to 120 sec < 0.2 mag
PNNV ZZLep q 5htobd < 0.3 mag
DOV , GW Vir g 5 to 80 min < 0.2 mag
DBV V777Her q 2 to 16 min < 0.2 mag
DAV 77Ceti q 1 to 30 min < 0.3 mag
RR Lyr RRab ¥ ~0.5d < 1.5 mag
RRe FO ~0.3d < 0.5 mag
RRd F+FO 0.3t00.54d < 0.2 mag
Type II Cepheid W Vir F 08to35d < 1 mag
BL Her F 1to 8d < 1 mag
RV Tauri RVa,RVb F? 30 to 150 d < 3 mag
Type I Cepheid Classical Cepheids F 1to 135d < 2 mag
s-Cepheid FO < 20d < 0.1 mag
Mira SRa, SRb =0 >80d < 8 mag
SRe [=0 > 80d < 1 mag
SRd 1=0 < 80d < 1 mag

Joshi&Joshi 2015, ApA, 36, 33



Pro¢ studovat hvézdné pulzace

Studium zmén jasnosti a spektra zptisobenych pulzacemi
je jedinou moznosti, jak se podivat dovnitt hvézdy

Ptesn¢ urceni fyzikalnich veli¢in

e Hmotnost, velikost, hustota
® Vnitfni rotace
® Rozhrani vrstev a vnitini stavba
® Chemické slozeni
® Prubch teploty
KaZda hvézda pulzuje!
Jak?

Spektroskopické charakteristiky + studium ¢asového vyvoje jasnosti (Fourierovska transformace - frekvenéni spektrum)




Pro¢ studovat hvézdné pulzace
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Pro¢ studovat hvézdné pulzace
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Pro¢ studovat hvézdné pulzace

THE ASTROPHYSICAL JOURNAL LETTERS, 811:L37 (5pp). 2015 October 1

METCALFE, CREEVEY, & DAVIES

Table 1

Properties of the Optimal Models Using Various Constraints and Fitting Methods
Case R/R. M/M. L/L. t/Gyr 4 Y log g AMP*
16 Cyg A (Kepler)
1: all constraints 1.229 £+ 0.008 1.08 £+ 0.02 1.55 = 0.07 7.07 £ 0.26 0.021 £ 0.002 0.25 £ 0.01 4292 + 0.003 767
2: without R 1.225 £+ 0.008 1.07 + 0.02 1.53 = 0.07 7.15 £ 0.27 0.020 + 0.002 0.25 + 0.01 4291 + 0.002 773
3: without R, L 1.225 £ 0.007 1.07 £+ 0.02 1.52 = 0.07 7.12 £0.23 0.021 £ 0.001 0.25 £ 0.01 4291 + 0.002 776
4: fitting method 1.229 £+ 0.007 1.08 £+ 0.02 1.55 = 0.06 7.07 £ 0.37 0.021 + 0.002 0.25 + 0.01 4.292 + 0.002 770
5: surface term 1.229 £ 0.008 1.08 £+ 0.02 1.55 = 0.07 7.07 £ 0.34 0.021 + 0.002 0.25 £ 0.01 4.292 + 0.002 797
6: 3 months data 1.229 £+ 0.008 1.08 £+ 0.02 1.55 = 0.07 6.99 £ 0.37 0.024 £ 0.002 0.26 £ 0.01 4.292 + 0.003 778
16 Cyg B (Kepler)
1: all constraints 1.116 £ 0.006 1.04 £+ 0.02 1.25 £ 0.05 6.74 £ 0.24 0.022 £ 0.003 0.26 £ 0.01 4.359 + 0.002 768
2: without R 1.116 £+ 0.006 1.04 £+ 0.02 1.25 + 0.06 6.74 £+ 0.23 0.022 + 0.002 0.26 + 0.01 4.359 = 0.002 774
3: without R, L 1.116 £+ 0.006 1.04 £+ 0.02 1.24 + 0.06 6.79 £ 0.19 0.022 £ 0.002 0.26 £ 0.01 4.359 + 0.002 777
4: fitting method 1.116 £+ 0.005 1.04 £+ 0.01 1.25 = 0.05 6.89 £+ 0.28 0.020 + 0.002 0.25 + 0.01 4.359 = 0.002 771
5: surface term 1.116 £+ 0.006 1.04 + 0.02 1.24 = 0.05 6.96 £+ 0.29 0.020 + 0.002 0.25 + 0.01 4.359 + 0.002 798
6: 3 months data 1.113 £ 0.006 1.03 £+ 0.02 1.25 £ 0.05 6.66 £+ 0.27 0.022 £ 0.001 0.27 £ 0.01 4.358 + 0.002 779
Sun (SOHO/VIRGO)
1: all constraints 1.003 £ 0.006 1.01 £+ 0.02 0.98 + 0.04 4.62 £ 0.15 0.018 + 0.002 0.26 = 0.02 4.439 + 0.002 766
2: without R 1.007 £ 0.006 1.02 £+ 0.02 1.02 = 0.04 4.53 £ 0.15 0.018 £ 0.002 0.26 £ 0.01 4.440 = 0.002 772
3: without R, L 1.010 £ 0.005 1.03 £+ 0.02 1.00 = 0.04 &7t n o T D T T T -
4: fitting method 1.010 £ 0.007 1.03 £ 0.02 1.00 £ 004 < Presnost urceni parametrﬁ VvV ramci procent
5: surface term 1.003 £ 0.007 1.01 £ 0.02 1.00 = 0.03 Ll Lo e e o v e e L
6: 3 months data 0.996 £ 0.010 0.99 £+ 0.03 1.00 = 0.04 477 £0.18 0.017 £ 0.001 0.27 £ 0.02 4.437 + 0.004 800




