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Abstract

This work [ocuses on Lthe search and study of pulsating hol subdwarl stars in two open clusters
observed during the Kepler mission, NGC 6791 and NGC 6819, Boih clusiers are relatively old with
ages of around 9Gyr and 2.5 Gyr, respectively. Hol subdwarl stars are hot, compact helium core
burning stars with a very thin hydrogen envelope. Their Ltemperature ranges [rom 20000 Lo 80000 K,
with a typical mass of 0.47T M© and surface gravity log (g/ems=2) of 5.0 Lo 5.8, resulting in radii of 0.1
to 0.3 R, The formation of hot subdwarl stars can occur through various channels, including binary
syslems and white dwarl mergers.

Our work has conlirmed three pulsating subdwarl B (sdB) stars, KIC 2569576 (B3), KIC 2438324
(B4), and KIC 2437937 (B5), in NGC 6791, while none in NGC 6819. As compared Lo previous reports,
we exlended the dala coverage lor Lhe analysis ol these stars, discovered additional pulsation [requen-
cies and lealures in their amplitude spectra. Analysis of spectroscopic observalions revealed that four
stars (B3, B4, B5 and B6) have atmospheric parameters consistent with gravily mode dominated
sdBs. Additionally, hints of radial veloeily variabilily in B3, B5, and B6 suggest they may be part of
binary systems. We present ithe oulcomes of asteroseismic modeling, by means of MESA and GYRE
models, of B3 and B4 along with two lield pulsating sdB stars, KIC 2991403, and KIC 11159657, The
modeling accounted lor a pulsation mode assignment and spectroscopic parameters (Tog and logg).
For B3 and B4, we tried using two eluster parameters (Lotal age and metallicily) with limited sneeess.
In ihe case of B4, a spectroscopically constrained approach resulted in a unique solution. We derived
unique solutions except for the hydrogen envelope mass and progenitor mass (B3 and KIC 2991403),
and [or convective core and progenitor masses (KIC 11179657). Our [its, assessed by relative pulsation
period dillerences (AP/P), were consistent. within 1%, except for KIC 11179657, Our results should be
encouraging [or lurther asteroseismic modeling of sdB siars.

While searching [or pulsaling hol subdwarls we ideniilied variable stars in both clusters. In
NGC67TI1, we lound 278 variable stars, including 119 previously unknown. We ecaleulaled cluster
membership probabilities [or the variable stars using Gaio astrometry and we found 129 1o be cluster
members, which also provided an insight into their evolutionary stalus. TFor eclipsing binary systems,
we delermined eclipse mid-times and identilied three systems with signilicant orbital period variabil-
ily. Speclroscopic analysis delivered stellar paramelers lor 111 objects and revealed inconsistencies in
the metallicily among cluster mermbers, suggesting the presence of multiple stellar populations. By
fitting MIST isochrones, we estimated the metallicily range Lo be 0.26  0.28 and age ol 8.91 Gyr, as
well as ils average distance ol 4134 pe. The laller agrees wilth the estimate derived by means of Gaia
EDRS astromelry. In NGC 6819, we [ound 385 variable stars, including 270 previously unknown. We
derivedd 128 variable stars Lo be cluster members. Tor eclipsing binary stars, we delermined eclipse
mid-times and we found [ive objects with signilicant orbital period variability. Using MIST isochrones,
we estimaled the age ol 2.54 Gyr and metallicity of -0.03  +0.01. The distance ol 2300 pc agrees with

the one derived by means of Gaia DIRR3 astromelry.



Streszczenie

Niniegjsza praca koncentruje sig na poszukiwaniach i badaniach pulsujacych goracych podkarbow w
dwich gromadach olwartych obserwowanych w ramach misji Kepler NGO G791 1 NGC 6519, Obie
gromady sa slosunkowo stare 1 maja wick odpowiednio okolo 9 1 2.51al. Gorace podkarly Lo awarle
obiekly » helowym jadrem i bardeo cienks wodorows oloczka. Ieh Lemperalura vawiera sig w preedziale
20000 20000 K, typowa masa wynosi 0.47 M@, a powierschniowa grawilacja |ﬂg[glfl‘:111!-i_2] od 5.0 do
5.8, co daje promien od (0.1 do 0.3 R&. Tworsenie sig gwiawd sdB moge sachodzi¢ rdenymi kanatami,
w Lym poprzes uklady podwdijne, a lakze laczenie sig bialyeh karkow,

Nasza praca polwierdzila obeenodé trzech pulsujaeych gwiazd sdB, KIC 2569576 (B3), KIC 2438324
(B4) i KIC 2437937 (B5) w NGC G791, natomiast zadne] Lakiej gwiaady w NGC 6819, W pordwnanin
# poprzednimi badaniami rosszersylismy sakres csasowy analizowanyeh danych tych gwiasd, odkry-
wajac dodatkowe ceestotliwodel pulsacji | cechy w ich widmach [ourierowskich. Duzigki analizie spek-
troskopowe] pokazalidmy, ze cetery gwiazdy (B3, B4, B5 i B6) maja parametry atmosleryezne zgodne
# gwiazdami sdB pulsujacymi ghdwnie w modach grawitacyjnyeh. Dodatkowo, wskaszowki dolycsace
smiennogcl predkodel radialnej w B3, BS 1 B6 sugeruja, #e mogg one byé one ukladami podwdjnymi.
Preedsiawiamy wyniki modelowania asterosejsmicsnego, » usyeiem modeli MESA | GYRE, dla gwiaed
B3 i B4, a takse dwdch pulsujacyeh gwiawd sdB nalegacych do pola galaklyesnego, KIC 2991403
i KIC11159657. W modelowaniu uwzglednilismy idenlylikacje modiow pulsacji i parameiry spek-
troskopowe (Teg i logg). W pruyvpadku B3 i B4 probowalismy uzyé dwich paramelréw gromady
{calkowily wiek i melalicknodé) » ogranickonym sukcesem. W przypadku B4, uwzgledniajae parame-
Lry spekiroskopowe, olrgyvmaliSmy jednosnaczne roswigeanie. Podobnie olreymalidmy jednosnacene
rogwiazania, za wyjalkiem masy wodorowej oloceki | masy gwiazdy progenitora, dla B3 1 KIC 2991403,
oras wa wyjalkiem masy konwekeyjnego jadra i masy progenitora, dla KIC 11179657, Za wyjatkiem
KIC 11179657, nasze dopasowania, mierzone wezglednymi réznicami okresowych pulsacji (AP /P), mies-
city sie w granicy 1%. Nasze wyniki powinny zachecaé do dalszego modelowania asterosejsmicznego
gwiaad sdB.

Poszukujac pulsujacych goracych karldw, zideniylikowalismy gwiasdy wmienne w obu gromadach.
W NGC 6791 enaleslifmy 278 gwiasd amiennych, w tym 119 dolychesas niesnanych. Z usyciem as-
tromedrii Grata, oblicsyliSmy prawdopodobiensiwa preynaleznosei gwiasd smiennyeh do gromady i
olreymalidmy, #2e 129 » nich nalezy do gromady, co rownies dato welad w ich sialus ewolucyjny. W
przypadku ukladdéw podwdjnych zaémieniowych okredliliSiny momenty minimdw (zaémien) i zidenty-
likowalismy Lrsy uklady o znacene] smiennodel okreséw orbilalnych. Analiza speklroskopowa dostar-
ceyvla parametry gwiazdowe dla 111 obiekidw i ujawnita niespdjnosel w metalicenodel wirdd cetonkow
gromady, co moze sugerowad obecnost wielu populacji gwiasd. Dopasowujae iwochrony wylickone w
projekcie MIST, ossacowalismy wakres melalicenodel na 0.26 0.28 1 wick na 8.91 Gyr, a takee jego
grednia odleglosd na 4134 pe. Odleglosé wgadea sie = wynikiem weyskanym » wayeiem astrometrii Gaia
EDR3. W NGC G819 enaleglismy 385 gwiawd wmiennych, » ceego 270 Lo nowo odkryile gwiawady zmienne,
a 128 zostalo polwierdsonych jako gwiasdy preynalesne do gromady, W praypadku zaémieniowych
ukladéw podwdjnych okrelilismy momenty minimow (zaémien) i znalefliSmy pieé obiekléw o znacznej
zmiennosel okresdw orbitalnyeh. Korzystajae » izochron MIST, ossacowalismy wick na 2.54 Gyr i mel-

alicenodd na -0.01(2). Odleglodé 2300 pe jest zgodna z la wyznaczona = wzyciem astromelrii Gaio DR3.
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Chapter 1

Introduction

1.1 Hot subdwarfl B stars

Hot subdwarl B (sdB) stars are hot, luminous and compacl objects thal were discovered by Humason
and Zwicky (1947) while searching for [aint blue stars in the area ol the North Galactic Pole. According
Lo the resulls [rom the Palomar-Green (PG) Catalog of Uliraviolet-Fxeess Stellar Objects (. F. Green
el al., 1986), sdB stars are the dominant population of blue stars in our Galaxy. This makes them very
important for understanding the Galaclic content and evolulion. Based on imaging and speclroscopic
observalions [rom Brown el al. (1998), (’Connell (1999) concluded thal the uliraviolet excess uplurn
phenomenon observed in elliptical galaxies may be caused by ultraviolet lux from sdB siars. Subdwarl
B stars may contribuile Lo the evolution of our Galaxy through the produclion of chemical elemenis
via radialion emission, which lonizes surrounding gas, and creales ionized regions, which are prone Lo
collapse, lacilitating the formation of new stars and clusters (Brown et al., 1997). Allmann el al. (2004)
sugegesied that hol subdwarl stars would help us Lo undersiand the galactic siructure and evolution.
Wang and Han (2009) reporied that shorl period subdwarl binary systems are excellent candidates
for progenitor Lype Ia supernovae. Many studies were conducted in order Lo understand Lthe formation
channels ol hot subdwarl stars, formations via a merger of hydrogen White Dwarls (WD) (Webbink,
1984), enhanced stellar winds (D'Cruz et al., 1996), or late [ashers (Sweigart, 1997). Substellar
companions Lo subdwarl stars are of greal interest Lo many studies, including the understanding of a
hol subdwarl formation channel; methods and altempls Lo search lor Lransiting planels around sdB
stars have been done recently (Thuillier et al., 2022; Van Grootel el al., 2021).

Subdwarl B stars are characterized by a helium burning core, helinm shell, and hydrogen envelope,
where the laller represenis less than 1% ol their mass (Heber, 2000). The ellective temperature (Teg)
ranges from 20000 to 32000 K, the surface gravity log(g/ems=2) range is 5.0 5.8, and a typical mass
is 0.47 M, (Fontaine et al., 2012). Assuming uniform densily, these paramelers translale into radii of
(0.1 to L3R, See the schemalic cross seclion of an sdB star in Figure 1.1.

Il is generally accepted that sdB stars are descendantis of low mass Main Sequence (MS) stars.
Heber (2016) reported a progenitor mass range ol 0.7 1.9Mg, in the case of a degenerale channel,
which agrees with the result oblained by Ostrowski el al. (2021). A non-degenerate channel provides
anolher way ol producing sdB stars, with wider both the progenitor and sdB mass ranges. This channel
allows for as low mass sdB stars as 0.3 Mg, while the upper level is nol well constrained (Ostrowski
el al., 2021). To become an sdB star, it is essential that a progenitor musi lose most of its hydrogen

envelope before the helinm ignition.
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Subdwarl B stars are one of a lew Lypes of the hol subdwarl population. Other Lypes are sd0OB,
sd(), He-sdB, and He-sd(), where the upper-case leilers denole speciral classilication. The [irst three
types are helinm-poor, while the lalter two are helinm-rich subdwarls. The spectra ol sdB slars are
dominated by strong H lines and weaker HeI lines. The spectra of sd() slars, which are holler Lthan
sdB stars, with ellective temperature belween 45 000 and 280000 K, show H lines along with HeIT lines,
however HeI lines, including 4471A, are no longer present. An intermediate Lype, sdOB, is defined to
be between 32000 45000 K and with the HeIT 4686 line present.

The mechanism by which hol subdwarl stars ellicienily strip their envelopes is nol yel [ully under-
stood. According Lo a binary population synthesis (BPS) analysis (Han et al, 2002; Han, 2003), an
interaction with a companion star, through a Roche lobe overllow (RLOF) or common envelope (CE)
ejection, can be an essential process. BPS models suggest the formation of CE binaries conlaining
sdBs Lypically exhibit shorl orbital periods ranging [rom 0.5 Lo 40 days, and stable RLOT resulis in
long-period binaries with orbital periods extending up to 2000 days (Han el al., 2002). The elliciency
ol this envelope stripping depends on the mass of the companion star. As predicled by the BPS
analysis, companions Lo hol subdwarls can be WD or MBS stars, and these cases were observed by
e.g. Maxted et al. (2001), Napiwolzki el al. (2004), and Copperwheat et al. (2011). According Lo
Charpinel et al. (2018), who presented resulls on stellar rotation analysis, substellar companions may
also be responsible lor mass-loss, while the objects are still observationally single. Kramer et al. (202(0)
sugpested thal sdBs can lorm with companions even down Lo the brown dwarl mass limit.

As mentioned in Baran et al. (2023a) sdO stars can form through two separate channels. He-poor
ones are direct progenitors of sdB stars, while the majority, which are He-rich ones, are identilied as

direct poslt-RGB objecls, created through late holt He-llash or as end products of merger events.
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3He - 42

He's 0W' 01908

Figure 1.1: Schemalic cross section of an sdB star.

1.2 Stellar pulsations in hot subdwarfs

Charpinet et al. (1996) predicted the existence ol a light variability in sdB stars based on static
theoretical models. Almost simultaneously, pulsalions in sdB stars were observationally detected by
Kilkenny et al. (1997) as rapid light variations in EC 14026-2647, giving a foundation [or a new type
ol pulsaling stars. These pulsaling sdB stars are now referred to as V361 Hya stars and were identilied
with sdB stars pulsating in pressure (p) modes. Typical periods are ol a lew minutes and amplitudes up
to tens of mmayg. Laler on, gravily (g) mode pulsations in sdB siars were [irst reporied by E. M. Green
el al. (2003). These stars show periods of hours with typical amplitudes below 10 mmag. Gravity mode
sdB pulsators are ollen referred Lo as V1093 Her stars. There are also sdB stars that show bolth p-mode
and g-mode pulsations, relerred Lo as DW Lyn stars, such as the p-mode dominant pulsator with only
one low amplitude g-mode, HS 070246043, observed by Schuh et al. (2006). A more convincing case

ol a hybrid hot subdwarl, Balloon 090100001 (V585 Peg), was published by Baran et al. (2005) and
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Baran el al. (2009). Recently, Baran et al. (2023a) reported a list of sdB, sdOB, 5d0O and He-sdOB
pulsators, including hybrid ones.

Pulsations in hol subdwarls are driven by the so-called ®x mechanism, which works on an opacity
bump ai 2-1(F K as proposed by Charpinet et al. (1996). In hot subdwarls the ¥ mechanism operates
in the opacity ol Fe and drives both p- and g-modes. The Fe bump opacily relers lo the absorplion
ol light by partial ionization ol iron ions (Charpinet el al., 1997). According Lo Baltich et al. (2018),
the & mechanism may also drive pulsations in hol subdwarls, polentially leading to the creation of a
new instability strip. No proved £ mechanism hol subdwarl pulsalor has been delected so [ar.

