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Variable stars are astrophysical laboratories. Pulsating stars
provide us with information on the internal structure of stars and

stellar evolution (see the H-R diagram). Several types of luminous
pulsators are useful distance indicators (P-L relationship).
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Stellar oscillations can be excited during various evolutionary phases:
from pre-main sequence to post-AGB stages. Hot and cool stars, dim
and luminous stars can also pulsate. Various excitation mechanisms
exist. Even our Sun is a pulsating variable star (with millions of
oscillation modes).



Importance of pulsating variables:

-for astrophysics: stellar structure (asteroseismology)
-for galactic astronomy: tracing galactic structure

-for cosmology: calibration of the cosmic distance ladder via the

period- luminosity relationships for various types of pulsating

variables.

New aspect:
increasing importanc
of binarity among
pulsating stars.

Udalski.
(2016)
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Photometry of pulsating variables is a
realm of small telescopes.
Duration of the time series and temporal
coverage are critical aspects for studying
- multiperiodicity,
- changes in frequency content,
- changes in modal amplitudes, etc. e RIL=Y BT
Such observational projects cannot be Telescopes of HAT-Net

competitive for large telescopes, in spite on Mauna Kea (credit: G.
of their astrophysical importance. Bakos)
RR Lyr ground-based data (2004) RR Lyr Kepler Q1+Q2 data (2009)
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Simplest case: monoperiodic radial pulsation

The brightness variation is accompanied with changes
in stellar radius, temperature, and radial velocity.

The light curve can be described by the main period,
and its variously excited harmonics (P/2, P/3, P/4,
etc., or in frequency space: f, 2f, 3f, 4f, etc.)

Spherical symmetry is assumed in spite of the fact

that stellar rotation and binarity obviously destroys

such symmetry.
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Period ratio

Multi-mode pulsation:
simultaneously

excited modes

2 or 3 radial modes in classical
pulsators (beating phenomenon)
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Multi-mode pulsation: simultaneously excited modes

- Radial modes in classical pulsators R

- Non-radial modes in many types of L —}I'*
pulsating stars; usually low amplitude

A new scientific discipline emerged: asteroseismology

New paradigm in the 21st century: in addition to the
large amplitude radial modes, simultaneously excited
non-radial modes exist in classical pulsators (see later)

Credit: ESO Credit: Tosaka



Dozens of excited frequencies — asteroseismology — internal
structure of the stars
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Figure 3.3: Schematic periodograms of well-observed 4 Sct stars. The frequency is in
cyeles d—1. Many of the largest amplitudes are off scale.

Credit: Balona (2010)



Accuracy of photometric observations
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From microvariability to large amplitudes -
From hours to years in periodicity

If your site is not appropriate
for studying microvariability,
there is a wide choice of large
amplitude pulsating variables
to be observed.

Log(Amplitude[Hp])

Log(Period[days])

Eyer & Mowlavi (2008)



Type Design.  Spectrum Perinod Amplitude Reomark®
in ¥V band {m)

Cepheids DCEP F-G Iab-II 1-135d 0.03-2

DCEPS  Fi-F8 lab-11 <7d <05 10T

CEP(B) F5-FG lab-11 27d 0.1-1 beat Cepheids
EL Boo ACEP A-F 0.4-2d 0.4-1.0 anomalous Cepheids
W Vir CWA FIh =2d 0.3-1.2
BL Her CWER F1I <&d 1.2
EV Tau RV, RVA F-G 30-150d up to 3

EVEB F-G A0-150d up to 3 variable mean brightness
RR Lyr RERAB A-F mamt 0.3-1.2d 0.4-2

RRC A-F mant 0.2-0.5d <08 10T

RR(B) A-F miant 0.2-1.04d 0.4-2 double-mode puls.
& Sct DsCT AO-F5III-V 0.01-0.24d 0.003-0.9 R+NR
5X Phe SXPHE A2-F5 subdw. 0.04-0.08d <07 Pop. 11
~ Dor GDOR AT-FTIV-Y 0.3-3d < 0.1 NR, low degree g-mode
roAp ROAP BE-FOVp 520 min .01 MR p-modes
A Boo LBOO A-F <0.1d <0.05 Pop. I, metal-poor
Maia A to be confirmed
V361 Hya RPHS, sdB BO-600 = 0.02-0.05 NR, p-mode