Presnost méreni s pomoci asteroseismologie vyrazné lepsi nez s jinymi metodami

Method Type of star Diagnostic Precision Model dependence

Spectral lines LM Tefr, abundances ~1% A: medium

Spectral lines IM T4, abundances ~2% A: medium

Spectral lines HM T.fr, abundances ~5% A: medium
IRFM/SEDP LM, IM Te ~2% A: low

RV & light curves® EB/SB2 M ~1% None

RV & light curves® EB/SB2 R ~3% A: low
Interferometry All R ~3% A: low

Typical Gaia DR2¢ LM & IM L <15% A: medium

Typical Gaia DR2¢ LM & IM R <10% A: medium

Cluster (E)MST? All age ~30% I: strong
Gyrochronology® LM Qourf ~10% None
Gyrochronology® LM age ~20% I: medium

(~ Coherent g modes® M Ol ~0.1% None )

Coherent p modes” M Opim ~0.01% None

Damped p modesh LM Ol ~0.001% None

Damped mixed modes" RG Opim ~0.01% None

g-mode splittingsh M Qeore ~0.1% None

g-mode spacingsh M Qcore ~5% I: low

p-mode splittingsh IM Qenv ~30% I: medium

p-mode s;plittingsh LM Qenv ~50% I: medium
mixed-mode splittingsh RG Qcore ~1% None

\Phase modulation & RV PB1/PB2 M,R as EB/SB2 None )

Aerts, Mathis, Rogers 2019, ARA&A, 57, 35A
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ProC studovat hvézdné¢ pulzace

UrCovani vzdalenosti ve vesmiru, mapovani Galaxie

Various distance measurement techniques

Type la supernovae:

about 1 to over 1000 Mpc

Tully—Fisher
relation:

about 700 kpc
to 100 Mpc

Population I Cepheids
about 1 kpc to 30 Mpc

Population TT
RR Lyrae

N variables:
about 5 to 100 kpc

Spectroscopic
patallax to
Stellar parallax about 10 kpc
to about 500 pc
using Hipparcos
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- Pulzujici hvézdy v kontextu d€jin

,,\?.??“
=
e
l

® Prvni objevena periodicky proménna hvézda byla pulzujici (Mira, D. Fabricius, ] ; + 71
1596) => konec aristotelovského nahledu na svét % - 4;/: e
e H.S. Leawittova objevila vztah perioda-zafivy vykon u cefeid ve velkém 2\%71%;_? |

Magellanové oblaku (1912)

e H. Shapley navrhl teorii svételnych zmén pomoci pulzaci (1914)

e H. Shapley zjistil, Ze se Slunce nachazi na periferii Galaxie (métfeni vzdalenosti
pomoci hvézd typu RR Lyrae v kulovych hvézdokupach, 1920)

® A. Eddington navrhl k mechanismus (1926)

e V. Slipher a E. Hubble rozlisili cefeidy v M31 a M33, potvrdili tak domnénku o
galaxiich jako hvézdnych ostrovech a odhadli jejich vzdalenosti (1926-1929)

® A. Zhevakin, A. Cox — rozpracovani teorie radialnich hvézdnych pulzaci (1956-
1963)

® A. Cox, M. Tassoul — rozpracovani teorie neradialnich pulzaci (1980)

® Do 90. let klasifikace a pozorovani, od 90. let 20. stoleti interpretace

® Nové tisicileti: objevovani novych jevii a chovani pulzujicich hvézd, vyrazny posunv -
chapani hvézdnych pulzaci, vesmirné mise, charakterizace hvézd




Popis hvezdnych oscilaci

Hvézdy - trojrozmérné (viceméné) sférické oscilatory - moznost vychylek ve trech smérech, popis
pomoci sférickych soufadnic a sférickych harmonickych funkci

Pulzace probihaji na
tzv. vlastnich frekvencich,
které jsou plné zavislé na
konkrétnich charakteristikach
konkrétni hvézdy
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Popis hvezdnych oscilaci

n - radialni fad; ¢ - sféricky stupen (celkovy pocet uzlovych kruznic na povrchu); m -
azimutalni fad (-£,0,+{); pocet uzlovych kruznic na povrchu prochazejici poly