By analyzing pholomelric data ol pulsating stars, deriving pulsation periods and comparing them
wilth those calculated [rom theorelical models, we can gain wvaluable insighi inlo their interiors, e.g
chemical profile, envelope mass, core mass. This technigue is also known as asteroseismic modeling,
In order to accuralely mateh the observed pulsalions Lo modeled ones, a range ol paramelers must
be considered, including the age, chemical composition, initial mass, envelope mass, and ceniral he-
linum abundance ol the star. The beiter we can constrain Lthese parameters, the more reliable our

asleroseismic modeling becomes.

1.3 Hot subdwarls in star clusters

Usually, we do not have Loo much information, which would well constrain the asteroseismic modeling
ol Galactie lield stars. However, in ease ol elusters, we can propagate information derived for a whole
cluster onto individual member stars, e.g. age. chemical content. Open clusters (OC), groups of
gravitationally bound stars and lormed [rom the same molecular cloud, offer & unigue opportunity
for making the asleroseismic analysis easier. O our pariicular inlerest are old open clusters, which
have existed lor billions of years, and provide a glimpse inlo the advanced stages ol stellar evolution.
Several studies examined the population of sdB stars in boih [lield and clusiter environments.

Moehler et al. (1997) observed 17 Horizontal Branch (HB) stars in NGC 6752, and interpreted them
as hol subdwar( stars. The search [or binary hot subdwar( stars by Moni Bidin et al. (2009) and Moni-
Bidin (2006) has expanded the count of Extreme Horizontal Branch (EHB) stars, with 18 in NGC 6752,
five in NGC 5986, and 11 in M&0. Additionally, Salgado el al. (2013) reported observations of 71 HB
stars in M22, and provided ellective temperatures and surface gravities similar to those reported in
Lthe clusters mentioned earlier in Lhis paragraph.

Spectroscopic observations ol NGC 6752 conducted by Heber et al. (1986) have unveiled nine HB
slars, with the blueslt ones exhibiling atmospheric parameters comparable o [ield hot subdwarl siars.
The authors reported NGC 6752 as high metallicily and, [rom the similarilies of sdBs in the lield and
GCs, Lthey provided observational evidence thatl the position of hol subdwarls in the EHB does not
depend on the metallicity. Moehler el al. (1995) conducted a detailed study of sdBs in GCs, examining
NGO 6TH2, M15, and M22, using spectrophotometry to estimate physical parameters and delermine
masses using the distance Lo the cluster. They compared the physical parameters and evolulionary
status ol sdBs in GCs with lield counterparis in the Milky Way. Moni-Bidin (2006) found that the
proporiion of sdB stars in binary systems is lower in GCs than in the Galactic feld.

While GCs proved Lo be valuable objecis [or [indings and studying the hot subdwarl population
(Moehler, 2001}, a high stellar densily makes it diflicult 1o observe most of the stars without being
conlaminated by neighboring stars in the area and the study is limiled Lo the oulskirts of GCs only.

In contrasi, (0Cs, which Lypically contain hundreds and up Lo thousands of siars, are nol as crowded

8



CHAFPTER 1. INTRODUCTION

wilh stars so, oblaining reasonable pholomelric data is less dillicull. Majorily of OCs are young, so
less dense and not likely o have the HB developed yel. On the olher hand old (0Cs are Lypically
denser, and [ewer, butl il is more likely they will consisl of stars in late evolulionary slages.

The oldest known OC, NGC 6791, which has a distinet EHB (Kaluzny & Shara, 1988), has an
age ol 8.9 Gyr (Sanjayan et al., 2022b) (Paper IIT). The age of 71 OCs were reported by Salaris el al.
(2004) in their Table 1, of which 52 (0Cs are older than 1 Gyr and 18 (OCs are older than 5 Gyrs.

Kaluzny and TUdalski (1992) conducted a pholometric study of NGC 6791, discovered eight blue
objects, and named them Bl, B2, ... B8. B4 was found to be a binary system (Kalueny & Rueinski,
1993). Landsman el al. (1998) analyzed UV images ol several (Cs, including NGC 6791, MG7, and
NGO 188, and [ound that the fraction ol hot HB stars in both NGC 6791 and NGGC 188 is approximately
30%, implying that these OCs show a UV up turn phenomenon.

IL is not only essential Lo use a clusler’s paramelers Lo study individual members, but also Lo use
variable stars in clusiers Lo provide valuable insighis into the cluster. Tsing the light. eurves ol variable
slars, such as KR Lyrae, Cepheids or rotational variables, we can determine the distance o the cluster
and/or its age and metallicity.

Our goal was Lo investigale Lhe possibilities and limitations of seismic modeling [or sdB slars in open
clusters. As parl ol our search for hol subdwarl pulsalors using Kepler observations, we conducted a
comprehensive search for variable stars in two old OCs NGO 6791 and NGC6819. We also performed
[urther analysis of some ol the cluster members. These (M0s contain a vast population of variable
stars, including only a handlul of them documented in literature e.g. Kaluzny and Rueinski (1993)
for NGC 6791 and Kaluzny and Shara (1988) [or NGC 6819, Our modeling eflort revolves around two
pulsating sdB stars identilied in NGC 6791, KIC 2569576 (B3) and KIC 2438324 (B4).

1.4 Kepler data processing

The Kepler mission, a milestone in a lransilt survey, was launched into an earth trailing helioceniric
orbil in 2009 and lasted for almost 10 years. Il [eatured a 0.95m Schmidi telescope. The Kepler
mission was completed in two phases. Firsi, it was conlinuously observing 105 square degrees of the
sky region belween the Lyra and Cygnus constellations lor the lirst lour years. Then, as a resuli
ol [ailure of a second, oul of lour, reaction wheels, the mission was redesigned Lo observe along Lhe
ecliplic plane (K2). The K2 mission lasted almost five years and covered 19 campaigns. Kepler stored
data in two modes: the shorl cadence mode (S3C) lasting 58.85 see, and the long cadence mode (LOC),
lasting 30 min.

The main goal of the mission was Lo delect planels by means of the Ltransit method and since Lthe
onsel ol the mission, more than 2700 conlirmed planets have been discovered. Ower 500000 stars and
other objecis, including star clusters, were observed. Among star clusters Kepler covered Lthe area
ol two OCs NGC 6791 and NGC 6819 (Figure 1.2) in the "so-called” superstamps collected in the LO
maode.

Kepler superstamps can be downloaded [rom the Mikulski Archive [or Space Telescopes (MAST)
database. They contain 200x 200 pixels and cover 177.78 square arcmin in the sky. The superstamps
are divided into two piles of ten 20x 100 pixel boxes. One square pixel is 4 arcsec per side. The
superstamps were collected during Quarters 1 17 (each Quarter lasts around three months and is ab-
breviated by Q il ollowed by a number), which corresponds Lo around 1460 days. Kepler superstamps

of NGC G791 and NGC 6819 cover hundreds ol stars, however only lor a handlul ol stars light curves

9
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IFigure 1.2: Two old open cluslers analyzed in our work. The bright yellow line boxes indicate Lhe
lields covered by Kepler. Lell panel: the lield ol the oldest OO NGO 6791, Right ligure: the lield of
NGC 6819 (image credit: Pan-STARRs.)

were prepared and became available in the MAST database. Therelore, we had Lo analyze individual
pixels and prepare Lime-series data ol all remaining stars,

To work with such a large number of pixels we prepared a custom scripl with a Graphical TUser
Interface thal allowed us Lo interactively investigatle individual pixels, mark those with a [lux variability
and deline a contiguous aperture conlaining a variabilily signal. The Kepler spacecrall rolales by
9 deg every Quarter Lo keep ils solar panels [acing the Sun. This is why the locatlion of stars on the
(CCD chips changes every Quarter (e.g. 2,3.4,5). However, the poinling repeals every lour Quariers,
hence the positions of the stars are the same in e.g. Q2,6,10,14. We show a snapshol ol one of Lthe

supersiamp boxes, with numbers representing dillereni variable stars we identilied, in Figure 1.3,
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Figure 1.3: One of the superstamp boxes of the NGO 6819 oblained in Q2. In this ligure, the numbers
represent. pixels with a [lux variability ol individual stars. These pixels deline custom apertures used
for a llux exiraciion.

To creale Lime-series data, we used PyKE soliware (Kinemuchi el al., 2012) and other custom
scripts. The linal [lux was oblained by adding up [uxes [rom all pixels within an aperiure delined lor
a given star. We Lried Lo avoid Loo much conlamination [rom nearby stars, by nol including pixels with

decent signal ol a star of our interest, bul also signilicant contribution [rom conlaminaling slars. A

L0
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crowding parameler, like the one used lor PDCSAP_FLUX delivered Lo Lthe MAST, was nol estimated.
Sample custom largel masks prepared [or two pulsating sdB stars in dillereni quarlers are presented
in Figure1.4. Long term variability (il any) were removed and outliers clipped oul. The detrending
and clipping was based on individual eases. Fluxes in each time-series data sel was divided by Lhe

average [lux, sublracted one, and multiplied by 1000, which resulted in a parts per howsand (ppl) unil..

Figure 1.4: Optimal apertures delined [or B3 and B5 in lour dilferent guarters (Q2, Q3, Q4, and Q&).

We classilied variable stars, we [ound in our analysis, inlo three main Lypes: binary, pulsaling and
rotational variables. Only a handlul of stars were nol assigned with any iype since their variabililies
are nol loo pronounced. Our Lype assignment was done based on both the lime-series data and
amplitude spectra. The amplilude specira of the Lime series were caleulated using the Fast Fourier
Translorm (FTFT) algorithm (Cooley & Tukey, 1965). We show an exemplary light curve and an
amplitude spectrum of a binary star (Goie EDR3I 2051293186777509376, a member of NGC 6791,
in Figure 1.5, We used Lhe amplilude spectra of all variable stars Lo derive periods of dominani
amplitude [lux variabilities, and specilically in case of pulsaling hol subdwarls Lo list all delected
pulsation periods. We utilized a commonly used method called prewhitening, which iteratively lits a

sinusoidal curve Lo lime-series data, and delivers amplitudes, periods and phases of a [Iux variability.

1.5 Asteroseismic modeling of sdBV stars in NGC 6791

Our work locused on a thorough exploration of pulsating hol subdwarls in NGC 6791 and NGC 6819,
The outcomes ol our invesiigalion were highly promising. We suceesslully identilied three pulsaling
sdB stars in NGO 6791 and eight unidentified pulsalors in NGC 6819, We ulilized observing proposals
al Lthe Nordic Optical Telescope (NOT) and Apache Point Observatory (APQ) 3.5m Lelescope Lo
collect specira of pulsators in NGO 6819, and verily their spectral status. Unlortunately, our analysis
revealed thal none ol the eight pulsators observed in NGC 6819 turned oul o be hol subdwarls. A
lack ol pulsating hol subdwarfs in Lhis open eluster may be surprising when considering the age of

the cluster. Hol subdwarls [ormed through a degenerale channel, depending on a progenitor mass,
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Figure 1.5: Kepler lime-series data and an amplitude spectrum of a newly found eclipsing binary

gyslem, (Goto EDR3 2061293186777500376, in NGO GTI1.

could (high mass end) or could not (low mass end) already arrive al Lthe horizontal branch. The red
clump area seems lo be well populated in this eluster. Stars with 1.6 M@ had enough lime Lo reach
the EHB, il a required envelope siriping occurred. Less massive progenilors ol hol subdwarls would
still be at the MS or Red Giant Branch (RGB) evolutionary stage. The non-degenerate channel only
works [or progenilor masses beyond 2.2Me, and siars lorming through this lormation channel would

have already passed the hot subdwarl evolulionary stage.
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IFigure 1.6: Radial orders n ol 0,1,2 and 3. Red and blue colors represent lower and higher temperatures,
respectively, which move in the opposite directions. Color of the surlace is arbitrary.

Using astrometric dala oblained [rom the Gaia EDR3 calalogue, we conducted an analysis Lo
determine the membership probabilities of those three sdB stars in NGC 6791, and we ended up with
over 95% probability that they are cluster members. The membership probabilities were determined
using astrometric parameters (@, 8, Ug, Uz, @) (symbols are explained in Section 1.9) through an
approach of clustering models known as Gaussian mixture models (GMM).

We analyzed spectra ol B3, B5 and B6 collected with the GMOS al the Gemini North telescope
and available [rom an archive!. We lound that all analyzed stars show motions relative to the motion
ol the entire cluster, which can be interpreted as caused by the presence of companions in star sysbems.

This shows thal all three stars are likely residing in binary syslems.

Uhitps: Jarchive gemini oo
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I=1,m=0

IMigure 1.7: Modal degrees [ ol 1,2 and 3. Red and blue colors represent lower and higher temperatures,
respectively.

One ol our goals was Lo identily sdBV stars in both clusters, perform asteroseismic modeling Lo
infer their interiors, and compare with sdBV stars in the Galactic [ield. The gualily ol the modeling
is measured by a comparison of observed and caleulated pulsation periods, which may, in principle,
be perlormed easier when pulsation modes are idenlilied, i.e. geomelry of each mode s recognized.
Stellar oscillations are described by three parameters, i.e. radial order (n) representing the number of
radial nodes, modal degree (1) indicating the number ol surlace nodes, and azimuthal order (m) showing
the number of longitudinal nodal lines, where m can range [rom -1 o +I. We presenl examples of n, [
and m values in Figures 1.6 and 1.7. Stellar disks of hol subdwarls are oo [ar away Lo see delails of
a pulsation geometry. Therelore, we ulilized means that were recenily widely applied Lo sdBV siars.

These are rotationally split modes and asymplolic period spacings.

1.5.1 Rotationally split modes

Non-radial ({ =0) modes ol degree [ have 214+ 1 components ol m= [,...0,... .4+l In the absence ol
a rotalion, these components have the same [requency. Stellar rotation lilis this degeneracy and shiflis
[requencies of m # 0 components. The separation belween the adjacent components is indicative ol
the rotalion period. The shill in the [requency due Lo the rolational splilting is given by

L Cu.!

ﬁVu.I—P— (1.1)
rot

Av, ; is Lhe [requency splitting [or a given degree, while C,, ; is the Ledoux consiant which delermines

14
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the stability of convective zones in a star (Gough, 1986; Tassoul, 1980). When the C,; is posilive,
conveclive wones are stable, indicating the absence of convection. Conversely, when Lthe C; is negalive,
conveclive zones are unstable, indicaling the presence ol conveclive mixing. The value ol Cpyr20 lor

p-modes (Charpinet et al., 2000), while for g-modes C,; can be calculated using

Cup = (P 417! (1.2)

A rolational splitling can be observed in both p- and g-modes. The inclination angle allecis
amplitudes ol observed components of multiplels (Charpinet et al., 2011a), which may result in missing
or reduced amplitudes of the splil components. Regardless of the [ value the rotational splitting lor
p-modes remains [airly constant. For g-modes ol I =1 the [requency splitting would be hall of that lor
p-modes. Similarly, for I =2 and [ =3, it would be 83.3% and 91.7%, respectively. As the modal degree
increases the [requency splitting ol g-modes approaches thal of p-modes. Rotational multipleis are
excellent for mode identilication since they allow us Lo derive the modal degree based on the number

ol splil components, ofllen supported by the rotalional splitting.