EC14026
V10483 Her PGIT16, sdB 45-180 min <0.02 w-mode

Betsy
W Lyn subdwarf <0.05 V1093 Her + V361 Hya
CW Vir Dion Hell, CIV A00-5000 5 < 0.2 NR p-modes

PG1159
FZ Cot DAV DAV 30-1500 8 0.001-0.2 NR g-modes
DoV DOV white dwarf 7-18 min <0.05 hot carbon atmosphere
VT Her DBV He lines 100-1000 5 <2 NR p-modes
Solar-like FAKI1III-V < hours <0.05 many modes

oscill.

* R = radial; NR = non-radial; 10T = first overtone; 5G = supergiant. Spectrum is given for

maximum brightness for large amplitude variables.



NEW TYPE
NEW TYPE
NEW TYPE

Tyvpe Design. Spectrum Fertod Amplitude Remark®
in V band (m)
Mira M M, C, 2 1lle B0-1000d 2.5-11 zmall bolometric ampl.
Small ampl. SARWV K-MIIle 10-2000d <1.0
red var.
Semi-regular SH late type I-111  20-2300d 0.04-2
SHA M, C, 5111 35-1200d < 2.5 R overtone
SRB M, C, 5111 20-2300d <2 weak periodicity
SRC M, T, BI-11 30-2000d 1
SRD F-K I-111 J0-1100d 0.1-4
SRS late type 5-30d 0.1-0.6 high-overtone puls.
Long-period L late type slow
irregular
LE K-M, C, 5111
L K-& I-111
Protoplan. PPN F-G 1 35-2004 S5, 1R excess
nebulas
53 Per O9-B5 1-3d NR
g Cep BCEP OB-B6I-V 0.1-0.6 0.01-0.3 R+ NR
BCEPS B2-B3IV-V 0.02-0.04 00150025 R4+ NR
SPB SPB B2-BOWV 0.4-5d =0.5 high radial order,
low degres g-modes
Be BE, LERI Be 0.3-3d MR (or rotational?)
LBV LBV hot 5G 30-50d NR?
a Cyg ACYG Bep-Aep la 1-50d 0.1 MR, multiperiodic
BX Cir B 0.1d a1 H-deficient
PV Tel PYVTELI B-Alp 5-30d a1 He 3G, R strange mode
PVTELII O-BI 0.5-5d H-def. 3G, NR g-mode
PVTELIIl F-G1 20-100 4 H-def. 536G, R?
Blue Large BLAP -5 20-40 min 0.2-0.4
Ampl. Puls.
Heartheat
Variables
Binary
Evolution BEF RR Lyr ‘impostors

*ulsators




relativ fluxus

New types of pulsating variable stars

Heartbeat variables (first discovered from Kepler data): tidally
excited pulsations in eccentric binaries. Example: KOI-54 (Welsh
et al.,, 2011)

Blue Large Amplitude Variables (first found in OGLE data): short
period, large amplitude, hot pulsators, evolutionary status is not clear

(recent HRD is below, Byrne & Jeffery 2018)

Binary Evolution Pulsators (or RRLyrae impostors): mimics RR Lyr
pulsation, but lower mass stars (Pietrzynski et al. 2012), quick
crossing of the instability strip




Classification and census of pulsating stars

General Catalogue of Variable
Stars (GCVS): 39 types and
subtypes (see the previous
table)

GCVS: 52011 designated
variables in Dec. 2016.
Serious criteria for inclusion
in this catalog.

Over 20000 are pulsating stars
(about 40% of the
designated variables).

VSX (@AAVSO): 543349
variables (on 21 Sep. 2018)

Gaia DR2: 550737 variable
sources (over 100 million
variable stars are expected)

According to the GCVS:
8520 RR Lyr

8406 Mira

849 classical Cepheids
822 d Sct

429 Type Il Cepheids
165 p Cep

99 y Dor

71 white dwarf pulsators
54 SX Phe

15 PV Tel type variables.

A smaller number of variables
does not mean that the
given type of variables is
less important.



Promising complications

Different types of variability may be present simultaneously in a given
star:

e.g. pulsating+rotating variables; pulsating+eclipsing variables;
pulsating+cataclysmic variables;
pulsation+erratic variability in pre-main sequence stars.