Znaceni: zakladni méd “F”, 1 harmonicky “10”

o= .

e
zonalni . : -
— ~——
tesseralni ' ‘,.\/.\

SN

F 3
sectoralni ‘ . " . " . '

Aerts, Christensen-Dalsgaard, Kurtz 2010, Asteroseismology,

Springer

n,3,0

n,2,0

3,2

S
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Sektoralni a tesseralni pulzace jsou kliCové - rotace

n,10,10

AstroSTEP, http://www.asterostep.eu/Outreach.html#zero
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P-fOJ-XdImY

https://www.youtu
be.com/watch?v=

4z4QdigP-q8



https://www.youtube.com/watch?v=P-fOJ-XdlmY
https://www.youtube.com/watch?v=P-fOJ-XdlmY
https://www.youtube.com/watch?v=P-fOJ-XdlmY
https://www.youtube.com/watch?v=4z4QdiqP-q8
https://www.youtube.com/watch?v=4z4QdiqP-q8
https://www.youtube.com/watch?v=4z4QdiqP-q8

Zaklopkovy mechanismus (Eddington 1926) - radialni pulzace

o Zmeény v opacité (x), adiabatickém exponentu (y), produkci energie (¢),
e.g. Eddington 1926, ISBN 9780521337083, Cowley 1934, MNRAS, 94, 768; Cox 1963, ApJ, 138, 487; Cox et al. 1966, ApJ, 144, 1038

(1

2
3)

4)

Zateni ionizuje He I, opacita vzrista, roste tlak zafeni.

Excitacni mechanismy |

Roste tepelna kapacita materialu, vrstva je tak schopna
pojmout vice energie nez okolni vrstvy

Expanze

S klesajici teplotou se za¢ne rekombinace, uvolni se
teplo, opacita poklesne, zafeni je uvolnéno efektivnéji
nez v okolnich vrstvach, tlak poklesne
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Moravveiji et al. 2015, A&A, 580, 27



Excitacni mechanismy |
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Excitacni mechanismy |

T T

Typicka kfivka hvézdy fizené zaklopkovym mechanismem -
rychly vzestup jasnosti, pozvolny pokles - (Hvézdy pasu
nestability - DCEP, RR Lyr, HADS, T2CEP, ACEP)

Jifi Zak, 2018, Masaryk university, Bc thesis, DF Cas
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Pro radialné pulzujici hvézdy v
pasu nestability plati pulzaéni
rovnice

I/p~Q
a vztah perioda-zafivy vykon

Cim vétsi hvézda, tim nizsi
hustota a tim delSi perioda
zakladniho modu pulzaci.
Teplotu mdzeme v pasu
nestability aproximovat jako
konstantu a tedy zafivy vykon je
hlavné funkci rozméru. Odtud
pak zminény vztah perioda-
zarivy vykon
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log [effective temperature (K)] (dex)
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Pas nestability

- oblast, ve které se mohou
rozvinout radialni pulzace

- Teplota idealni k tomu,
aby byla Fidici vrstva
dostate¢né hmotna a v
idealni hloubce, aby se
pulzace udrzely

Cervena hranice - vrstva je pfili§
hluboko, ma malou vychylku,
nastupuje konvekce

Modra hranice - vrstva je pfilis
blizko povrchu a ma nizkou
hmotnost

Nelze obecné fict, co pfesné
definuje, jestli bude hvézda
pulzovat v zakladnim nebo v
harmonickém mddu. Ziejmé
spojeno s tim, kde se nachazeji
pro dané podminky uzly kmitani.



Vztah perioda-zarivy vykon
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Miras & SRMSs -
" Anderson et al. 2016, ApJS, 226, 18 - chyba paralaxy oL L
zpUsobena dvojhvézdnosti je mensinez2 % v 18z 19
8 ™ zkumanych DCEPS, chyba uréni svitivosti v H-filtru je v
fadu desetin %.

-0.8 RRab
0.7} Twin=0.013

-~

10 L | Prorizné typy pulzujicich
hvézd plati rizné vztahy
perioda-zarivy vykon!

F Classical
Cepheids

I - 1.55(V-I)
R
I

=

n
I
2.

0.8 . I . . 4
_ E». ) -.':.-ighomqlous Type I Eclipsing &. Ellipsoidal
0.6 oy ;..' Ee‘phelds Ce{)he?ds Variables
04} ke e - : B
02t . i
0.0, L L L L1 0.0k L L L L s s 1
2060 055 050 -0.45 -0.40 -0.45-0.400.35-0.30-0.25-0.200.15
log[P! log(P!
Klein et al. 2014, MNRAS, 440, 96 - WISE mid-IR RRL P-L vztahy
1 L 1 1 J 1 1
. P R o v ’ . v -1 0 1
Vztah perioda-zafivy vykon muze byt ovlivnéna logP

dalSimi faktory jako metalicita, dvojhvézdnost,

. Y ] L, Udalski, A. 2015, ASPC, 491, 278
pfitomnost okolohvézdného materialu, ...