Mo rotation Rotation Rotation Rotation
I=1 i=1 I=2 I=3
=2 m m m
=3 4 0 +1 2 -1 0 #142 3 -2 -1 0 +1 42 +3
AV AV AV AV ] AV]AY AV AV | AVAY | AV AY
Frequency Frequency Frequency Frequency

Figure 1.8: Schematic rolational mulliplets ol 1=1,2 and 3.

1.5.2 Asymptotic period spacing

The asympiotic period spacing relation describes the spacing between conseculive g-mode radial over-
tones, so pulsation modes of the same | and diflering in 7 values. In the asymplotic limit n 3% 1 the

[ollowing lormula is Lrue

o
b, =—n+eE
in ,—1“4_1}

where Py is the period of the lindamental radial mode, while £, according to Unno et al. (1979),

(1.3)

is a small number. An asymplolic period spacing between lwo conseculive radial overlones, is given

by Lhe [ollowing equalion

Fy
A=

Reed et al. (2011) showed empirically that the average period spacing [or dipole (I=1) and

(1.4)
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gquadrupole (I =2) g-modes in pulsating sdB stars is close to 250 sec and 144 see, respectively. To esti-
male Lhe common period spacing for modes of dillerent modal degrees, the Kolmogrov-Smirnov (KS)
test is commonly used. Asymplolic period spacing is commonly used Lo identily a modal degree and

relative radial order ol pulsation modes.

AP | AP AP AP| AP| AP| AP| AP| AP| AP

£ L L L £ L L L £ L {

3] n+l] n+2| n+3] n+d4l n+5] n+el n+d|l n+Bl n+9 n+10

Periad

Figure 1.9: Schemalic asymplolic period spacing or a modal degree [.

1.5.3 DPulsation mode identification

We used bolh means Lo perform a mode identilication in B3, B4 and B5 (Sanjayan et al., 2022) (Paper
I). We started with identification of rotationally split modes, and then we completed the period
sequences using asymploiic period spacings. The majority ol the modes were assigned Lo dipole and
quadrupole modes. An échelle diagram is anolher representation of an asymplolic period spacing,
which shows up in the diagram mostly as a vertical trend. We constructed échelle diagrams [or B3,
B4, and B5 (Paper T). All three stars show Lhe expected vertical trend and a puzeling hook l[eature that
was previously reporied by Baran and Winans (2012). According to Charpinel et al. (2002), échelle
diagrams provide insight into internal structures of stars and are uselul for understanding dillusion
and mode trapping. The authors [ound that trapping is expected every 2000s5ec in sdB siars.

We delermined atmospheric parameters of those three sdB stars using spectroscopic observalions
taken with the HECTOSPEC instrument attached to the Mulliple Mirror Telescope and available
from archives®. All three sdBs were found Lo have temperatures between 23500 25 300 K, and surface
gravily log(g/cms?) beiween 5.31 5.51. A binary signature is clear in the Lime-series data of B4,
while no signature of binary in pholomeliric dala is found in olher hol subdwarl stars in this clusler.
As we mentioned belore such a detecltion was likely oblained in Lthe spectroscopic dala taken with Lthe
GMOS5 instrument.

Based on the rotational muliiplets of B3, B4, and B5, we were able to directly delermine the
rolation periods of the stars to be 64.2(1.1), 9.196(33) and 71.0(1.8) d, respectively. In Figure1.10
we show rolational periods as a [unclion ol elleclive lemperatures. The diagram shows thal hol
subdwarls with M dwarl and while dwarl companions are located at distinel areas. The [irsi group
shows shorter rotation periods, while the latter group shows longer periods. This is a consequence of a
prior binary star evolution. This diagram could potentially serve as a tool [or identilying binarity and
even companions Lo hol subdwarls based solely on lwo observables. IL highlighls an important role of

a companion through a binary interaction in shaping the rotation periods of sdB stars. 1L should be

Thiips: S Mweb cla barvard edu /mmli fheclospec. blml
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Figure 1.10: Rotation period vs ellective temperaiure diagram lor sdBV siars. Stars are ploi-
ted with symbols according Lo the pulsation conlent: g-modes (circles), hybrids with dominant g-
modes (squares), hybrids with dominant p-modes (Lriangles), and their binary status: sdB-+dM (red),
sd B+ WD (blue), unconlirmed (black).

noted, though, thal eighlt stars have binarily siatus notl cleared yel, hence the linal interpretation of

this diagram should be held ofl.

1.5.4 Theoretical models

Several studies Loward seismic modeling Lo explore the inleriors of hot subdwarl stars were published.
They were performed using the forward modeling method (no prior constrains used) with statie,
structural models. These models allow [or versatilily and [aster computations, although they can nol
[ully rellect the prior evolulionary history of stellar conligurations. The [orward approach was applied
to PG 1336-018 (Charpinet el al., 2008), Balloon 090100001 (Van Grootel et al., 2008), KPD 0629-0016
(Van Grootel et al., 2010a), KPD 1943+4058 (Van Grootel et al., 2010b), KIC 2697388 (Charpinet
el al., 2011b), and EC21494-7018 (Charpinet el al., 2019). The resulls oblained [or PG 1336-018
were the first that proved the method wselul. The mass ol 0.459M, and radius ol 0L151R;, were
derived. This resull was inline with independent observations [rom Voékovié el al. (2007). Modeling
ol Balloon 090100001 showed the star is in an advanced stage of evolution, i.e. al the post Terminal-
Age EHB phase, wilth the mass of 0.432Mg,. In the case of KPD 0629-0016 the authors reported the
mass of 0.471M, the radius of 0.2141,, and Lhe age ol 42.6 Myr since the Zero-Age EHB (ZAEHB).
For KPD 194344058, ihe mass of 0.496M;, radius of 0.2031,, and rather young age ol 18.4 Myr since
the ZAEHB, were reported. Modeling of KIC 2697388 provided no unique solution, with mass in the
range of 0.452  0.463M,;, radins of 0.198  0.2031, and Lthe age of less than 55 Myr since the ZAEHB.
For EC 21494-T018, the authors reporbed a radius of 0,164, and a mass of 0.391M,. This mass may

indicate that the sdB star was produced via a non-degenerate channel (Ostrowski et al., 2021).
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Figure 1.11: GYRE models thal match the observed pulsalion periods ol central componenis in
rotational multiplets in B3 (top panel) and B4 (bottom panel). Red filled circles represent detected
dipole modes ulilized in the period mailch, while the black ones represent detected periods thal were
not used. The size of a circle represents Lhe amplitude of a pulsation mode. Vertical lines on top of
red circles denole doublel or triplet detections. Red downward ([rom the circles) lines point at the
nearest periods of dipole modes caleulaled [rom models.

The lour latter stars were found to be young with more than 50% ol central helinum, Y., and of
relatively low metallicities. Tull exploitation of past evolution, and its inflluence on the hot subdwarl
interiors and pulsaling properties, can be possible with evolulionary codes, e.g. the Modules [or
Experiments in Stellar Astrophysics (MESA) code (Paxton el al., 2018) and the GYRE stellar evolution
code (Townsend & Teitler, 2013).

It is essential Lo maintain the convective core Lo be a single and conlinuous region in order Lo
maintain a stable energy Lransport mechanism. Some models show cores split inlo multiple [ractions,
disrupting the stable energy transport and leading Lo an unrealistic internal structure of a star (Os-
trowski et al., 2021; Salaris & Cassisi, 2017). When the central helium abundance drops to about a
few percent the occurrence of the breathing pulses becomes a challenge (Constantine el al., 2016). To
address these and other complexities, advanced numerical algorithms should be implemented Lo aceu-
rately delermine core boundaries, or adjustments, which should be made Lo the microphysics involved.
Detailed insight into those issues can be found in a recent study reported by Ostrowski et al. (2021).

As a contimuation ol the work presented in Paper I, we perflormed a modeling ellorl of B3 and
B4 and reported our results in Baran and Sanjayan (2023b)(Paper IT). We also included two field
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sd BV stars, KIC 2991403 and KIC 11159657, in our analysis. We utilized around 63 000 evolutionary
models with the conveclive premixing scheme, caleculated using the MESA and adiabalic pulsalions
using GYRE as a resuli of work reporied by Ostrowski et al. (2021). Only ceniral components of
Lthe rotalional mulliplets were used for a pulsation period match, since modal degrees oblained solely
[rom the asymplotic period spacing do not guaraniee reliable mode identilication. To lind the besi
match between Lthe models and observations we adopled the [ollowing approach. IFirsi, we searched the
entire grid ol calculated periods, withoul any constraints on physical parameters. Then, we applied
spectroscopic eslimales of Ty and logg., Finally, lor cluster members, we used age and metallicity
consiraints derived [rom previous works. As one would expeci the best period malch should be
obtained in the last scenario, however the age and metallicity of the clusier may nol necessarily be
applicable to our individual cluster members since they reside in binaries. We show the resull of our
period match in the speciroscopically constrained case [or B3 and B4 in Figure 1.11.

The results of our modeling show that B4 is 60.95 Myr since ZAEHB with 50% central helium leli
in its core. The radius and mass is 0.21 R and 0.47 M, respectively. In the case of B3 we derived
the radius of 0.25 Ry and the mass of 0.14 M. The age of B3 was [ound Lo be around 55 Myr since
ZAEHB with 50% central helium lell in its core.

Our modeling ol a lield star, KIC 2991403, delivered the radius of 0.22 R, the mass ol .47 M, and
10% central helinm, which indicates advanced EHB stage, i.e. 120.3 121.9Myr since the ZAEHB.
For KIC 11179657 we derived the radius in the range 0.27 R, the mass of (.48 Mg, and 10% helinm
left in the core. The age is in the range of 116.4  117.3 Myr sinee the ZAEHB.

1.6 In search of variable stars in NGC 6791

NGO 67 is one ol the OCs, which was extensively explored by means ol pholomelry. Rucinski ei
al. (1996) found three detached binaries and a cataclysmic variable (CV) star with a notable three-
day outbursi. Mochejska el al. (2002) discovered 47 new low-amplitude variable stars, including
several BY Dra-lype stars, and lwo CV slars undergoing oulbursts. Subsequently, Mochejska el al.
(2003) reporied the discovery of seven new variable stars characterized by prolonged and periodic
[lux variabilities. Kaluzny (2003) revisited archived data from Kaluzny and Rucinski (1993), and
identified four additional variable stars. Brunit et al. (2003) unveiled 22 new low-amplitude objects
and conflirmed 20 previously known variable stars. Hartman et al. (2005) delected 10 new variable
stars, including one &Scnti pulsator and eighl contact binaries. Mochejska el al. (2005) identilied 14
new variable stars, including nine eclipsing binaries. de Marchi el al. (2007) identified 260 variables
in the area ol the NGC 6791, however the aulhors reported thal nol all of these stars are conlirmed
members of the clusler.

As a by-product of our search lor pulsaling hol subdwarls, we reporied a diverse population
ol variable stars in the area of NGC6T91 (Paper III). We found 278 variable stars in the Kepler
superstamps exhibiling [lux variability. The lilerature survey showed thal 119 slars are newly found
variable stars. The membership study of those 278 stars has revealed 129 stars Lo be cluster members.
We collected speciroscopic observations of 111 siars [rom publicly available databases. To obtain
atmospheric parameters we litted spectra of 64 stars using the XT grid (Németh el al., 2012), while
[or the remainder we adopted the values [rom Lhe literalure. Using amplilude speclra and spectroscopic
observalions we classified our lindings as 17 binary stars, 45 pulsators and 62 rolalional variables, all

of them being cluster members. Only [ive stars were not allocaled Lo any of the variabilily iypes.
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We [urther divided the binary stars into eclipsing, contact and aclive, as well as pulsalors inlo sdB,
solar-like, 8-Sculi, and semi-regular. Fven il very long period [>90days) variables with smooth [lux
variabililies may exist in this open cluster we did notl expect Lo detecl them. I is a consequence of

our detrending applied Lo a quarier-long dalasels.

1.7 In search of variable stars in NGC 6819

A photometric exploration was condueted also in NGC 6819, Lindoll (1971) reported the first irregular-
Lype variable. Kaluzny and Shara (1988) discovered 11 variable stars, while Manteiga el al. (1989)
found one BS siar using radial velocity data. Kryachko (2001) identilied iwo dwarl novae using
photographic plates. Street et al. (2002) uncovered 25 variable stars and 13 suspecled ones, and
subsequently Street et al. (2003) found 11 stars with transiting evenls in a survey ol 38,000 stars.
Street el al. (2005) reported 141 variable stars, including eclipsing binaries ol varions Lypes. Stello el
al. (2010) conducied the first asteroseismic analysis of solar-like red giants. Talamantes et al. (2010)
listed 14 binaries and one §-Scuti pulsator [rom ground-based observations. Gosnell el al. (2012)
discovered 12 X-ray sources in Lhe cluster area using XMM Newlon data.

Similarly to the search in NGO 6791, we reported our [indings ol variable siars in NGC 6519 in
Sanjayan et al. (2023) (Paper TV). We found a total of 385 variable stars, including 128 cluster
members. We reported 270 newly [ound variable stars. We marked eight pulsating hol subdwarl
candidales and we collected spectroscopic data using the NOT. The analysis ol our specira revealed
two 8-Seuti pulsators, which are cluster members. Additionally, one 8-Seuti and three y-Dor, as well
as one rolational and one unclassified variable, which are non-members, were revealed. We collected
the archived spectra ol 51 stars. We [itted spectra of 25 stars using the XT grid Németh et al. (2012),
while we utilized the archived atmospheric paramelers for 34 stars. 'We [ound a total of 69 siars
exhibiting siellar oscillations of which 24 are cluster members, including 17 solar-like pulsaiors as well
as lwo 6-Sculi and one ¥-Dor pulsators. Detailed analysis of the solar-like pulsators is underway and
will be published by Themessl (in prep), while the analysis ol one aclive X-ray binary, two 8-Seculi
and two y-Dor stars has been already reported by Guzik et al. (2023). For the reason given in Lhe

previous section we [ound no variable stars with very long periods and a smooth [lux variability.

1.8 Spectroscopic analysis

Speciroscopic dala plays a cruecial role in determining almospheric parameters, including Tew, logg
and chemical composition. A number ol ground-based speciroscopic surveys available to the public
were searched, such as APOGEE (Ahn et al, 2014; Majewski et al., 2017), SD5S (Blanton et al.,
2017), LAMOST (Zhao et al., 2012), ESO (Gilmore el al., 2012; Randich et al., 2013), HECTOSPEC
(Fabricant et al., 2005), and INT *. We observed a selected sample of variable stars using the NOT
and the 3.5m telescope al APO. Since the spectroscopic data thal we collecled comes [rom various
archives and our own observalions, they are very helerogeneous.

For cool siars with Teg< 15 000K, we applied inlerpolated Local Thermodynamic Equilibrinm
(LTE) synthetic spectra [rom the BOSZ (Bohlin et al., 2017) spectral library based on scaled solar
metallicily with carbon and ¢-element enhancement. For holler stars with Tog > 15000 K we applied

Shlip: /S www ing iac.es Astronomy Lelescopes finl,/
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non-LTE stellar atmosphere models and synthetic spectra with TLUSTY /SYNSPEC (Hubeny & Lans,
1995; Hubeny & Lanz, 2017). In addition Lo caleulating Teg and logg, we estimaled the BV ol the

stars using XT grid procedure mentioned in Németh et al. (2012).