From the point of view of astrophysics this is good but it causes problems in
analysing and interpreting the observational data.
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Pulsation during rapid evolutionary episodes

RR Telescopii: 2 T LN | 1

] . . |4: . et g My e,
A symbiotic nova erupted in 1948. 6} ]
Cyclic oscillations emerged in the 15000 14000 5000
red giant star several years before . .
the eruption (Robinson 1975) 5 '
Ie .
I?(I)OO IBEIJOO I':-)CIiOO
AAVSO DATA FOR RR TEL - WWW.AAVSO.ORG ' \ . . ]
6 B, . i
T 21000 22000 23000
8r T T T
i o . > . ) ¢ . :
10 | ’ * * s » !I
"le ° 25000 26000 27000
12 | o ' I 65 |
el , AN
) : ooy ,l. "- n AR L i
01%1;8 331 osfg 1?23 ;:-151 02% 8;’6 ; 72 08;03 1113 1€392 o9 c|>oo 30600 3|c|, 00

JD 2400000 +
Visual Validated @ Visual Prevalidated e



Pulsation during rapid evolutionary episodes

FG Sagittae: post-AGB star, central star of a planetary nebula; pulsation
emerged during crossing the instability strip (oscillations in a false
photosphere) + RCB type dimmings (Jurcsik & Montesinos 1999)
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Pulsations in all evolutionary phases
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Light curve gallery of pulsating white
dwarf variables (Aerts et al. 2009)



Light curve gallery of pulsating

subdwarf variables 15 such stars are known in our
(Aerts et al. 2010) Galaxy. Extreme He-stars (Jeffery
50 | - 2008)

PV Tel and BX Cir type pulsators;
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Some of R CrB type variables also pulsate

Decline ephemerides for the five RCB stars

Star Decline ephemeris (d)

V854 Cen (24473993 £+ 1.1) + (43.25 £ 0.02)n

RY Sgr (24433655 +3.2) + (37.79 £ 0.02)n

UW Cen (24435440 £ 1.6) + (4279 £ 0.01)n

R CrB (24431924 +48) + (4297 £ 0.03)n

S Aps (2442817.9 £4.1) + (42.99 = 0.03)n
R CB

JD-QMDIU

Synhronization of the decline

events with the phase of pulsation

(Crause et al. 2007)

More recent study:

Percy & Dembski (2018)
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Rapid evolutionary episodes in pulsators
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Rapid evolutionary episodes in pulsators
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Rapid evolutionary episodes in pulsators
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Rapid evolutionary episodes in pulsators
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Fig. 6. OGLE-SMC-CEP-3043 - a first-overtone Cepheid that stopped its pulsations. Upper panels
show seasonal light curves of OGLE-SMC-CEP-3043 in three time ranges: 2001, 2008 and 2013-
2014. Lower panel presents the changes of the pulsation amplitude through the years.

Ceasing pulsation in the Cepheid OGLE-SMC-CEP-3043:
This star stopped pulsation within 15 years (Soszynski et al.
2015)



Delta Scuti stars

A-F star on the main sequence and

. . . Years Nights used Data discussion

above it located in the classical . i
instability strip. Radial and lord - 1078 55 Breger et al. (2017)
dial o-mode pulsation. low 1983 - 1984 22 Breger et al. (1990)
nonradial p pu ' 1991 32 Breger et al. (2008)
amplitude, short period. Many 1992 6 Breger (2016)
modes can be excited 1996 53 Breger et al. (1999)
simultaneously. Temporal variations %7 32 Breger & Hiesberger (1999)
ist in the observed freauencies 1997 35 Stankov et al. (2000)
existin 9 2005 - 2012 702 Breger (2016)

and modal amplitudes. Multisite
observing campaigns are essential.

L Example: 4 CVn (Breger et al. 2017, 2018)
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KIC 8553788: A delta Scuti star
in an eclipsing binary system 5
X 4275
Liakos 2018 ;
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New results on Cepheid variables

Classical Cepheids are intermediate mass supergiant stars
- Instability of the light and radial velocity curves

Jitter in the pulsation period

Nonradial modes are also excited

Appearance of the Blazhko effect

Incidence of binarity

Type 1l Cepheids are more evolved low mass giants
-  New dynamical phenomena have been discovered
- Explanation of the RVB behaviour

Anomalous Cepheids: evolutionary status
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i —6r Magellanic 7]
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Binary stars among Cepheids are
important for the calibration of the P-L
relationship.