Vztah perioda-zarivy vykon

Hubble tension - rozdil mezi H, odhadlou z CMB a standardnich
. svicek (DCEPs+SN)

Di Valentino et al. 2021, CQG, 38, 15

CMB with Planck
Balkenhol etal (2021), Planck 2016 +SPT4ACT : 67,49 £0.53
Pogosian et al. (2020), eBOSS+Plar
o G al (2050), Panck 3018! Sy ise
Aghanim et al. (2020). Planck 2018+CM8 lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, Ho = 67.27 + 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8+ 1.5

Aiola et al. (2020). ACT: 67.9 =15

Alola et al. (2020), WMAPO+ACT: 676 =11
Zhang, Huang (2010), WiAPo+BAC: 68 3674
e O s $83% 84

o CMB, with BBN
D'Amico et al. (2020), BOSS DR12+BBN: 68.5+ 2.2

H,=73.04 £ 1.04 km s' Mpc* (SHOES, HST, Riess et al. 2022, ApJ, 934, 7)

Indirect X

irect H,=67.4 £ 0.5 km s' Mpc™' (ACDM, Planck, Aghanim et al. 2020, A&A, 641, 6)

Alam et al (3050), BOSS+ 6BOSS+BBN: 67.35 2 .67

Py(k) + CMB lensing
Philcox et al. (2020), Pi(k)+CMB lensing: 70.673]

Cepheids — SNla
Riess et al. (2020), R20: 73.2 £1.3
val et al. (2020): 72.8 2.7
Rkt et (2019), A19. 740+ 14
Camarena, Marra (2019): 75.4 + 1.7
urns et al. (2018): 73.2
Dhawan, Jha, Leibundgut (2017). NIR: 72.8
ollin, Knox (2017): 73.3
Feeney, Mortlock, Dalmasso (2017): 73.2
Riess et al. (2016), R16: 73.2
Cardona, Kunz, Pettorino (2016), HPs: 73.8
Freedman et al. (2012): 74.3

Efekty, které je dale nutné vzit v potaz:
—— e Anderson 2019, A&A, 631, 165; Anderson 2022, A&A, 658, 148 -
Cerveny posuy, rotace galaxie, zména SED, kontaminace

Solts, Casertano, Riess (2020): 72.1%

Freedman et al. (2020): 69.6 +
Reid, Pesce, Riess (2019), SHOES: 71.1+
Freedm: 8%
ax

Miras — SNIa
Huang et al. (2019): 73.3+ 4.0

Masers
Pesce et al. (2020): 73.9+3.0

Tully - Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 % 2.6
Schombert, McGaugh, Lelli (2020): 75.1+2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 4.1

SNII
de Jaeger et al. (2020): 75.8%53
HIl galaxies
Fernandez Arenas et al. (2018): 71.0£3.5
Lensing related, mass model dependent
zel et al. (2021): 71 a'%‘i
Birrer et al. (2020}, TOCOSMOSLACS: &7.4+45, TOCOSMO: 74 ER
Yang, Birrer, Hu (2020): Ho = 73.65'1% | — ——

wilen %3l (5050 ToCosMO: 74 3 44
Baxter et al. (2020): 73.5+5.3 —

| (logPgy + AlogP, Mg + Au)

Unresolved
host cluster

(logPo, Mo)

W

Au = — bAlogP

mag

Shaiib et a!. (2019), STRIDES: 74.2:3
Wong et al. (2019). HOLICOW 2019: 73,33
Birrer et al. (2018). HOLICOW 2018: 72573
Bonvin et al. (2016), HOLICOW 2016: 71.9753

Optimistic average

Di Valentino (2021): 72.94 0.75

Ultra - conservative, no Cegh ids, no lensing
alentino (2021): 72.7 % 1.1

S AlogP = 109(1 + Zops) l

GW related
Gayalhn et al. (2020), GW190521+GW170817: 73,4252
ki

Resolution Backgrnd
(logPo, m) (logPo + AlogP, m) element annulus

Abbott et al. (2017), GW170817: 70.073%

65 70 75 80 logP
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Vztah perioda-zarivy vykon

P=39.0d P=39.9d P=40.0d P=40.4d P=40.6d P=40.6d P=42.0d P=42.3d P=424d P=425d P=42.7d

—— HST F555W
—— HST F814W
~— HST F160W

—— HSTF350LP -+

JWST Fosow
JWST F150w

«es JWST F277W

A (um)

PL Scatter (mag)

F150W  FO90W  F814W  F555W  Position

F160W

F277W

0.7 11 15 1.9 23 2.7
Wavelength (um)