1.9 Cluster membership analysis

We used data [rom the (Faia mission (Gaia Collaboration et al., 2022), during which astrometry [or
over 1.8 billion stars have been collecled. We applied a query ool in Lhe astropy pylhon package Lo
download (Gata data. The package enables us lo download all (Gain targeis within a given radius. A
number of parameters were used for the membership analysis, including parallax (@), right ascension
(a), declination (&), proper motion in @ (gg), and proper motion in & (pgs). We used stars with
parallaxes in Lthe range ol 0 < @ < 1, and [or which relalive uncertainties of any of those live paramelers
listed above are smaller than 50%. The parallax ollsel was correcled using Lthe corresponding python
zpt package. We used a GMM implemented in Python by the scikit — learn library (Pedregosa et al.,
2011) to determine the membership probabilities. Models based on GMM assume the star’s astrometric
paramelers Lo be delermined by linite Gaussian [unelions, and varialional Bayesian inlerence with
Dirichlet priors is used Lo determine the number of Gaussian lunetions (Ferguson, 1973). The eentroid
ol Gaussian [unclions was oplimized using the Expectation Maximization (EM) algorithm (Dempster
el al., 1977). We accepled a star Lo be a clusier member il its membership probability is = 0.5.

We identilied 2040 stars Lo be cluslter members in NGO 6791 and 1971 stars in NGO 6819, Tor
NGO 679, during ihe time ol our analysis, (feic KDIL3 data were the most recent resource available,
which did not provide enough stars with TiVs measured (o allow us Lo determine the average RV of this
cluster. During our analysis of NGC 6819, Gaie DR3 became available, and we lound 126 stars [rom
our sample wilh BVs estimated. We used TiVs as a sixth parameler in the membership analysis. We
found that adding the BV as an additional consiraint in the GMM model does nol cause a signilicani
change in the membership probability, rather it improves ils accuracy. Using the clusier members
with probabilities higher than 90% we determined the average RV of NGC6819 Lo be +3.5(5) km/s.

To walidate our membership determinalion, we compared our [indings with those [rom previous
literature surveys (Cantal-Gandin et al., 2018; Gao, 2020). Our aim was Lo identily any discrepancies
in the membership assignments and investigale possible reasons lor them. Qur analysis shows that
mosl of the eluster members we identilied mateh those [rom previous siudies. However, some siars
were lelt oul because Lheir astromelry was of low preeision, while a [raclion of some stars happened
to be outside our search radius, more deiails and comparative study on clusier membership can be

[ound in Paper ITT and Paper IV,

1.10  Color-magnitude diagrams of NGC 6791 and NGC 6819

We used cluster members to construct the CMD in the GG magnitude and By Ry color. We [itted
isochrones in the CMDs ol both clusters. We downloaded the grid of isochrones [rom the MESA
Isochrones and Stellar Tracks (MIST) project (Choi el al., 2016). We used the grid caleulated in the
(raia absolute magnitudes with V/V gicq = 0. The magnitudes are not extinction corrected. Recent
studies (Carraro et al. (2006), Paper III) showed NGC6791 to be 7 9Gyr old and metal rich with
metallicity [Fe/H]=+0.3 +0.4 (Villanova et al., 2018), while NGC6819 to be 2 3 Gyr (Anthony-
Twarog et al., 2014) old and with [Fe/H] =-0.1 +0.1 (Bragaglia et al., 2001; Lee-Brown et al., 2015).
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We used Lthese resulls Lo initially constrain our seleclion ol the MIST models in order to minimize the
computational lime.

The lilting was perflormed using only slars in the MS, RGB, RC and Asymplotlic Gianl Branch
(AGB) regions. We excluded a few binary stars, whose magnitudes and colors do nol appear Lo be
ol single stars. Since evolutionary stages are nol unilormly populated we weighted the G magnitudes
and the Bp-Rp color with their variance. It elleclively balanced the more densely populated MS region
with the less populated RC and RGB regions. We applied a horizontal shilt (G-Mg) and a vertical
shili E(Bp Ry) to account for the distance and intersiellar extinetion.

For NGC 6791, we derived age of 8.91 Gyr and [Fe/H] =0.26 (.28, We derived the interstellar
exiinciion Lo be Ag =0.342 mag and the distance o the cluster of 4134 pe. The distance estimate is
comparable with the value derived [rom the Gaia parallaxes of cluster members, which is 4123(31) pe.
For NGC 6819, we obtained the [ollowing parameters: age ol 2.53(3) Gyr, [Fe/H] =-0.01(2), interstellar
exiinction Ag =0.388, and the disiance of 2300 pe. The distance estimale agrees with the one derived
from the parallaxes of the cluster members, which is 2480(180) pe.

Using the Ter and logg paramelers [rom the best litted models, we created the Ty logg dia-
grams (HRD). The majority ol stars show consistent positions in both CMD and HRD, although there

are outlying stars in the HRD, which may reflect limitations of our spectroscopic lits.

1.11 Other results

The observed minus calenlated ((-C) diagrams were used Lo explore a variability ol orbital periods in
the binaries that we [ound in both clusters. We developed an eclipse timing tool Lo extract eclipses, de-
termine Lheir mid-times, and construct O-C diagrams. The mid-Limes were derived using a descriplion

provided by Kwee and van Woerden (1956). We used ephemerides derived [rom data we analyzed.

1.11.1 NGC6791

An aective eclipsing binary Gaie EDR3 2051105342091761536 (KIC 2437783 shows an orbital variation
ol 249 days (Fig. 4 of Paper IIT). A contacl binary Gaia EDR3 2051294114497255936 shows an O-C vari-
alion with a period ol around 900 days, while another contact binary Goic EDIRS 20512913614 16937556
shows an -0 varialion with a period ol around 930 days. The O-C diagrams ol all three stars are pre-
senbed in Fig. 4 of Paper TI1. An eclipsing binary (Feiec EDRS 2051288372129693440 shows a shallow
secondary eclipse al phase around 0.65 (Fig. 2 of Paper TIT), which indicates an eccenlrie orbit, while
a non-member binary Goie EDIR3 2051 104826700758016 shows a secondary eclipse al phase around
0.95 (Figure1.12). The latier system has the longest orbital period (196.34 days), and the highesi
eccentricily of the orbil, among all (member and non-member) binaries we [ound in the area of this

cluster.

1.11.2 NGC6819

The (3-C analysis reveals thal a contaclt binary Geic DRI 2076394105234042496 shows an orbital
period variability of around 1000days (Fig. 6 of Paper TV). In addition, we [ound signilicant (-C
varialions in three non-member binaries. We estimated orbital periods of two eclipsing binaries, Gaia
EDR3 207T6208864347T818624 and Gaio EDRI 2076392838230907264, to be 77181 days and almosi
414.55 days, respectively. We delected only lwo eclipses in Lhe data of the lormer system hence Lhe
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period estimation still needs to be conlirmed. I so, it would be Lthe longest orbital period among all
binary sysiems we [ound in our analysis. The laiter system has an ecceniric orbil with varying depihs
in the secondary eclipse. We [ound a non-member binary system Goioc EDR3 2076487671098665472
with an orbilal period of 225.28 days, in a highly eccentric orbil. These three non-member binary

sysiems are shown in Figure 1.13.
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Figure 1.12: A close-up ol time-series daia of a non-member binary siar in the area of NGC 6791,
(roio EDILE 20511045826T00758016. The insel shows how close Lthe secondary eclipse is Lo the primary
eclipse, which reveals a highly ecceniric orbit. An oul-of~eclipse variation is prominent.
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Figure 1.13: Close-ups ol time-series dala ol ihree long-period binary stars in NGUC G819, Gaia

EDR3 designations and orbital periods are given in each panel. A possible eccentricity of Gaia
207629586434 7818624 is marked, assuming the secondary eclipse is missing because of the data gaps.
A llux drop thal may indicale an incomplele secondary eclipse al e~0.89 is also marked. Tor the
olher lwo stars, bolh types ol eclipses are shown in inlets and rough estimations ol eccentricilies are
provided.

1.12 Summary

We presented Lthe resulls of our search [or hol subdwarl pulsators within two open clusters NGC 6791
and NGC 6819, observed in the course ol the Kepler mission. Below, we lisied Lthe signilicant resulis

and caveats ol our analysis.
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1.12.1 Significant outcomes

s We conlirmed three pulsating sdB stars in NGC 6791, while we [ound none in NGC 6819,

o We extended a list of detected pulsation periods in all three stars, including rotalional mulii-
plets and asymplolic period sequences, which we used Loward mode geomelry assignment and a

rotation period estimation.

s Owing Lo spectroscopic observalions we detecled RV variations lor three hot subdwarls, members

of NGO G6T91, which indicate their possible binary staius.

s We derived physical parameters and stellar interiors of four hot subdwarl pulsaiors, including
two members of NGC 6791 and two lield stars, for the [irst Uime uiilizing evolutionary MESA
and adiabatic GYRE models.

s The results of our modeling should help and encourage the scientilic community o leverage
[urther use ol advanced MESA models towards evolulionary and stellar pulsation modeling of
hol subdwarl pulsalors.

o We [ound hundreds of new or previously known variable stars, most of them classilied inlo Lthree

variable Lypes and [or many of them we derived speclroscopic paramelers.

o We [ilied isochrones and estimated age, metallicities and distances ol boih clusters. The distance
estimates [rom the isochrone litling are in agreement with the independent estimates [rom the

(ain parallaxes of clusier members.

1.12.2 Caveats

o A delermination of speclroscopic paramelers, which is instrument and almospheriec model de-

pendent, inflluences seismic modeling.
s Cluster’s paramelers were nol accepled Lo consbrain seismic litling.

# The evolulionary models we used are limited by the tip of the EHB branch, t.e. down to 10%

ol central helium, and they do nol include a realisiic hydrogen mass loss.
o The GYRE models we used are adiabalic.

# The grid resolutions lor parameters such as mass of the hydrogen envelope, melallicily and central
helinm abundance could be larger, however it would come with the cosl of more computational

Lime needed.
# The melallicily of NGC 6791 members are nol consislent.

o A population of pulsating hol subdwarl stars is nol rich in open clusters, even those old ones,
which hardly allows for a comparison belween eluster and field counterparts.

» Speclroscopic estimales of variable stars we lound during our survey are nol coming [rom a

uniform source, which can create a systematic shift between instruments and/or models nsed.
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Chapter 2

Paper I: Pulsating subdwarf B stars in the
oldest open cluster NGC 6791

Abstract

We report resulis of our analysis of the Kepler super aperture LC dala ol the open cluster NGO 6791
to search for pulsaling sdB stars. We checked all pixels and we [ound only three sdB stars Lo be
pulsating, KIC 2569576 (B3), KIC 2438324 (B4) and KIC 2437937 (B5). These stars were known Lo
be pulsalors belore, though we extended data coverage deiecling more [requencies and leatures in
their amplitude specira, i.e. new muliiplets and more complete period spacing sequences thatl we used
[or identilying geometry ol the pulsalion modes. The multiplel splittings were also used Lo derive
rolalion periods. The remaining known sdBs do nol show any pulsation-related light varialion down
to our delection thresholds. We analyzed already existing speciroscopic observaiions taken with the
HECTOSPEC ail the MMT ielescope in Smithsonian Arizona and with the GMOS al the Gemini
North telescope, and lilled atmospheric parameters using the Balmer lines. Four stars, B3 BG, show
almospheric paramelers Lhal are consistent with g-mode dominated sdBs. We detected hints of radial

velocily variabilily in B3, B5 and B, indicating these three stars may be in binaries.
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ABSTRACT

We report results of our analysis of the Kepler superaperture LC data of the open cluster NGC 6791 to search for pulsating
sdB stars. We checked all pixels and we found only three sdB stars to be pulsating, KIC 2569576 (B3), KIC 2438324 (B4),
and KIC 2437937 (B5). These stars were known to be pulsators before, though we extended data coverage detecting more
frequencies and features in their amplitude spectra, i.e. new multiplets and more complete period spacing sequences that we
used for identifying geometry of the pulsation modes. The multiplet splittings were also used to derive rotation periods. The
remaining known sdBs do not show any pulsation-related light variation down to our detection thresholds. We analysed already
existing spectroscopic observations taken with the HECTOSPEC at the MMT telescope in Smithsonian Arizona and with the
Gemini Multi-Object Spectrograph at the Gemini North telescope, and fitted atmospheric parameters using the Balmer lines.
Four stars, B3 — B6, show atmospheric parameters that are consistent with g-mode dominated sdBs. We detected hints of radial

velocity varability in B3, BS, and B6. indicating these three stars may be in binaries.

Key words: asteroseismology —stars: oscillations — subdwarfs — galaxies: star clusters: general.

1 INTRODUCTION

Hot subdwarf B (sdB) stars are extreme horizontal branch objects.
They consist of heliom buming cores and very thin (-1 percent in
mass) hydrogen envelopes. 5dB stars are compact objects with a
typical mass of 0.47 M, (Fontaine et al. 2012), and surface pravity
log(g/cms 1} of 5.0-5.8, hence their radii fall in a range of 0.1-
0.3 R, (Heber 2016). The effective temperatures of sdB stars range
between 20 000 and 40000 K. It is generally accepled that sdB stars
are descendants of low mass main-sequence stars (0.7-1.9Mg),
which have lost most of their hydrogen envelopes before the helium
flash occurred (Heber 2016). Since the sdB stars have very thin (in
mass) hydropen envelopes, they are not able to sustain hydrogen shell
burning, hence they will not evolve o the asymptotic giant branch
but will go directly to the white dwarf cooling track, instead. The
envelope can be removed during a binary evolution through common
envelope gjection, Roche lobe overflow or white dwarf mergers (Han
et al. 2002, 2003). The outcome of the two former cases becomes a
binary system while of the latter a single star.

* E-mail: sachusanjayan(# gmail com

£ 2021 The Author(s)

Published by Ox ford University Press on behall of Royal Astronomical Sociely

SdB stars became more interesting for study afer pulsations were
predicted and detected in these stars by Charpinet et al. (1997) and
Kilkenny et al. (1997), respectively. Pulsating subdwarf B (sdBV)
stars show two types of flux variation. The first, associated with short
period pressure modes (p-modes), has pulsation periods of the order
of minutes and amplitudes of pulsation modes reaching tens of mmag.
The sdBVs showing p-modes are often called V361 Hya stars, after
the prototype (Kilkenny et al. 1997). The second, associated with
long period pravity modes (g-modes), has pulsation periods of the
order of hours and amplitudes of pulsation modes below 10 mmag.
The sdBYs showing g-modes are often called W 1093 Her stars, after
the prototype (Green et al. 2003). Some sdBY stars exhibit the hybrid
phenomenon, where both p- and g-modes are present. Hybrids are
sometimes referred to as DW Lyn stars_ after the first hybrid sdBV
detection (Schuh et al. 2006). Other hybrid sdBV are reported by
Baran et al. (e.g. 2009); Reed et al_ (e.g. 2014).