Eclipsing binaries involving a
Cepheid component are known in both
Magellanic Clouds and in our Galaxy (2
anomalous Cepheids).

Binarity can be revealed by
multicolour photometry and spectroscopy.
Methods are listed in Szabados (2007) and
Klagyivik & Szabados (2009).

Influence of the companion:

photometric, astrometric, physical
(luminosity, parallax, pulsation).
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Brand new results based on Gaia DR2: 20 new binaries among bright Cepheids
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Period changes of evolutionary
origin in classical Cepheids.

Revealing stellar evolution on
a human time scale.

(Engle et al. 2018)

Cepheid Period Change Rates

Positive Rates (dP/dt > 0)
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Different kinds of period changes in the pulsation of Cepheids.

Top: RS Pup - long-period Cepheid, stellar evolution + erratic fluctuations
(Szabados, unpubl.)

Bottom: Polaris - binarity induced phase jump in the pulsation (Engle &
Guinan 2012) + secular changes in the pulsation amplitude. Unique
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Decoding the light curves

Fourier analysis

N
m() = Ao + )" Ajcos(iet — 1o) + ¢)
i=1

(t—1p) =1 A '
= PO —Inr( PO) R,‘] = A_l; ?f’il = ¢£_I¢l

Determination of metallicity ([Fe/H]) from the Fourier
decomposition of the light curve of Cepheids. Klagyivik et al.
(2013): for short period, single-mode Cepheids.

D

There is a similar possibility for metallicity determination of RR
Lyrae type variables (Kovacs & Zsoldos 1995; Jurcsik & Kovacs
19906).
Formula by Radek Smolec (2005):
[Fe/H|= —6.125 —4.795P +1.181d; +7.876A,
+0.832 +0.285 +0.113 +1.776 o=0.14



Beat (double-mode) Cepheids

In our Galaxy 40 are known. Petersen diagram

LMC 90 F/10T + 256 10T/20T + 2 10T/30T  (Marquette et al. 2009)
SMC 59 F/10T + 215 10T1/20T l 2 5 4 5 R d]
MW 24 F/10T + 16 10T/20T P

(AGS solar mixture)

M33 5 F/].OT 0.74 S . Eﬁg 7]
(Moskalik, 2013) N Lo

In M31: 17 candidates with Pan-STARRS
(Lee et al., 2013).

0.72

Metallicity dependence of the period ratio
(Sziladi et al. 2007, 2018):

P, jFy = -0.0143 x log i — 0.0265 x [Fe/H] + 0.7101
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Metallicity of double-mode Cepheids

from photometric data

[Fe/H| = co+ c1A1 + 2R + €3Q21 + c4R31 + €503

(Sziladi et al. 2018)

Parameter Milky Way LMC SMC Combined

Fundamental mode
i) 04267 —2.1279 —1.6933 —3.0380
a 3.0545 1.3928  —0.9309 5.2892
) —2.6782 —1.5316  0.6588  —2.2372
€3 —0.1956 0.3983 0.2567 0.4823
£ 07717 1.3498 —-0.4316 0.7410
Cs5 0.1374 0.0309 0.0079 0.0526

First overtone
i) 2.3031 —0.93584 0.1090 0.5167
a —4.1954 —1.7904 —0.3815 —5.3130
€2 —0.7759 0.5281 0.3251 —1.4088
3 —0.3303 0.1743  —-0.1901 —0.0083
€4 —2.3568 —1.5822 —1.3270 1.2303
5 —0.0115 0.0036 0.0972 0.0269
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Nonradial modes are excited in 9% of 10T Magellanic Cepheids
(about 150 variables); only in 10T and F + 10T pulsators.

Parallel sequences in the Petersen diagram (Soszynski et al. 2010).
Mysterious period ratio: 0.600 < P/P,.q < 0.645.

In linear non-adiabatic models these modes are identified as nonradial
modes with angular degrees of £ = 7 to 9 (Dziembowski 2016)
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Figure 5. Top panel: the O — C diagram of V1154 Cyg based on LC
observations. Bottom panel: the O — C diagram of V1154 Cyg based on SC
observations.