O Single Band

B De-reddened

——Random Phase
Patchy Exdnction
Instbility Strip
Crowding, HST

e==Crowding, JWST

P=182d P=20.7d P=21.7d P=227d P=22.9d P=25.7d P=26.9d P=28.3d P=31.4d P=35.9d P=40.6d

Riess et al. 2023,
2023arXiv230715806R, mozna
kontaminace blizkymi hvézdami neni
problém, HST dava stejné vysledyk
jako JWST



DCEP - klasické cefeidy, Cefei d : 1
radialné pulzujici mladé hmotné ., , , | i y ot | e
« — —— RO0A308.0030500 901207508 |14 %
hVeZdy (do 100 mlllonu Iet’ 5—20 Fundamental-mode classical Cepheids 4l Bl %%‘%gjgggqsg. 12%
Msun) spalujici He v jadru. e . ] 10
. LmC % (§§ 8
/4 y e ¥ w2 S 18
T2CEP - staré, malo hmotnéa |- z JI .
vyvinuté hvézdy N < ] 1§
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pravdépodobné staré vyvinuté _ oy | 10
g . 8
Soszynski et al. 2015, AcA, 65, 297, i . "
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33o‘°‘r 320"1\I 310“1 300 290°| 280“| 270“] - 2807 .‘I‘ 2 Ripepi et al. 2023, A&A, 674, 17, Gaia DR3
I"‘. I‘ | I | " Type Allsky LMC SMC M31 M33
] | | | DCEP F 2008 2357 2487 309 173
. . a ‘, DCEP 10 1101 1931 1803 10 12
\ \ \ ; | DCEP MULTI 195 58 110 - -
Udalski et al. 2018, AcA, 68, 315: \ \ g \‘ o DCEP Total 3304 4346 4400 319 185
\ Soszynskietal. 2020, AcA, 70,1:1974 _ \ L © = >y S w -
‘ ‘ \ ‘- gt ACEP Total 282 101 167 - -

DCEP, 1625 T2C, 119 ACEP

T2CEP BLHER 579 66 16 - -
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T2CEP RVTAU 261 30 13 2 -

T2CEP Total 1635 216 49 2

Cepheid Total 5221 4663 4616 321 185

OTHER 15

Reclassified 327 15 1 18 5

New 472 3 11 22 57




Cefeidy

e 11,9, 6 % DCEP v MW, LMC a SMC jsou vicenasobné nebo double-mode pulsatory - zavislost na metalicité (Soszynski et al. 2020, AcA,
70, 1)

e  02+03 pulsatory jsou extrémné vzacné (jen 3 hvézdy)

e Jen 8 znamych double-mode T2CEP (Smolec et al. 2018, 481, 3724, Udalski et al. 2018, AcA, 68, 315, Soszynski et al. 2020, AcA, 70,

1)
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Soszynski et al. 2020, AcA, 70, 1



pulsatory - zavislost na metalicité (Soszynski et al. 2020, AcA, 70, 1)

Cefeidy

e 11,9, 6 % DCEP v MW, LMC a SMC jsou vicenasobné nebo double-mode

e  02+03 pulsatory jsou extrémné vzacné (jen 3 hvézdy)

e Jen 8 znamych double-mode T2CEP (Smolec et al. 2018, 481, 3724, Udalski et al.

2018, AcA, 68, 315, Soszynski et al. 2020, AcA, 70, 1)
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TESS flux

relative flux

relative flux

1.2x107

1.1x107

1x107

9x10°

8x10°

7x108

1195 —

1.19
1.185
118
1.175
17
1.165

0.825
0.82
0.815
0.81
0.805
08
0.795

Plachy et al.

Cefeidy

Dynamické efekty mezi cefeidami - zmény mezi cykly, dlouhodobé modulace, period doubling, mozné neradialni médy (zejména u ACEP,
T2CEP)

2021, ApJS, 253, 11 - zmény mezi cykly DCEP g Dor
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Smolec et al. 2018, 481, 3724 - Dynamical phenomena in T2CEPs
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Evans et al., 2015MNRAS.446.4008E - dalSi médy jsou vice
bé&Zzné mezi 10 pulzatory

4755




Umag

Bmag

Vmag

Cefeidy

(kvazi)periodicka dlouhodoba modulace svételné kfivky - Blazhko effect; rezonance (beating) u multi-mode
pulzétort‘] (DSCT, GDOR)
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Molnar&Szabados 2014, MNRAS, 442, 3222 - V473 Lyr -
02 DCEP se dvéma modulaénimi periodami
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1 — ev.track (4 Mg) |
........ ev. track (3 Mg) -

-~ ev.track (5 M)
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IS for Cep-10
eclipsing Cep-F
eclipsing Cep-10
companions

i

3.90 3.85

Cefeidy

PocCet DCEPs ve vicenasobnych systémech 30 -> 80 % (Evans et al. 2015, AJ, 150, 13 - 40 jasnych DCEPs béhem
desetileti spektroskopicky, pfesnost cca 1 km/s, 29+-8 %; Kervella et al. 2019A&A...623A.116K, na pm anomalii - mezi 100
nejbliz§imi DCEPS 67 vykazuje pm nebo jsou znamy jako binarni systémy, efektivita metody -> 80 %)