The Kepler spacecraft was launched in 2009, and observing
for almost a decade. it has collected enormous amounts of pho-
tometric data of unprecedented quality. The first (original) Kepler
mission lasted | 460 days, during which 0.25 per cent of the sky was
monitored. After two of the spacecraft’s reaction wheels broke, the
mission was reborn with its limited capabilities. During the second
mission, called K2, Kepler observed along the ecliptic equator in so-
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called campaigns, each lasting around 80 days. The engineering test
campaign started in February 2014 followed by the first Campaign
in May 2014. The K2 mission ended during Campaign 19. The
total duration through all K2 campaigns is 1 695 days. During both
missions data were stored in the short (538855, 5C) and long
(1765.5 5, L.C) cadences. During the original Kepler mission 18 sdBV
stars have been detected. They revealed different features i.e. mode
trapping {@stensen et al. 2014b), internal differential rotation (Foster
el al. 2015). the Doppler beaming (Telting et al. 2012}, unstable
miodes (@stensen el al. 2014a).

Two open clusters, NGC 6791 and NGC 6819, have been moni-
tored by Kepler during the original mission in the so-called super-
apertures. These are 20 x 100 pixel rectangles, which being contigu-
ous, cover 0.22 by 0.22°, centered at the cores of the clusters. The
data in super-apertures were collected in the LC mode only. In this
paper, we report results of our search for sdBVs in one of the clusters,
MNGC 6791, This cluster is enigmatic in several ways. It is unusually
massive (totalling around 4 000 solar masses, Carraro et al. 2006),
about | kpe above the Galactic plane though it may have originated
in the inner disc (Jilkovd et al. 2012), metal-rich with [Fe/H] from
+0.3 to + 04 (determined only from its evolved stars, Villanova
el al. 2018), despite its age of roughly 8 & | Gyr (Carraro et al
2006). This last enigma means that it does not fit any age metallicity
relation for the Galactic disc and it is far above the disc where open
clusters reside (King et al. 2005). It has an atypical white dwarf
cooling curve which does not agree with the main sequence turn-off
age (Bedin et al. 2003).

The goal of our work was to find all sdBY stars in NGC 6791,
provide the mode identification of detected modes, derive parameters
by means of asteroseismology, and compare them with parameters
of field counterparts. ‘We suspected that this high metallicity envi-
ronment is a source of more efficient driving. In this paper, we limit
our report Lo spectroscopic analysis and mode identification. while
the results of our modelling will be published elsewhere. In addition,
we identified blue-colour objects and analysed spectra of several of
them that were found in a public archive.

sdBVs in NGC 6791 765

2 SPECTROSCOPY

Using optical spectrophotometry, Kaluzny & Udalski (1992) have
found seven blue-colour objects in NGC 6791, The authors used
Cle NGC 6791 KU Bx for designation, where x stands fior a con-
secutive number. In the remainder of the paper, we will use a
Bx formal for short, ie. KIC2569576 (B3). KIC 2438324 (B4),
KIC 2437937 (B5), KIC2569583 (B6). Liebert, Saffer & Green
(1994} have observed these slars spectroscopically with the 4.5 m
Multiple Mirror Telescope (1979-1998) in Arizona and confirmed
four of them o be hot subdwarf stars. New observations were taken
by Reed et al. (2012), using the ALFOSC spectrograph mounted
on the 2.56-m Mordic Optical Telescope o support their search for
pulsating hot subdwarfs based on the first three months of Kepler
data.

BElue stars in NGC 6791 were observed with the HECTOSPEC
(Harvard CfA) spectrograph on the 6.5 m MMT telescope (1998)
in Arizona, o calibrate for the instrumental response in a search
program for optical counterparts of interacting X-ray binaries {van
den Berg et al. 201 3). We found these archived HECTOSPEC spectra
for all four hot subdwarfs and measured a dispersion of 5.5 A from the
FWHM of well-exposed lines in the arc spectra. The signal-to-noise
ratio (SNR) of the HECTOSPEC spectra in the 38005100 A range
are 67, 21, 62, and 70 per dispersion element for B3, B4, BS, and
b6, respectively. The membership study of Gao (20207 suggests that
all four hot subdwarfs are cluster members, which we confirm with
our study (Section 3.1). Three of the four stars show a remarkable
spectral similarity in Fig. 1. only B6 has a higher temperature and
surface gravity.

2.1 Spectral analysis with XTGRID

We analysed the archival MMT/HECTOSPEC specira with the
steepest-descent chi-square minimization spectral analysis program
XTGRID (Mémeth, Kawka & Vennes 2012) to determine Toy. log o,
and nHe/nH. The filting procedure is an interface o calculale non-
LTE {non-Local Thermodynamic Equilibrinvm) stellar atmosphere
models and synthetic spectra with TLUSTY/SYNSPEC (Hubeny &
Lanz 1995, 2017), and fit observations. The theoretical models are
matched to the chservations with a piecewise normalization and the
model parameters are varied iteratively along the steepest gradient
of the global chi-square, until the fit converges on the best solution.
The normalization method reduces the effects of the uncalibrated
continuum flux and the fit is based on the relative strengths and
profiles of the spectral lines. Our models included H, He, C, M, O,
MNe. Mg, and 5i opacities. Although the resolution and SNR of the
HECTOSPEC spectra do not allow to measure metal abundances,
the presence of metal opacities improve the model consistency. The
fitting procedure iterated the models until the relative changes of all
maodel parameters and the chi-square decreased below 0.1 per centL
Fig. 1 shows the best-fil non-LTE XTGRID models. The statistical
errors for 60, 90, and 9% per cent confidence were evaluated in one
dimension for abundances and include correlations for Ter and log o
(Fig. 2). XTGrID calculates upper and lower error bars independently,
resulting in asymmetric errors, which were recalculated to symmetric
error hars in this study.

We repeated the analysis assuming LTE conditions o estimate
the effects of the non-LTE approximation on the spectral syn-
thesis. No systemalic trends have been found between the LTE
and non-LTE results suggesting that non-LTE effects are low in
this parameter range and random errors supersede the systematics
among the different approaches. Higher guality spectra will be

MNRAS 509, 763-777 (2022)

ZZOZ AT 22 U Jesn ey Ul eig S1gnd [euciiey Ag SZEZ0FHES.Y WE0SEDILESEILLY WS dno D Wapesey Sdyy Way papes|uaog



766

S. Sanjavan et al.

Table 1. List of pulsating sdP} stars in our analysis.

MName  Type K; Tar log{gjcms—2) loa (Nyg/Ny ) P Relerence®
[mag] K]
B3 sdB  18.076 13 5402100 531 135) —2.732%) 0.998 KU92 1.94 5521
B4 sdB 18267 25 2000300 5510043 —262(11) 0.998 KU92 1.94 8521
BS sdB 16937 24 BaM2T0) 3.348(52) —246(12) 0.999 KU92 1.94.5521
Note® — 58521 — this work, KU92 — Kalweny & Udalski (1992), 194 — Lichert et al. (1994)
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relative 1o the cluster radial velocity. The radial velocily excesses suggest
Lthat these stars must have an internal motion within the cluster, which can be
explained by binarity.

needed to explore such effects. We also show the iso-luminosity
curves corresponding to the Eddington-luminosity fraction of the
non-LTE solutions. Inconsistencies in the instrumental resolotion,
line broadening parameters and fitting approaches can increase the
degeneracy between surface temperature and pravity, causing a shift
of resulis along iso-luminosity curves. Such shifts are not obhserved
among the solutions, suggesting the dominance of random, statistical
errors. When our results are comparad to past studies in Fig. 3 abetter
internal consistency can be outlined. While the results by Liebert
etal. (1994) and Reed et al. (2002) are quite far from each other. the
TLUSTY/XTGRID LTE and non-LTE results overlap and form a more
compact set.

Table | lists the final non-LTE aimospheric parameters for each
of the program stars. Atmospheric parameters of other hot cluster
members that we derived in this work are listed in appendix Table Al.

2.2 Radial velocities

Multi-epoch spectra for NGC 6721 had been previously oblained
with the Gemini Multi-Object Spectrograph {GMOS5) at the Gemini
Morth telescope, as part of GN-2004B-03-11 programme. Data were
obtained on seven different nights (20150524, 20150526, 20150528,
20150610, 20150612, 20150620, 201530621) using a grating with
1200 lines/mm and a central wavelength of 442 or 450 nm. During
some nights, observations were taken with both configurations.
Ohbservations were executed in multi-object mode with a custom-
designed mask with 35 slits. Among 35 targets three of our objects
of interest, B3, B3, and B6, were assigned slits.

We downloaded these public spectra through the Gemini Science
Archive,! with the goal of searching for radial velocity variability in
B3. B3, and B6. The spectra were taken with an exposure time of 1700
s ataresolutionof 1.1 A. The 5/N ratio are 39, 45, and 45 _respectively
for B3, BS, and Bo. We processed the spectra using the gemini
package in pyraf. We performed bias and background subtraction,
flat-field correction. wavelength calibration, and extracted the spectra
for each of the 35 stars in the GMOS field of view. Unfortunately, no

Thupsarchive gemini.cdof

sdBVs in NGC 6791 767

arc lamps were taken at the same position as the observations. Due
to instrument flexure, the dispersion function can vary significantly
with pointing — we noticed shifts of more than 5 pixels for arc
lamps taken on different nights — leading (o a pointing-dependent
wavelength solution. As a consequence. the lack of arc lamps taken
immediately before or after the science observations implies that no
absolute radial velocities can be obtained from these data.

We expect that the instrumental shifis resulting from the instrument
flexure should be the same for all stars observed simultaneously
with the same pointing. Hence, any star showing systematic shifts
compared to the other cluster members must have an excess radial
velocity compared to the cluster. We estimated the radial velocities
for all 35 stars for all observed nights, with the exception of
20150526, for which no good wavelength solution can be obtained
(for the other nights, we typically obtained wavelength solutions with
RMS =2 0.5). We utilized the rvsao package” to obtain barycentric
radial velocities through cross-correlation with template spectra
(xcsao task). We downloaded the templates from the Sloan Digital
Sky Survey,® corrected to zero radial velocity and air wavelengths,
and we chose the template whose spectral type match each of the
35 stars the best. We show the result of the spectra processing
in Fig. 4.

The oblained radial velocities sugpest that B3, B5, and B6 show
radial velocily excess compared to other cluster stars. We determine
the average instrumental velocity using the other cluster stars, and
then subtracted it from the velocities of B3, B5, and B6 to obtain
velocities relative to the cluster (Fig. 5). These excesses in velocity
shown by these three stars can only be explained if they show a motion
wilh respect to the cluster motion, which can only be explained if
they are binaries. We attempted to find orbital periods by performing
a Lomb-Scargle periodogram of their relative velocities, but the
window function prevents us from any unique period identification.
Likely, they show periods of many days, since spectra taken on the
same night show no significant shifts {as can be noled in Fig. 5).
We cannot confirm this conclusion with photometry, since we found
no significant peaks in the low frequency region of the amplitude

spectra.

3} KEPLER PHOTOMETRIC AND Gaia
ASTROMETRIC DATA

We downloaded the Keplerdata of NGC 6791 from Mikulski Archive
for Space Telescopes (MAST). 'We searched for a flux variation in
each pixel of the data taken during quarters () 2, 3, 4, and 5 only,
since the location of stars on silicons repeats exactly every four
quarters. First, we pulled out Auxes from a given pixel for each time
stamp and created lime-series data. We also analysed the 5C of B3,
B4, and B5 and selected either the 3C or L.C, whichever allowed
for lower noise level in amplitude spectra. MNext, we calculated
amplitude spectra up to the Nyquist frequency, which equals 24 (L.C)
or 734 ¢/d (SC). Finally, we inspected the spectra by eye for any sign
of variability. Large amplitude variations. mostly non-sinusoidal,
e.g eclipses. outhbursts, were easily detected directly in the time-
series data. In case of a positive detection, we defined tarpet masks,
either one-pixel or multiple-contiguous-pixels containing the same
variability, in each of the () 2—5 separately, and we applied these
apertures to all quarters, | through 17. We prepared final light curves
using both PYKE software (Kinemuchi et al. 2012) and our custom

hiupetide- weow harvard edw/iralfrvsan/
*hup:ifclassic sdss ora/drialgorithms/spectemplates!
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Figure 6. The targed masks (yellow squares) defined in () 2 -5 for B3 (upper pancls) and BS (lower panels). The nombers in green and red denote the S/N ratio
of the Muxes in grven pixels. The black line shows (he boundary between iwo adjacent super-aperiures.

BJD - 2454833

Frads Erguss Troas

10

LT

Frecuency (uHz)

Figure 7. Shding amplitwde spectrum of BS showing tme evolution of selected frequencies. The nghimost panel shows convergence of two close [requencies

297 583 pHr and 297 735 uHr overiime.

scripts. We clipped the data using 3—5 o rule, depending on quarter
and star. Then, we detrended data using cubic spline fits and finally,
we normalized data by dividing by an average flux level, subtracting
I and multiplied by 1000. The resultant fux is given in parts per
thowsand (ppt).

In this work, we focused on super-aperture LC data (Q 1-17) to
lower the noise level in amplitude spectra by increasing the time
coverage of the time-series data. We show the optimal apertures
in Fig. 6. The apertures are formed by pixels with a flux variation
of 5/N = 5, not including pixels that contain too much signal from
neighbours, even though the S/N ratio is still = 5. We note that
our flux extraction does not account for peighbour contamination.
Such photometry causes a median flux to be quarier dependent and
the amplitudes of a Aux variation are not realistic but arbitrarily
normalized to Q@1 median flux. B4 has been also observed in the SC

MMNEAS 509, T63-777 (2022)

mode during Q) 6 — 17. These data are four quarters shorter in coverage
but has 22 times the number of data points in LC, which provide a
lower noise level in the amplitude spectrum, and we accepted the SC
data for further analysis of B4. The all SC data set available now is
longer than the data set analysed by Baran et al. (2012), and the flux
delivered to the MAST is comrected for contamination making the
amplitudes realistic.

We utilized parallaxes and proper motions from Gaia Early Data
Release 3 for all Gaia tarpets within the tidal radius == 23 arcmin
(Platais et al. 2011) from the cluster center, RA = 19:20:51.3,
DEC = 4 37:46:26, adopted from Kamann et al. (20019) to establish
cluster membership. We used the Gaig EDRE3 zero-poinl cormection
package available in PYTHON (Lindegren et al. 2021) to correct
parallaxes. We included only stars with parallaxes between #ero and
one. Negative parallaxes are surely incorrect while stars closer than
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both the sub- and super-Nyguist regions.

| kpc are too close to us o be cluster members. Since the Gaia data

have limited precision, stars in dense environments may have relative
errors of parallax bigger than 50 percent. We rejected those tarpets
from our analysis as well.

sdBVs in NGC 6791 769

3.1 Cluster membership

To derive membership probabilities for B3, B4, and B5, as well
as blue-colour tarpets (mentioned in Section 2). we employed
variational Bayesian Gaussian Mixture Models with a Dirichlet
process prior (Ferguson 1973) using scikif—fearn machine learning
library for the PYTHON programming language (Pedregosa el al
2001). We calculated the probabilities using five parameters (51,
i.e. RA, DEC, PM_RA, PM_DEC, PARALLAX. Stars with P{5D) = 0.5 are
classified as almost certain members. The 5D probability of B3 is
0998, of B4 is 0.998_ and of B3 is 0.999, and we claim these stars
are almost certain NGC 6791 members. The probabilities of other
targets of our interest are also listed in Table Al (Appendix A).

We found significant photometric variation in B3, B4, and B3,
which were known to be pulsators before (Reed et al. 20012; Baran &
Winans 2012) and according to our results, B3, B4, and B5 are the
only sdBVs in NGC 6791, We list these three stars with Ter and log 2
derived in this work in Table 1, and four other hot stars in Tahle Al.
In the remainder of the paper, our focus is placed on the pulsation
analysis of B3, B4, and B5.