V1154 Cyqg: the only Cepheid in
the Kepler field. First detailed
space photometry on a
Cepheid. Period jitter and light
curve instability in Cepheids.
Granulation on stellar surface
was detected from the
frequency spectrum. Its time
scale is 3-5 days. (Derekas et
al. 2012, 2017)
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Radial velocity curves of classical Cepheids are also non-

repetitive
(Richard Anderson 2017)
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Anomalous Cepheids
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Fig. 3. Typical Iband light curves of classical Cepheids, ACs, and type II Cepheids (BL Her stars)
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Probably old coalesced binaries

crossing the instability strip (250C>1552)ynSki et al.
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Subtle light-curve changes in
Type Il Cepheids - IX Cas
(Turner et al. 2009)
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Strong changes in the pulsation period of
Type Il Cepheids: ST Pup (KISS et al.
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Newly detected phenomena in Type Il
Cepheids

Smolec et al. (2018) detected various dynamical phenomena in the
pulsation of Type Il Cepheids: double-mode pulsation, period-doubling
pulsation, quasi-periodic modulation of pulsation.
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Other phenomena in Type Il Cepheids

Unstable light curve: Examples: OGLE-LMC-T2CEP-026, OGLE-
LMC-T2CEP-044, OGLE-SMC-T2CEP-019 (Soszynski et al. 2018)

o e e
QGLE-LMC-TZ2CER-0Z6

mitude
h
T
|
T
|

magr
i
o
na

1

15.6
1F'i g e ¥

TR0 S
r -

I magnitude

|
—
&
S

d 1 1 1 1 L L L 1 L L L [ | R ETE R Ll
2000 A000 G000 500000 0.5 1 1.5 2

I magnitude




Other phenomena in Type Il Cepheids

Strong changes in the pulsation period:
Example here: OGLE-LMC-T2CEP-119 (Soszynski et al. 2018)
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RV Tau subgroup of Type Il Cepheids
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RV Tau stars also deserve monitoring

The RVDb star
OGLE-LMC-T2CEP-032
decreased its photometric
amplitude over the years
(Soszynski et al. 2018)
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Fig. 7. MACHO and OGLE light curves of OGLE-LMC-T2ZCEP-032 - an RVb star which dramat-
ically decreased the amplitude of the long-period variations of the mean brightness. Upper panel:
folded OGLE-III and OGLE-IV [-band light curve. Lower panel: unfolded light curve - blue points
indicate the MACHO Ryg-band magnitudes, black points indicate the OGLE light curve. The zero
point of the MACHO photometry was shifted to agree with the OGLE magnitudes.



RR Lyrae type variable stars

RRab: fundamental-mode pulsators

RRc: 1st overtone radial mode

RRd: double-mode pulsators (F + 10)

RRe: 2nd overtone radial mode (found in the Magellanic Clouds)

Blazhko effect: slow, cyclic (not periodic) modulation of the light
curve (both amplitude and phase) observed in both RRab and RRc
type variables. Its origin is a century-long enigma.

Models: magnetic oblique rotator, cycles in the convection, resonance
between the radial mode and a nonradial mode, resonance between
the radial mode and a high-order radial overtone.

Blazhko effect (credit: OGLE web-site) RR Lyraes in M3 (credit: Radek Smolec)
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RRab stars: about half of the stars shows Blazhko effect. Increasing
photometric accuracy does not lead to higher occurrence of the

Blazhko effect.
In the RRL stras both amplitude and phase modulations are present
simultaneously. A successful model has to explain this feature.

The Blazhko effect is a multiperiodic phenomenon: more than one
long cycle has been observed in 80% of the Blazhko stars.

There is a relationship between the main modulation period and the
amplitude of the amplitude modulation (Benko & Szabd 2015)

Linear combinations of the modulations frequencies also appear

(nonlinear coupling).
Ratio of the modulation frequencies is a small integer (resonance

phenomenon?)
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Explanation of the Blazhko effect

Model calculations by Zoltan Kollath in 2018:
Reconstruction of Blazhko type light curve
involving

9:2 resonance in pulsation.

This resonance causes unstable stellar surface.