Studie jsou limitovany na sloZky s vysokou hmotnosti, vSe komplikovano pulzacemi

154

16

1 <+ new SB2 Cepheids (10) p
® new SB2 Cepheids (F) Q.-
@ known SB2 Cepheids g

Periods of 10-mode Cepheids

Esr T+ . were fundamentalized here.
0.2 0.4 0.6 0.8 1.0 1.2
log(period)

Pilecki et al. 2019, ApJ, 910, 118
- only 6 DCEPS are known to
reside in binary systems - large
discrepancies in masses for
pulsation and evolutionary
models (up to 20 %); 41
candidates, 16 out of 18
confirmed SB2 binaries, till then
only 11 systems from which only
5 SB2

Databaze https://konkoly.hu/CEP/orbit.html updatovano ¢erven 2019, Szabados 2003, IBVS, 5394, 1


https://konkoly.hu/CEP/orbit.html

Hvezdy typu RR Lyrae

Vyvinuté, malo hmotné hvézdy horizontalni vétve obr{ (typicky mezi 0.5 a 0.8 Msun), pulzuji hlavné v zakladnim médu (72 %) a 10 (27 %)
0.5, 5, 11 % RRLs v MW, LMC a SMC jsou multi- nebo double-mode pulzatory - naopak nez DCEPs! (Soszynski et al. 2019, AcA, 69, 321 -
78000 RRLs from the Galactic bulge and disk from OGLE)
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https://ogle.astrouw.edu.pl/atlas/RR_Lyr.html
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Hvezdy typu RR Lyrae

RRLs (hlavné RRc) vykazuji dalsi dynamické efekty jako period doubling i neradialni pulzace
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Netzel et al. 2023,
MNRAStmp2462 - 62 % RRC
vykazuje 0.61xf10 mody, velmi

pravdépodobné neradialni
pulzace
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V zavislosti na vlastnostech dat se
Blazkuv jev vyskytuje mezi 30-50 %
RRab a 5-15 % RRc hvézd

3' 1.7 )j-;;ff-_{l 1.2 Nomtmmidel | ]
Skarka et al. 2020, MNRAS, 494,

1237 - 3141 RRab BL hvézdy z
Galaktické vyduté GB, hvézdy s delSi
pulzacni periodou maji tendenci mit
mensi modulaéni amplitudy, cca 90
% modulovanych hvézd ma stejny
typ modulacni obalky
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Netzel et al. 2023, MNRAStmp2462 - 15 % RRc jsou modulovany



Blazkuv jev

Modulaéni periody jsou mezi dny az desitkami let
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Skarka et al. 2020, MNRAS, 494, 1237 - Spodni limit pro modulacni periody, Blazhko valley (horni
c¢arkovana Cara v levém obrazku - malé zastoupeni modulovanych hvézd s danymi modulaénimi periodami)

Kollath 2018, pas6.conf, 137 - Nejpravdépodobnéjsi vysvétleni Blazkova jevu je 9:2 rezonance mezi F a O9 médy

counts



Binarity among RR Lyrae stars
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Parallax from GDR2 @

Mass of RRL m

1.592 + 0.063 mas
0.6 £+ 0.1 M,

Parameters from Liska et al. (2016a)

Orbital period P
Eccentricity e

Arg. of periastron w
v, amplitude K

v, at Hip epoch

v; at GDR2 epoch

8499 +29d

0.686 + 0.025

184 +2deg
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Orbital phase

Kervella et al. 2019, A&A, 623, 116
- hmotnost souputnika cca 2 Ms
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PMa vectors
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[+0-2:|:1A1’ +3-0:t1,1] masa?
[+0.7510.12, +0-30:t()‘14] mas 371

Parameters from present analysis

Inclination i
Semimajor axis a
Ang. semimajor axis @
Long. of asc. node Q
Mass of secondary m;

160 + 6deg
11.18 £ 0.51 au
17.8 + 1.1 mas
358 +23 deg
1.98 +0.33 M,

- dalSich 7 kandidatu - potfeba dlouhodobého spektroskopického monitoringu

LiSka, Skarka et al. 2016A&A, 589, 94 - TU UMa je ¢lenem dvojhvézdného systému s orbitalni periodoiu 23 let, Minimalni hmostnot souputnika cca 0.33 Ms



Binarity among RR Lyrae stars
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Eccentricity
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Binarity among RR Lyrae stars
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Binarity amona RR Lyrae stars
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Neradiini puizace Excitacni mechanismy ||

e p-mody (pressure) - vychylky v radialnim sméru, vnéjSi obalka, vysSi frekvence, stochasticky
charakter
e g-mody (vztlakova sila) - neradialni vychylky, hlubSi vrstvy hvézdy, nizsi frekvence