3.2 Amplitude spectra

We used our custom scripts to calculate amplitude spectra and pre-
white frequencies with significant amplitudes, i.e. above a detection
threshold of 450, where o is the mean noise level (Baran, Koen &
Pokrzywka 2015). This is a very liberal threshold as it corresponds
o a false alarm probability (FAF) of around 10 per cent, hence the
peaks with amplitudes close to the threshold should be considered
tentative. The pre-whitening is performed with the non-linear least-
square method. The mean noise level is calculated from residual
amplitude spectra. The 4.50 detection threshold equals 0,085 ppt
in B3, 0.1447ppt in B4, and 0.0643ppt in B3 We calculated
FAP = 0.1 percent for each star to be achieved at 5/N of 5.23
(0,091 ppt) in B3, 5.63 (L1227 ppt) in B4 and 5.16 (0,069 ppt) in B5.

We pre-whitened a few tens of frequencies in each star. All fit
frequencies were checked against the list of artifacts reporied by
Baran (20013). In B3 and B4 most of the frequencies are pre-whitened
with neglipible residuals, which indicate stable amplitudes of the
pulsation modes. In BS, some of the frequencies leave significant
residuals, which we interpret as unstable frequencies or amplitudes
of those modes. In Fig. 7, we present sliding amplitude spectra of
five frequencies that significantly vary with time. We discuss it more
in Section 3.3.3. In the right-most hand of Fig. 7, we show sliding
amplitude spectra of two close frequencies fig and foy thal may, in
fact, be rotationally split and converge with time.

3.3 Mode identification

To make a preliminary mode identification. we used two features in
amplitude spectra. a frequency splitting caused by stellar rotation and
an asympiotic period spacing. Non-radial modes of degree £ have 2£
+ | components of different m values, which are not distinguishable
in the absence of rotation. Stellar rotation lifts this degeneracy. The
corresponding m components are shifted in frequency according to
the rotation rate, and a frequency shift is given by the following
equations (Tassoul 1980; Gough 1986).
| —Coy

Mgy = P—m - n
When the frequency shift is measured in an amplitude spectrum,
a rotation period is estimated. C, ; is called the Ledoux constanL
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umidentified modes,

According to Charpinet et al. (2000). it is close to zero for p-
modes, while for g-modes, it can be calculated from the following
EXpression:

Corm (E48) . @)
In the asymptotic regime i.e. n 3 £, g-modes are evenly spaced in
period. The periods of a given radial order and modal degree can be
estimated from the following equation:

Fy
JEHEFD

Py is the period of the fundamental radial mode, while €, according
to Unno et al. (1979), is a small number. Reed et al. (2011}
showed empirically that the averape period spacings for dipole
and quadrupole p-modes in sdBY stars are close to 250 and 1445,
respectively.

Toestimate a common period spacing for modes of different modal
deprees, likewise Reed et al. (2011), we applied the Kolmogroy—
Smirnov (K5) test. The result of our K5 test application is shown in
Fig. 8, and it clearly indicates that the most commion period spacing
is close to 2505

Fia= nte (3

33r B3

@stensen et al. (20010) reported the effective temperature
Ter = 24 250(459) K and surface gravity log (g/cm s 1} = 5284
The latter overlaps, while the T.n. including errors, is different by
41 K (Table 1). These parameters place B3 in the Tor—log g diagram
in the region of g-mode dominated sdBV stars. In fact, B3 has been

MNRAS 509, 763-777 (2022)

discovered to be a sdBV star and analysed by Reed et al. (2012).
They analysed |-month of the 5C data and reporied 1 | frequencies,
including nine £ = |1 frequencies. We used a detection threshold of
0.085 ppt, which is seven times betier than achieved by Reed et al.
(2012) and we detected 38 independent frequencies. We detected all
frequencies but one detected by Reed et al. (2012). The exception is
3. which Reed et al. (2012} detected in the 1.C data only. Our closest
frequency Lo 3 is fzo. We show an amplitude spectrum in Fig. 10
Following a discovery of an influence of the barycentric correction
on peaks shapes by Baran et al. (2012) and an analytical derivation
of the phenomenon by Murphy, Shibahashi & Kurtz (2013), we
checked if any of the frequencies in an amplitude spectrum could
originate from the super-MNyguist region. The influence is caused by
an uneven sampling in the barycentric reference system, in which the
time stamps are used. Such sampling makes the Nyquist vary over
Kepler's orbil. In consequence, this changes the real sharp-shape
signal into a blurred one across the Nyquist frequency. We show
such an example in Fig. 9. A comparison of amplitudes in the sub-
and super-Myquist regions resulted in six frequencies, [z —f35 and
J36—J3s. originating beyond the Nyguist frequency. We also accepled
two frequencies. f» and fas. which have S/N ratio a bit lower than
4.50 . They are accepted because fo; is likely a middle component of
a multiplet, while f35 fits an asymptotic sequence of £ = 2 modes.
We provide the list of all detected frequencies in Table 2.

We searched for multiplets and we found that 21 frequencies can
be arranged into 8 multiplets with an averape frequency splitting
between multiplet members of 0.0901 (31) uHz. Frequencies fj. fs,
and f7, fz are also spaced roughly by this value but their profiles
are not simple bell shapes making the estimation of the frequency
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Table2. Lisiol fited requenciesin B3. The *u” symbol denotes unidentified.

I Freguency Penod Amplivde SN n [ m
[uH] Is] Ippt]
h 122.04313(45) BIDIBIS(AL) 0.142(15) 74 33 | w
J 126 15T48(48) TO24T716(300 Q340150 70 32 | u
h 1274739949 TR4LTIRGO 00330150 T 55 2w
fa 130054408} TERO0044)  DOR&ISY 45 31 1 -1
5 13025 18(5) T6ITA36(31)  0I22(15) 64 31 1 |
I 134638060400 T427320(21) Q6315 B3 30 | u
5 13B.75506(25) T206.897(13) 026015 1346 29 1 —I
J& I3B.B3E34(13) 7201 5846) 051915y 271 29 1 0O
fa 15218 10CT ) G3T1122(31) 0091150 48 w o w
o 152.7512(5) 6346592022} OUI28(15) 6T 46 2
fu I54.66303(35) 64657110150 OQUIB4(15) 96 26 | u
fiz ITI 7697400 5T54.743(13)  QUI6l(l5) 84 23 | u
fiz ITE9255(T) S5RB018(22) 00O15) 48 39 2
fua [0 20814(24)  S285.18MT) 0267¢15) 139 21 1 —I
fis IEB93 16060 S2RZO0TT3C18) 10Oy 528 21 1 O
e 189 43405(48) 52TEER2(13)  OI3s(15y 70 21 1 1
fir 19B32706(13) 5421534033 0350015 262 20 1 -1
fix 198 423399(44) 50397282011 1478015 773 20 1 ©
e 198 51T83(18) 50373305045 0367015 192 20 1 |
f 19952 18(6) 50011.98416) O0I03(15) 55 35 2 u
m 208 48494022) 479650 5) 0293015y 153 19 1 -1
[ 0B STED(R) 4794 415(18)  0081(15) 43 19 1 0O
I 0B 66B4201T) 479220210400 O03ITHIS) 198 19 1 1
Ja 21141 13Ty 4730115(16)  0091(15) 48 33 2 w
fos 2IB3T25(8) 45793301(16)  0OB3(I5) 44 32 2
o 121 1824(6) 4521155013 DQI1sy 52 18 1 -1
7 2263617 45194959015 0.90%15) 475 18 1 0
fo= 29806y 42921760013 090KI5) 470 17T 1 O
I 3 06906(24)  42905737(45) 0266(15) 139 17 1 1
o 247 010605) 40ME 4 1E) DIZII5) &6 16 1 —I
fa M7 0959013)  44TOI0321) 04960150 259 16 1 O
[ 277 ADR1(S) 3604 707(T) 0I25(15) 66 25 2 u
fn IMAGIOS(IT) 328449240190 03TI(I5) 196 13 1 —1
Fu I 54007014) 32836300015 04TE(IS) 250 13 1 O
frs IM62135(21)  32WD 7640022 O3I3(15) 165 13 1 |
j i I2068961(37)  I033.05600M) OITe(1S) 92 12 1 -1
b IXT6EST14) 3032429713 0457(15) 239 12 1 O
I

fox IME4TIIAL)  3031.T03B(20) 0205015 10T 12

splitting difficult. We identified these four frequencies as rotationally
split but we decided not to estimate their splitting, and these two
multiplets do not contribute 1o the average splitting cited above. We
interpret the splitting tobe caused by the rotation of an average period
equals 64.2 (1.1) days. The splitting is not fixed between multiplets.
It decreases as frequency increases (Fig. 11). The difference in
rotation period calculated from the largest and smallest splitting
is around 2279 days. Since different radial overtones originate at
different depths of a star, a differential rotation along the radius can
be invoked as one of the explanations of this phenomenon. The study
by Foster et al. (2015) shows a differential rotation inferred from
different splittings of multiplets detected among g- and p-modes. It
points at a different rotation rate of an envelope and a deeper stellar
interior. In B3, a splitting difference is observed among g-modes only,
hence the period difference may exist on a small radius scale. The
splitting decrease can also be a consequence of small, but noticeable,
dependence of the C,, ; on the radial overtone.

The multiplet pattern allows us to identify a modal degree and an
arimuthal order. A hint of what may be the average period spacing
comes from the KS test shown in the top panel of Fig. 8. The
K-5 statistic () describes the probability that the period spacing
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Figure 11. Muluplets of £ = | modes we detected in B3, The sphiing

decreases as [reguency increases.

is randomly distributed. The minimum value indicates a periodic
spacing of around 245 s and we used it as a preliminary value to look
for dipole overtones. After selection of best candidates for dipole
modes, we assigned a relative radial order to each mode. Then, we
applied a linear fit to relative radial order — period relation deriving
an average spacing of 24387 (87)s. We have nol found enough
quadrupole overtone candidates and we were unable o derive an
independent estimation of the period spacing of £ = 2 modes. We
accepted a theoretical value of 140.80(66) s, which is in relation to
the perind spacing of dipole modes by 1/+/3, and used it to search
for other possible quadrupole modes. Owing to both multiplets and
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Table 3. List of fied frequencics in B4, The lrequencies e and fhar are
due 1o the binanty.

I Frequency Penod Ampliede  S/N m I m
[ uHz] [s] [Pt

Sa H044186(13) 34430 208015)  12.056(28) 3753 - - -

foe  SS08£373 17215140 1.936(28) 603 - — —
h 164050011y 8500 70K) D.I56(28) 49 36 1 w
A 13082400041)  TA43B05(24) 040928) 127 uw u u
f 13086402(34)  TH41.5200200 0501(28) 156 32 1 u
fa 1320604011y 7520.53(6) 0.I55(28) 48 uw uw w
f I601687(12)  6243418(47)  0I38(28) 43 26 | u
fe 2162513(9)  4624250(19) 0.197(28) 61 uw u u
i 21628353(10)  46235605(22) 1.649(28) 513 19 | -1
f& 21680143(28)  4610602(6) 060028 190 19 1 0
fo 2UTASTIGRT)  459796066)  0621(28) 193 19 1 1
fio  2W002%5) 436677100 03IK28) 99 I8 I O
fu IME0EITI  43552R1T(44) 0TI®) 125 IR 1 I
Az 24151669(18)  4140.5006(30) 0951(28) 296 17 1 0
fis  ITIATROS(36)  36S65RSG(4R) 0460(28) 46 15 1 O
fis  290.44730(43)  3443025(5)  0394(28) 123 14 | -1
fis  W170969(17)  34280658(20) 0976(28) 304 14 1 |
fie  36EMSNI) 3156221227 0728 BE 13 | -1
fir  3ITAR3E)  3I49775(8)  0208(28) 65 13 1 O
As  3IBII065(36) 314356000360 O0467(28) 145 13 1 1
fie 330332K)  2946964(7)  0219(28) 68 21 2 -1
fo MIZ05011)  29304939)  015428) 48 21 2 |
fu M2A2883(25)  29203149(21) 0.68428) 213 12 | -1
fr MIGDIO7(35) 20005821300 047R(28) 149 12 1 |
fn 3T263000026) 2683627218) 0636(28) 204 11 | -1
fu 3T3EOIIS9)  2674.5595(14) 08TA2E) 272 11 1 |
fs  AMTIIINGI 247051820200 051428) 160 10 | -1
e ADGOATIZAD)  24628280(25) 0403(28) 126 10 1 |
fr o 4193760(5)  2384.4951(30) 0314(28) 98 17 2 0
fx 4203858012y  23MMIENT 03728 43 17 2 |
fo MLIZID  2266007(6)  0053(28) 48 0 | —|
fuo H1T9799)  22634784(46) 0.185(28) S8 9 1 0
fu AT00442(8)  21274596(35) 0215(28) 67 15 2 w

period spacing, we assigned a modal degree and an aximuthal order
of 37 frequencies. In the case of not all triplet components detection,
we arbitrarily assigned the azimuthal orders of these components.

We calculated the échelle diapram (Fig. 12) wsing the average
spacing of dipole (left hand) and quadrupole {right right) modes.
The plots show ridges of modes that meander roughly straight up.
The numbers denote the relative radial orders of identified modes.
The échelle diagram for dipole modes shows a side bump between
3000 and 7000 5. This feature is similar to the one already reported
by Baran & Winans (2002} and becomes characteristic of the sdB
interior. According to (Charpinet et al. 2003a, b, 2014) the feature
could be caused by strong diffusion inside the stars.

332 B4

B4 is a binary system containing a sdBV star and a main sequence
companion with the orbital period of 9h 33 min 50s. The effective
temperature and surface gravity of the system reported by (stensen
etal. (2010)is Ty = 24 786 (665) K and log (g /fcms—2) = 5.50(7),
respectively, both values in agreement with our estimates (Table 1 ).
The pulsation properties have been extensively studied by Baran &
Winans (2012). The authors used the longest data set at the time,
which was Q5 -9 data. Using a detection threshold of 0.21 ppt. they
reported 19 pulsation frequencies and two related to binarity.

sdBVs in NGC 6791  T73
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Figure 14. Muluplets of £ = | modes we detected in B4,

We show an amplitude spectrum calculaled from the SC data
in Fig. 13. The detection threshold equals 0.145ppt. lower by
30 percent as compared to Baran & Winans (2012). We found 33
frequencies in the g mode region, including two caused by binarity.
The fhar is the first harmonic of the binary frequency and was not fit,
but assumed precisely twice the f4, instead. We show the full list of
frequencies in Table 3. The list includes all the frequencies detected
by Baran & Winans (2012).

Searching for multiplets, we found 18 frequencies to be split by
the average splitting of 0.6293 (45) uHz. These frequencies form
six £=1 multiplets. Likewise in B3, we assumed these multiplets
are caused by stellar rotation of the period of 9196 (33) days. We
found consistent splitting among four £ = 2 candidates. The average
frequency splitting of guadrupole modes is 0.972(15) pHz and the
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cormesponding rotation period equals 10.12 (14)days. Surprisingly,
six out of eight £ =1 multiplets are doublets. Side components in
doublets suggest a specific inclination of the sdB star, i.e. a pole-on
orientation, however, central components in two £ = | multiplets

break the rule (fig. A.5 of Charpinet et al. 2011). We show dipole
multiplets in Fig. 14. The splitting changes with frequency, which
can also be an indication of the C,,_;. or rotation period variation, as
discussed in the case of B3.