I I I I T

brightness

Animation credit:
BIoCRUDE



Another long-standing problem

Binarity among RR Lyrae type variable: %%
Only one bona fide binary system
has been found among

RR Lyrae stars: TU UMa

(0.557 d pulsation period,

23 year orbital period - Liska

et al. 2016).

There are many more suspected cases

The light-time effect can be justified oz e s 08 0
When more than one Orbltal CyCIe has Fig. 7. O-C diagram of TU UMS!:::LZZE:IS:n]y from photoelectric,
been covered and the derived and phasec it the rbial peiod based on model 2. T
parameters of the companion are

realistic.

A web site has been maintained by Jiri Liska & Marek
Skarka:
http://rrlyrbincan.physics.muni.cz


http://rrlyrbincan.physics.muni.cz/
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A wave-like O-C graph is not sufficient

The case of Z CVn is

(Skarka et al. 2018).
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Newly detected phenomena in RR Lyrae
stars

New dynamical phenomena have been discovered in RR Lyrae stars:

period doubling: V808 Cyg (Szabd et al. 2011),
RR Lyr (Molnar et al. 2012),

high-order resonances: RR Lyr (Molnar et al. 2012),

triple-mode pulsation: V445 Lyr (Guggenberger et al. 2012),

RR Lyr (Molnar et al. 2012)

nonradial modes: RRc stars in the Kepler field with P/P..,q ~ 0.62, while
for double-mode RR Lyrae stars the period ratio is 0.742 < P,/Py, <
0.748.

F + 10T: 986 in the LMC, 258 in the SMC, and ~170 in the Milky Way
field and bulge. F + 20T 9 known variables in the MW (period ratio is
close to 0.59; Moskalik 2013)
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Figure 1. Petersen diagram (shorter-to-longer period ratio vs. log of longer period) for classical Cepheids (left
panel) and RR Lyr stars (right panel) with various classes of multi-mode pulsators plotted with different symbols.

New Petersen diagram for Cepheids and RR Lyrae type variable stars
(Smolec et al. 2017)



Ground- and space-based optical telescopes

Small telescopes
overwhelm in the
contribution to the
cumulative mirror
area.

In addition to ground-
based equipments,
photometric space
telescopes (most of
them have small
aperture), and their
photometric data are
accessible in most
cases.
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Millions of new variables - including pulsating
ones

Among stars measured by Hipparcos astrometric satellite about 10% of
the targets were found to be variable (11 599 from among 118 218).

Gaia (ESA’s astrometric space probe) has been active from mid-2014:
Astrometric and photometric data of 1.6 billion stars up to 20.7 mag.
The expected number of variable stars is about 100 million (!).
In Gaia DR2 (April 2018):
98026 RRab
40380 RRc
2378 RRd
8890 Cepheids
100 anomalous Cepheids

585 Type Il Cepheids (223 BL Her, 253 W Vir, 109 RV Tau) were
announced.

Data of major ground-based sky surveys (Pan-STARRS, LSST) will also
offer plenty of new targets with variable brightness (including
pulsating variables) for thorough photometry with small or medium
aperture telescopes.



Eyer et al: Cfaig DRZ — The CaMD of Variable Stars
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Variety of observational tasks and their
outcome

Determination of variability type for newly discovered variable
stars; new types are still possible (e.g., brown dwarf pulsation is
predicted by theory but unobserved yet)

Detailed study of individual variables:
- period determination
- multiple periodicity, mode identification
- discovery of slightly excited non-radial (or radial) modes

- separation of different types of variability (pulsational +
non-pulsational (e.g., due to rotation, binarity, flares, other
episodic phenomena) ...

and many other astrophysically important studies based on
photometry of pulsating variables.

Determination of ‘o_thicaI properties of the stars from the
analysis of the light variations: evolutionary state, internal
structure, metallicity, rotation, presence of companion(s), etc.

Selection of really interesting/important pulsators deserving an
in-depth (spectroscopic) study with larger telescopes.

Cooperation between several telescopes/observatories is
beneficial.

Statistical studies based on large number of variables observed
during various sky surveys.



Recommended recent literature:
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Springer
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Catelan, M. - Smith, H. (2015): Pulsating Stars, Wiley

Percy, J. R. (2007): Understanding Variable Stars, Cambridge University Press
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