Neradiini puizace Excitacni mechanismy ||

e p-mody (pressure) - vychylky v radialnim sméru, vnéjSi obalka, vysSi frekvence, stochasticky

charakter
e g-mody (vztlakova sila) - neradialni vychylky, hlubSi vrstvy hvézdy, nizsi frekvence

VInéni se mlze Sifit pouze v 1080

urcitych mistech hvézdy, kde k>0 1000 a
N N
i 2
= =
1 S - § 100
]{77‘ - ﬁ (LZQ - ]/2) (1/2 — N2> 3 100 1 3
v4cg
Brunt-Vais&la frequence e o " ' ' 00 -
1000
N2 1 dinpg dlnpg
INT = ¢
PN Tio dr dr
E § 100
= 100 3
= [
Lambova frequence g %
3 3
10
12 — l(l + 1)62 10 -
l r2 0 X i
0.0 0.2 0.4 0.6 0.8 1.0 0. 0.2 0.4 0.6 0.8 1.0
riR. riR.

Aerts 2021, RvMP, 93, 5001 - g modes do not penetrate the convective core in the most massive stars



Neradiini puizace Excitacni mechanismy ||

e p-mody (pressure) - vychylky v radialnim sméru, vnéjSi obalka, vysSi frekvence, stochasticky
charakter

e g-mody (vztlakova sila) - neradialni vychylky, hlubSi vrstvy hvézdy, nizsi frekvence
e r-modes (Coriolisova sila)

e Alfvén (Lorentzova sila)

e Slapové indukované (gravitace)

External magnetic dynamo

0 KV, 20 N s,
| | | | |
1 | 1 | | > o
— «—
waves
>

Internal gravity waves

d
<

Internal magnetic dynamo

&~ Convective zone

L. - Radiative zone

Core

v

g mode propagating
in the radiative zone

»
»

Mixed waves:
Magneto-gravito-inertial

Rotation and
magnetic fields

(rotation and magnetic fields

are perturbations
cannot be treated as perturbations)

Low-degree p mode propagating
from the surface to the inner core

Aerts, Mathis, Rogers 2019, ARA&A, 57, 35A
M=1.2 Msun; Garcia&Ballot, 2019, LRSP, 16, 4



Neradialni pulzace

Excitacni mechanismy ||

e p-mody (pressure) - vychylky v radialnim sméru, vnéjSi obalka, vysSi frekvence, stochasticky
charakter
e g-mody (vztlakova sila) - neradialni vychylky, hlubSi vrstvy hvézdy, nizsi frekvence

Oscilace slunec¢niho typu jsou stochastické
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Andersen et al. 2019, A&A, 623, L9 - the Sun, RVs - 57 versus 1 day

Pulzace horkych hvézd (SPB, BCEP, DSCT, GDOR)

Relative brightness (mag)

-0.01

-0.02

-0.03

-0.04

jsou vicemeéneé stabilni

-

TIC 229775860, g modes
TIC 230052602, p modes .
1

1 2 3 4 5

Frequency (c/d)



Neradialni pulzace

charakter

Excitacni mechanismy ||

e p-mody (pressure) - vychylky v radialnim sméru, vnéjSi obalka, vysSi frekvence, stochasticky

e g-mody (vztlakova sila) - neradialni vychylky, hlubSi vrstvy hvézdy, nizsi frekvence
e r-modes (Coriolisova sila) - progradni (m>0) a retrogradni (m<0) mody

Amplitude [mmag]
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Van Reeth et al. 2015, ApJ, 218, 27 - Rotace vnitfnich ¢asti hvézdy z analyzy
vzdalenosti pikl g-modu - vzestupny trend progradni mody, sestupny trend retrogradni

mody.



Rel. Flux (ppm)

Rel. Flux (ppm)

Neradiini puizace Excitacni mechanismy ||

e p-mody (pressure) - vychylky v radialnim sméru, vnéjSi obalka, vysSi frekvence, stochasticky
charakter

e g-mody (vztlakova sila) - neradialni vychylky, hlubsi vrstvy hvézdy, nizsi frekvence

e r-modes (Coriolisova sila) - progradni (m>0) a retrogradni (m<0) mody

e Alfvén (Lorentzova sila) - dosud spiSe hypotetické

e Slapové indukované (gravitace) - v excentrickych systémech + v tésnych systémech s vazanou

rotaci
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Neradialni pulzace
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Fuller et al. 2020, MNRAS, 498, 5730, Handler et al. 2022, pas..conf, 183 -

Slapové uvéznéné maody pulzaci

A/ <A> flux (mmag)

d— <d> (2mrad)

Excitacni mechanismy ||

Slapové indukované (gravitace) - v excentrickych systémech + v tésnych systémech s vazanou
rotaci
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Van Reeth et al. 2023, A&A, 671, 121 - slapové

ovlivnéné g-mody



Normalized flux (ppt)