MMNEAS 509, T63-777 (2022)
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Table 4. 1ist of fited frequencies in B3,
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B 1 40146 [ 0940. T5(8) 0077y 56 46 1 1
h HETITOR24)  B&IL99T(IE)  O02I0(1D) 152 36 1 —I
fa 11619014027y  B6D6SB2(200 OQIBNID 136 36 1 O
5 116 2844(6) E590.604042) OQ0ERCID 64 36 1 |
1a 117 B895(6) B482517046) 00781 56 w w u
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The K5 test (Fig. 8) indicates a spacing near 250 5. We selected
those modes, which are roughly spaced by this value, and we
derived the precise average period spacing of 235.4%9 (71) s for dipole
modes. Since the quadrupole overfone sequence is nol numerous,
we estimated the average period spacing of those modes using the
relation likewise in B3, to be 135.96(54)s, and we searched for
quadrupole overtones spaced by this value. We list the assignment
of the relative radial order, modal degree and the aximuthal crder in
Table 3. The échelle diagram, shown in Fig. 15, was calculated for
dipole (left hand) and quadropole (right hand) modes. We identified
only three of the latter modes with all of them between 2000 and
3000 5. The échelle for dipole modes is quite vertical with a side bump
between 3000 and 7500 5, likewise B3 and other sdBVs reported by
Baran & Winans (2012). There may be another side bump below
3000 5, however, such short period p-modes are not 00 common
among sdBVs, so any claim on its common appearance cannot be
yet justified. It was also detected only in KIC 2438324 (Baran &
Winans 2012).

333 B

@stensen et al. (20000 reported BS as a sdB star with Ty =
23 B44(676) K and a surface pravity log (g fcm s Iy = 531 (9. Our
estimate of the surface gravity (Table 1) is in agreement with the
one reported above, while Ter differs by 70 K. including errors. The
Kepler data of BS were first studied by Reed et al. (201 2). The authors
found B3 to be sdBY star and detected four frequencies. We achieved
the detection threshold of 0,064 ppt, which is 6.5 times better than
the one used by Reed et al. (2012), and we detected 26 frequencies,
including all four frequencies detected by Reed et al. (2012). We
list all detected frequencies in Table 4. Likewise in B3, we checked
which frequencies may originate beyond the Nyquist frequency and
we found seven of these. We show the amplitude spectrum of BS in
Fig. 16.

The shapes of the peaks in BS are very messy. It is an indication of
the amplitude/frequency instability. Non-coherent peaks have been
also detected by Dstensen et al. (2014a) who invoked a termohaline
conveclion as a possible explanation. We show a few examples of
non-coherent peaks using sliding amplitude spectra in Fig. 7. Three
left hand show single frequencies, while the right most hand shows a
region of 297.7 uHz. In this region, we find two frequencies, which
may converpe in time. It is possible that these two frequencies
are split modes. Pre-whitening of non-coherent frequencies leaves
significant residuals and detecting other neighbouring frequencies is
more difficult, if possible at all. A search for multiplets is also more
difficult. Multiplet components which are of low amplitudes, may
be smeared by unstable amplitude/frequencies, causing their S/N to
drop below the detection threshold and leading to null detection.

We found 11 frequencies that show similar splitting (f1, 2. f3.4.5,
Jrgo. fuizaz) and we present them in Fig. 17. However, the
profiles of the peaks are so messy that we are unable to estimate
the real frequencies, particularly of the central components. Given
the complexity of the profiles, and the requirement of precise and
long time-series data, we expect a confirmation of those multiplets
with additional data may be hardly possible. If the interpretation of
the splitting is correct, then the value is in a range of splittings we de-
tected in other sdBY stars. The average splitting is L0815 (41) nHz,
which translates to 71.0{1.8)days rolation period. During our pre-
whitening of the messy regions, we fit the highest peaks, which
may not be a correct choice, hence the value of the splitting and
the rotation period is only a rough estimate. We list the assignment
of the modal degree and the aximuthal order in Table 4. Only four
frequencies were not identified.

The K5 test points at the period spacing close to 240 5. We selected
frequencies spaced nearly by this value and derived a more precise
average value of 235.33(61)s for dipole modes. The theoretical

MNRAS 509, 763-777 (2022)
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estimate of the average period spacing of guadrupole modes is
135.87 (46) 5, which is consisient with the fit value we derived
from just a few detecled £ = 2 modes, equalling 135.9(1.9) 5. The
assignment of the three parameters describing the mode geomelry is
included in Table 4.

We calculated the échelle diagram for dipole and guadmpole
modes and we present it in Fig. [8. In the left hand, the dipole
modes are lined up along a side bump that is common among sdBYs
(Baran & Winans 2012). This bump may be even wider in the case
of B3 and B4, reaching 11 000 s on the long end of the period range.
The right hand shows only four quadrupole modes. which group at
the short end, instead.

4 SUMMARY

In this work, we presented results of our photometric and spec-
troscopic data analysis of sdBY stars located in the open cluster
NGC6T21. We analysed MMT/HECTOSPEC spectra available in
the public databases and derived the atmospheric parameters us-
ing NLTE models of stellar atmospheres. We analysed medium
resolution multi epoch spectra of B3, B5, and B6 taken with the
Gemini’GMOS, also downloaded from the public database. These
spectra were used for constraining radial velocities and we found
that B3, B5. and B6 show an excess as compared (o other stars in
the cluster. Our results suggest that the stars have a peculiar motion
with respect o the motion of the entire cluster, which may possibly
be due to companions in the star's systems. Using astrometry from
Caig EDR3, we calculated the membership probabilities of sdBs.
We confirmed B3, B4, and B35 are cluster members with more than
99 percent likelihood. We also analysed spectra of four other hot
stars that we found to be cluster members but show no photometric
variability. We provide our estimates of the atmospheric parameters
of these stars.

MNRAS 509, 763-777 (2022)

Although we did a thorough search for variable stars in the
cluster using the Kepler data, we detected stellar pulsations only in
three sdBs B3, B4, and B5. These three stars have been analysed
previously, however, we obfained extended time coverage, and
therefore, higher quality of the data, which allow us o confirm
already reported frequencies in the g-mode region and o detect
additional ones. We found rotationally split modes and estimated the
rotation periods of all three sdB stars. We used these split modes along
with the asymptotic overtone sequences 1o describe mode geometry.
We assigned most of the detlected frequencies to either dipole or
quadrupole modes. Since the quadrupole mode sequences are very
short we were unable o calculate the reduced period diagrams and
search for any trapped mode candidates likewise found by @stensen
et al. (2014b) or Uzundag et al. (2017). The échelle diagrams for
all three stars show a side bump that has been previously reported
by e.p. Baran & Winans (2012). This feature can be a consequence
of a characteristic sdB interior and may be very useful diagnostic
tool of evolutionary modelling. For B4, observed in the 3C mode,
we also searched for p-modes but detected none above the detection
threshold.
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DATA AVAILABILITY

The photometric datasels were derived from the MAST in the
public domain archive.sisci.edu. The spectroscopic observations
were downloaded from the MMT public archive available at
hitps:/foirsa.cfa. harvard edwsearch/ and Gemini Science Archive
accessible at hitpsz/farchive.gemini.edu/gaia. The astromelry was
collected by the ESA mission (faia and is accessible at hitps:
Mfwww.cosmos.esaint/gaia.
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APPENDIX A:

Table Al. List of other hot and non-pulsating siars in our analysis that we found 10 be almost cenain
NGCETY] members (Section 3.1), and have speciroscopic estimiates derived in this work (Section 2.1). The
probabilily membership for BT and SBG 644 has been caleulated without PM_gA. The spectral analysis of B2
15 [rom the SI3SS observation while others are [rom the HECTOSPEC observations.

Name Type K, Ter log (g/ems ) log (NN Poemb Relerence®
[mag] K]

Bs sdB 15443 3] 9204 150) 56820500 —2.50¢13) 0.09] KU22 1.94 5521

B2 sdd 17077 4R020012100 51640340 — LEOCI4) 0999  KU920105821

17 Y 17068 35510011100 6 T2(18) —3.B0C33) 0993 K97.5521

SBG a4 ADV  10U13E 10V OS0C6E0) 4 437046) —2B4097) 093] 803,552

Note® — 5521 - this work, KU92 - Kalweny & Udalski (1992), 010 - @sicnsen et al. (20100, 1.94 - Lichen
ct al. {1994), K97 — Kalwmy et al. (1997), 503 — Stetson, Bruntt & Grundahd (2003).
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Chapter 3

Paper II: Sounding Interiors of Four
Pulsating Subdwarf B Stars with Stellar
Pulsations

Abstract

We present the results ol asteroseismic modeling of four pulsating sdB stars KTC 2438324, KIC 2569576,
KIC 2991403 and KIC 11159657, We used lully evolutionary models and this is the [irst atlempt of
seismic modeling of sdB stars using the MESA models and GYRE. We adopled an already reported list
ol periods identilied with dipole modes. Additionally, we used two speciroscopic paramelers, teT g
and logg, and, only lor KIC 2438324 and KIC 2569576, we used clusier paramelers, i.e. lolal age
and metallicity, to lurither [ller the outcome of malching observed and theoretical pulsalion periods.
In the ease of a speclroscopically consirained approach only [or KIC 2438324 we derived a unique
solution. For two stars we derived unigue inpul parameters excepl the hydrogen and progenilor mass,
respectively [or KIO 2569576 and KIC 2991403, All inputl parameters excepl the conveclive core and
progenitor masses are unigque lor KIC 11179657, Excepl lor KIC 11179657, our [its, measured by a

relative period dillerence (AP/P), are well within 19%. These resulls sound very promising and more

asteroseismic modeling ol sdB siars should be done in [uture.
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ABSTRACT

We present the results of asteroseismic modeling of four pulsating =dB stars KIC 2438324,
KIC2560576, KIC 2991403 and KIC 11139657 We uzed fully evolutionary models and this is the
first attempt of seismic modeling of =B stars using the MESA model: and GYRE. We adopted an
already reported list of periods identified with dipole modes. Additicnally, we used two spectro-
scopic parameters, fe., Tog and logg, and, enly for KIC 2438324 and KIC 2569376, we used cluster
parameters, fe_total ape and metallicaty, to further filter the cutcome of matching observed and theo-
retical pulsation periods. In the case of a spectroscopically constrained approach we denved a unique
solution only for KIC 2438324, For two starzs we derived unique input parameters except for the
hydrogen and progenitor mass, respectively for KIC 2569576 and KIC 2991403, All input parame-
ters except for the comvective core and progenitor masses are unique for KIC 11179637, Except for
EIC11179657, our fitz. measured by a relative peniod difference (AP /P, are well within 1%, These
rezults sound very promizing and more asteroseizmic modeling of 3dB stars should be done in firture.
Key words: Siars: evolution— Stars: inferiors — subdwarfs — Stars: escillmtions

1. Introduction

Subdwarf B stars (sdB) are identified with core-helium burning stars. Accord-
ing to Fontaine ef @l (2012}, 68.3% of sdB stars have masses between 0.430 M,
and 0.301 M, with a median being 0.471 M, (also known as a canonical mass).
Subdwarf B stars are hot and compact with effective temperature Tz — 20000 —
40000 K and surface gravity logg [cgs| = 5.0—5.8 (Heber 2016). A unique fea-
ture of sdB stars, which differs them from classical horizontal branch stars, 1s a very
low-mass hydrogen envelope, My, < 0.01 M, (Heber 1986, Saffer ef al. 1994).
Such envelope is unable to sustain a hydrogen-burning shell, which could Lift the
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stars to the asymptotic giant branch. After the helium in the core is exhausted sdB
stars evolve directly to the white dwarf cooling track (Dorman &f al. 1993). To re-
move the hydrogen envelope a few evolutionary channels have been proposed (Han
et al. 2002, 2003). The mass loss resulting from interactions between binary com-
ponents may probably be dominant, since about two third of sdB stars are members
of binary svstems (Maxted ef @l 2001). Evolutionary channels leading to single
sdB stars include mergers, hot-flashes and substellar companions (Mengel, Norris
and Gross 1976, D'Cruz of al. 1998, Han ef al. 2002, 2003, Miller Bertolami of al.
2008, Fontaine et @i 2012, Charpinet ef al. 2018).

Stellar pulsations are commonly observed in many sdB stars. Pulsations in
pressure (p) modes in sdB stars were predicted by Charpinet ef al. (1996) and first
observationally detected by Kilkenny ef al. (1997), whereas the gravity (g) modes
in 5dB stars were detected by Green et al (2003). Typical periods of p-mode =dB
pulsators are of the order of minutes, while periods of g-mode sdB pulsators are of
the order of hours (Heber 2016). Both p- and g-modes in sdB stars are driven by
the K-mechanism efficiently working owing to the metal opacity bump (Charpinet
ef al. 1996, 1997, Fontaine ef al. 2003). Seismic modeling was applied to probe
the internal structure of sdB stars and allowed determination of the convective core
masses of four g-mode pulsators: Mg = 0.224+0.01 M (KPD 0629-0016, Van
Grootel gt al. 2010a), Mg = 0.284+0.01 M (EPD 1943+4058, Van Grootel of
al. 2010b), Megre = 0.27470098 My of Moo = 0.2257001 M, (KIC 2607388,
Charpinet ef al. 2011), and Mo = 0.198 +0.010 M, (EC 21494-7018, Charpinet
et al 2019). The masses of the first three stars are close to the canonical value,
whereas of the fourth one has significantly lower mass, Mizg — 0391 £0.009 M.
The solutions for these four stars point to rather voung models with central helivm
abundance in the range of ¥_ = 0.8—0.5_ All of the seismic studies of =db stars
were performed using the forward modeling method (Charpinet ef af. 2008, Van
Grootel f al. 2008) with static, structural models, which are complete hydrostatic
stellar structures in thermal equilibrium (2 g, Brassard and Fontaine 2008, 2000
Charpinet &f al. 2019). The advantages of static models compared to evolutionary
models are higher versatility, faster computations, and possibility to explore more
structural configurations. The structure of static models is inspired by full evolu-
tionary calculations. However, many static configurations are not realistic from an
evolutionary point of view.

The core-helivm-burning phase is very challenging for evolutionary calcula-
tions, particularly because of the complex behavior of the phvsical quantities, such
as opacity, temperature, density, etc. The most common problems in the models are
determining the boundaries of the comvective core (aka splitting of the convective
core) that leads to an vnrealistic structure of a star (e g, Paczyviiski 1970, Castel-
lanief al 1971, Eggleton 1972, Dorman and Rood 1993, Salaris and Cassisi 2017)
or the occurrence of breathing pulses, which are most likely numerical artifacts
and not realistic features of stellar evolution (e.g, Caputo ef a/. 1989, Dorman and
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FRood 1993, Constantino ef al. 2016, 2017). There is also a discrepancy between
the masses of convective cores of sdB stars derived from structural and fully evolu-
tionary models, where the latter vield significantly lower values. The proposed so-
lutions that attempt to mitigate these problems involve additional mixing that helps
to increase the size of the core, such as semiconvection or overshooting (Sweigart
1987, Dorman and Rood 1993), taking advantage of an element diffusion that also
allows the core to grow (Michaud ef al. 2007), introduction of more sophisticated
algorithms to determine core boundaries (2.g, the predictive mixing scheme and
the convective pre-mixing scheme, Paxton af ol 2018, 2019), or changes to micro-
physics. A comprehensive discussion on this subject can be found in Schindler s
al. (2013) or, more recently, in Ostrowski ef al. (2021).