Neradialni pulzace

Excitacni mechanismy ||

[ J
ApJS, 197, 4 v datech z dalekohledu Kepler
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Slapové indukované (gravitace) - heart-beat stars (HBs) - poprvé identifikované Welsch et al. 2011,
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Kotaczek-Szymanski 2021, A&A, 647, 12 - horké HBs z TESS




Neradiini puizace Excitacni mechanismy ||

e Slapoveé indukované (gravitace) - heart-beat stars (HBs) - objevuji se u vSech typu hvézd, nejvice je
jich znamo u €ervenych obru v Galaktické vyduti - Cerveni obfi diky své stavbé snadnéji slapové
pulzuji, CasteCné pozorovaci bias (obfi v Gal. vyduti - staré hvézdy)
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Wrona et al. 2022, ApJ, 928, 135 - HBs z OGLE, 5 % are TEOs (tiqally excited oscillators)



Hvezdy pred hlavni posloupnosti

Problémy s okolohvédnym materialem, jinymi typy proménnosti a identifikaci oscilaci, problém s identifikaci a
samotnym pozorovanim. Pfi prichodu pasy nestability mohou hvézdy zacit pulzovat

p-modes
B g-modes
BR& hybrid 4

£ B
-1 \\\
S 0
- ZWlntZ 2022, FI'ASS, 94738 p-modes
-\ -1 g-modes
hybrid
4.2 4.0 3.8 3.6 3.4 4.4 42 4.0 338 3.6 3.4
log(Tesr) log(Tesr)
TABLE 1 | Types of known pre-main sequence pulsators and their properties (as of March 2022).
Pulsation Type Mass Range Periods Known Objects References
SPB 3.0-7.0 M, 0.8-3d 18 1], [2]
8 Scuti 1.5-2.5 My 18min-8 h >100 [3]
Tidally perturbed 1.8-1.9 M, 48min-3.3 h 1 [4]
y Doradus 1.4-1.8 M, 0.3-3d 8 [5], [6]
& Scuti - y Doradus hybrids 1.4-2.2 M, 18min-8 h and 0.3-3 d 4 [7]
Solar-like ~1M, ~1.15h? 1* 8]
M-stars ~0.15M,, 05-5d 1* 6]

References: [1] Gruber et al. (2012), [2] Zwintz et al. (2017), [3] multiple papers, e.g., Zwintz (2008); Zwintz et al. (2014); Mellon et al. (2019); Steindl et al. (2021a), [4] Steind| et al. (2021b), [5]
Zwintz et al. (2013), [6] Steindl et al. (2021a), [7] Ripepi et al. (2010), [8] MUiliner et al. (2021).

... value for vmax.

*...Only candidate stars detected so far.
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Corsico 2020, FrASS, 7, 47 - cca 350 znamych pulzujicich WDs (I1=1-2), problém se vzorkovanim a presnosti méfeni
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Spectral type
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B L/ \PS Blue Large-amplitude pulsating stars

Radialni pulzace, horké hvézdy s periodami cca 20-40 min a amplitudami cca desetin magnitudy
Pietrukowicz et al. 2017, NatAs, 1, 166
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Oscilace slunecniho typu

Vyuzitim tzv. Skalovacich relaci mozno zjistit parametry hvézd, které vykazuiji oscilace slune&niho typu
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Mathur et al. 2022, A&A, 657, 31

Detekce oscilaci slune€niho typu u stfedné

hmotnych hvézd hlavni posloupnosti

Gaia poloméry vétsi o0 4.4 % nez poloméry
urené z asteroseismologie

KIC Ter (K) log g (dex) M (M) R (Ry)
2010835 5896+126 4.07+0.01 091+0.11 146+0.13
2578869 5395+101 3.84+0.01 091+0.09 1.89+0.12
3102595 5770+122 3.98+001 1.83+0.13 230+0.11
3124465 5796+120 3.85+0.01 1.23+0.09 2.18+0.11
3219634 6145+133 3.98+0.02 1.69+0.15 2.19+0.12
3238211 6092+129 3.82+0.01 1.35+0.10 2.38+0.12
3241299 6501+130 4.07+0.01 199+0.18 2.16+0.13
3425564 6239+136 3.82+0.01 2.04+0.54 2.92+0.55
3633538 5676+85 4.34+0.03 0.84+0.13 1.03+0.09
3750375 6110+129 3.69+0.01 2.02+0.59 3.35+0.69
3761010 6403 +128 4.02+0.01 1.38+0.09 1.92+0.09

6106 130 3.70+£0.01 1.09+0.33 2.44+0.52

3936658

Extrémné pfesna méfeni zakladnich parametrd
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Budoucnost

Vesmirné mise
o Extrémni presnost
e \elmi dobré kadence
e Neprerusované datové rady

Pozemni observatore
e Spektroskopicka pozorovani
e Dlouhodoby monitoring
e Barevna fotometricka méreni

Vyvoj v teorii
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