The goal of this paper is to report the current capabilities and limitations of
seismic modeling of sdB stars using fully evolutionary models caleulated with
the MESA code, and adiabatic pulsation periods calculated with the GYRE code.
We aim to use the grid of models with a reliable internal structure to reproduce
the observed periods of four g-mode dominated sdB pulsators: KIC 2569576 and
EIC 2438324 (Sanjayan of al. 2022a), as well as KIC 2091403 and KIC 11179657
{(Baran and Winans 2012).

The structure of this paper is as follows. In Section 2, we describe the setup
of the calculated grid of models. Section 3 discusses the results of our seismic
modeling and is followed by conclusions presented in Section 4.

2. Grid of Models

A grid of evolutionary models was calculated using publicly available and open
source code MESA (Modules for Experiments in Stellar Astrophysics, Paxton &t
al 2011, 2013, 2015, 2018, 2019}, version 11701. Our goal was to find models
with realistic internal structure and correct behavior of quantities such as radiative
gradient. crucial for the proper modeling of mixed regions. In this section, we
present the short overview of the models. The detailed description of the physics
and algorithms applied to calculate them can be found in the paper by Ostrowski e
al. {2021), in which thoroughly explored MESA models of sdB stars are presented.

The models were calculated for progenitors with masses, M;. in the range
of 1.0-1.8 My, and a 0.005 M, step, as well as metallicities, Z in the range
of 0.005-0.035 and a 0.005 step. The latter represents the percentage of a star’s
mass attributed to elements that are heavier than hydrogen. We follow the [Fe/H]
notation from Németh et al. (2012), where [Fe/H] = log(Z/Z;). We adopted
the solar metallicity Z., — 0.0142. The initial heliuvm abundance was determined
by the linear enrichment law, AY /AZ — 1.5. The protosolar helium abundance.
Yo, protosotar = 0.2703, and the mutture of metals were adopted from Asplund et
al. (2009). The progenitors were evolved to the tip of the red giant branch where
most of the hvdrogen has been removed before the heliom ignition, leaving only a
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Fiz. 1. Grd of evolutionary models on the EHE caleulated with the MESA.

residual hydrogen envelope on top of the helium core. The envelope masses, Mgy,
are in the range of 0.0001-0.0030 M, with a step of 0.0001 M, and in the range
of 0.003-0.010 M, with a step of 0.001 M. The models were relaxed to an
equilibrium state and evolved vntil the depletion of helium in the core. We show
the grid of evolutionary models in Fig. 1.

The convective pre-mixing scheme was applied, which is a novel algorithm
introduced to the MESA code to solve problems with determination of convective
boundaries (Paxton ef al. 2019). Ostrowski ef al. (2021) showed that the convective
premixing scheme ensures the correct and expected behavior of radiative gradient
at the border of the convective core (Gabriel af al 2014). The use of the algo-
rithm in sdB models leads to formation of partially-mixed semi-convective region
on top of the convective core. Following Ostrowski ef al. (2021), the core of an
sdB model was defined as a combination of the fully-mixed convective core and
a partially-mixed semi-convective region. Such a combined mixed region has a
smooth structure and a mass higher than what would be obtained from a model
with only the standard Ledoux criterion.

The adiabatic pulsation models were calculated psing the GYRE code, version
3.2 (Townsend and Teitler 2013, Townsend ef al. 2018, Goldstein and Townsend
2020). The pulsation models were calculated for evolutionary models with central
helium abundance, ¥, in the range of 0.9-0.1, with a step of 0.05. The models with
¥ <2 0.1 were not considered because of the occurrence of the breathing pulses,
which are currently an unavoidable side effect of using the convective premixing
scheme (Ostrowski ef af. 2021).
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3. Period Fitting

The calculated grid consists of 63 113 models with pulsation modes calculated
up to a modal degree of £ — 4. We used a goodness-of-fit function, which delivers
a difference between observed and calculated periods:

N,

N, Z(P -F)’ (1)

where Py is an observed period, P is a calculated period, and N is the number of
periods used. The smallest 5° value indicates the best fit. For our consideration we
accepted all fits up to 1.5 times the minimum value of 5%.

Tablel
Periodz of the central components of multiplets used n our fitting

EIC24338324 KIC21380576 KIC2001403 KIC 11179657
P [sec]

1 22634784(46) 30324207(13) 2709.9847(25) 2709.807(12)
2 24666733(18) 3283.6391(15) 2986.6839(10) 2965.8311(34)
3 2679.0934(13) 4047.0103(21) 3239.084(11)  3239.849(12)
4 20149485(24) 42021760(13) 35122355(24) 351334%(8)
5 3149.775(3)  45194959(15) 3781.5023(17) 3777.025(50)
6 3433.5454(35) 4794.415(18) *3“39 74(35)  4840.46(6)
7 4366.771(10) 5039.7282(11) 35123517(%)  5109.267(9)
8 4610.602(6)  52820773(18) 6362353%(8)  3362.571(9)
9 7201.384(6) 6612.32(18)
10 7683.263(42) 6333.44(0)

To find the best match between the models and observations we adopted the fol-
lowing approach. First, we searched the entire grid of calculated periods, without
any constraints on physical parameters. Then, we applied spectroscopic estimates
of T.z and logg. Finally, but only available to cluster members, we used age and
metallictty constraints derived from previous works. Since our calculated periods
are based on adiabatic calculations we have no information on the driving efficiency
of specific pulsation modes. Using all detected periods without prior mode identi-
fication would easily lead to a solution biased toward the highest modal degrees to
be the best matches, since as the modal degree increases the period spacing among
consecutive same-degree overtones decreases. We decided not to consider such an
approach. Instead, we chose previously reported multiplets to be the only periods
fitted. We listed all periods fitted in a given star in Table 1. Since we do not con-
sider rotation in our calculated periods, only the central components were used,
however, as we tested it, the difference in periods between consecutive components
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1s too small to make a difference in a period fitting. Therefore, a misidentification
of central components does not influence our final conclusions.

3.1 KIC2438324

EIC 2438324 1= a binary system containing a pulsating sdB star and a main-
sequence companion (Baran and Winans 2012). The authors detected 21 frequen-
cies, including two identified with the binarity, and identified seven dipole modes
using rotational splitting and the expected period spacing between consecutive ra-
dial overtones. The spectroscopic parameters reported by Sanjavan «f al (2022a)
are Ty — 25290(300) K and logg [cgs| = 5.510(43). In addition, this star is
a member of an unusval open cluster, NGC 6791, which does not fit any age-
metallicity relation for the Galactic disk and is located about 1 kpe above the Galac-
tic plane, where the majority of open clusters reside (JTilkova ef al. 2012). Despite
its rather old age of 8(1) Gyr (Carraro et al. 2006), the cluster is metal rich with
[FeH] in the range of 0304 (Villanova ef al. 2018). Recently Sanjayan ef al
{2022b) reported the age of 8.91 Gyr and the [Fe/H] of 0.26-0.28, the latter being
lower than the estimate reported by Villanova ef al. (2018).

The most recent analvsis based on the longest coverage was presented by San-
javan ef al. (2022a). The authors detected 31 frequencies that can be attributed to
g-mode pulsations in the sdB component. In addition, two frequencies related to
the binarity were also reported. For our analysis, we selected eight central compo-
nents of triplets (Table 3 in Sanjavan ef af. 2022a) and we listed them in Table 1.
We show the results of our period fitting in Table 2. The top part includes mod-
els derived solely based on the selected periods. No other constraints were used.
The solutions satisfying the 1.55% criterion point at a fairly consistent model with
an exception of two input parameters. The mass of the hydrogen envelope, which
ranges between 0.005 M, and 0.006 M., and the mass of a progenitor, which
ranges from 1.30 M, to 1.65 M,,. The range of the former is the step of this pa-
rameter in the grid of models. The star seems to be a canonical mass hot subdwarf
with the 0.14 M, convective core and it has 55% of the central helium left In the
next step we applied the spectroscopic constraints, ie.,the effective temperature
and surface gravity. In this approach we derived a unique solution. The solution
1s simuilar to, but it does not overlap with, those derived in the previous approach.
It also does not fit the age of the cluster as it 1z younger compared to estimates re-
ported by Carraro ef al. (2008) and Sanjayan ef al. (2022b). We marked the model
we derived in the spectroscopically constrained approach in the top panel of Fig. 2.
The quality of the fit measured by AP/P is 0.51%, where AP denotes a sum of
absolute differences between observed and modeled periods.

We also tried the opposite approach. We searched for a model that overlaps with
the cluster age and metallicity cited by Carraro ef af. (2008), Villanova ef al. (2018)
of Sanjayan ef al. (2022b), and delivers the smallest 5°. The model is presented
in Table 3 and it indicates an sdB star with 30% central helivm burned during the
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Table2
Models of four stars that meet the 1.557 criterion
star EIC2438324 EKIC2569576 KIC2991403 KIC 11179657
unconstramned
More [Mi] 0.14 014 0.13-0.14 0.13-0.14
Megm [M] 047 047 0.46-0.48 046047
Moy [1072 M) 0506 03 0.1-6.0 01
I 0353 033 010030 010035
Fe'H M 013 01534039 0.32-039
L=[E] 2600026 50( 29340 1890032500 23 30035500
logg [cg=] 5.338-5.361 5720 478579 3.34-5.82
E [Fe] 0.1g 16.33 0.14-0.47 0.14-024
L[Ls] 15.36-15.56 016 18.60-20.83 16.76-22.33
M M) 1.30-1.63 1235 1.05-1.735 1.30-1.80
Age [Myr? 52.73-5564 52.08 84.0-135.7 87.7-137.46
Age [Gyt] 2354 586 21-110 1859
APJP [%] 0.3540.43 017 0253037 0.19028
constrained by spectroscopy
Ao M] 014 014 0.14 0.14-40.15
Mgz [Mia] 047 047 047 048
Mo [1073 ML) Q.7 2224 110 22
¥ 0.50 050 010 0.10
FeH 032 0135 0.16 .16
T [K] 23200 23 46023 691 27300 2320025300
logg [ezs] 5476 5.310-5.330 341 3.26
P | 021 023 22 0.27
L [Li] 1538 1743-1745 24922527 25.92-26.11
M W] 125 103 1.70-1.75 25145
Age [WhT]? 60935 35.06-55.13 12031219 1164-1173
Ape [Gy1] 6.57 10.97 1.6-1.7 2847
APSP %] 051 0.25-0.350 37039 1.23-1.73

Periods are listed in Table 1. The top part represents fitting without any constraints except for the
selected peniods used. The bottom part represents period fitting with two constraints, Tz and logg.
? — denotes stellar age since the Zero-Ape Extreme Horizontal Branch.

EHB. The spectroscopic estimates fully agree with our observations. We stress,
however, that the age of the cluster represents a single star evolution timescale,
while KIC 2438324 is a binary svstem. A mass transfer in the binary svstem affects
the evolutionary timescale as compared to a single star scenario. Therefore, the age
of the cluster may not be a fortunate choice to constrain our model selection. To
avoid a bias caused by uncertain application of the age of the cluster we repeated
the same experiment taking into account sole cluster metallicity. The model that
meets our criteria the best is very similar to the one we obtained in the previous
scenario. It should be noted, though, that expecting the metallicity in models to
be realistic implies that we assumed the MESA treats diffusion throughout stellar
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evolution realistically. 5tellar interior is similar in these two scenarios, but the
progenitor mass and so the evolutionary timescale are different. Both models agree
with spectroscopic estimates derived from observations.

5.2

5.3

5.5 54 .' a ey x

log (gfem s~
=
L.

L
KIC 2438324

a8.7

I6.25 P60 2505 2550 25.2% 25.00 2405  24.50

5.1
5.2

5.3

log (gfem 5771

. Sty
Fad KIC 2569576

5.6

2450 2425 2400 2RFS 2350 PA2E 2io0 2275
Ty [KK]

Fiz. 2. A close-up of the grid of evolutionary models (dotz) with the solutions identified in the spee-
troscopically constrained approach (circles) for KIC 2438324 (fop parel) and KIC 2569376 (hotiom
panel).

3.2, KIC2569376

EIC 2569576 was found to be a pulsating sdB star by Reed ef ol (2012) based
on one month short cadence Kepler data. The authors detected 11 frequencies and
identified nine dipole modes using the expected period spacing between consecu-
tive radial overtones. No multiplets have been identified. Sanjayvan &f ol (2022a)
analvzed long cadence data span over Quarters 1-17, ie., 47 months, which is the
longest coverage analyzed thus far. Such a coverage is much longer that a typical
rotation period reported for sdB stars, ie_ 40 d, and, indeed, the authors reported
a detection of eight rotationally split modes, specifically triplets. In total, 38 fre-
quencies were detected and attributed to g-mode pulsations. For our analysis, we
accepted all 10 central components of triplets (Table 3 in Sanjavan ef al. 20223).
We list periods of the central components in Table 1. To constrain our period fit-
ting we used the spectroscopic parameters reported by Sanjavan ef al. (20223),
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ie, Ig—23540(210) K and logg [cgs] = 5.311(35). Likewise for KIC 2438324,
this star 1= also a member of the open cluster NGC 6791, hence we made an attempt
to use cluster parameters as constraints in the period fitting.

We present the results of the period fitting in Table 2. In the top part we in-
clude a solution derived without constraints except for the selected periods that
we used. It is a consistent model, however it does not overlap with the spectro-
scopic estimates. In the bottom panel we include solutions limited to those that
are satisfactory with the Iy and logg estimates. In this approach, we derived a
set of solutions that, among the input parameters, differ only in the envelope mass.
The models are close to the cluster age of .91 Gyr, however older by 23%. These
models represent a star that is half way through its core-helium burning. The metal-
licity 15 lower than the one derived by Sanjavan ef al (2022b). This model does
not agree with the cluster’s two parameters, the age and metallicity. According to
Sanjavan ef al. (2022a), KIC 2569576 is likely a binary system, which can make
our period fitting a subject to the same caveat as explained for KIC 2438324, We
marked all models we derived in the spectroscopically constrained approach in the
bottom panel of Fig. 2. The quality of the fit measured by AP/P is between 0.25
and 0.30%.

In the following approach, likewise for KIC 2438324, we searched for a model
that fits the cluster age and metallicity, and delfvers the smallest 52  First, we
used both cluster parameters, the age and metallicityv. The models that, in both
scenarios, meet our criteria are shown in Table 3. Comparing the spectroscopic
estimates with observations, the surface gravity agrees in both scenarios, while the
effective temperature agrees only in the latter one. The models also differ in stellar
interiors. The progenitor mass iz very different between scenarios.

3.3 KIC2901403

EIC 2091403 was identified as an sdB star residing in a binary system with a
main sequence M dwarf by @stensen af al. (2010). The authors reported spectro-
scopic estimates of Tog — 27300(200) K and logg [cgs] = 5.43(3), which we used
in our work to constrain a model selection. In addition, the authors detected a flux
variation caused by a reflection effect and pulsations identified as gravity modes.
The most recent, and based on the longest time coverage, analysis was presented
by Baran and Winans (2012). The authors detected 40 frequencies, including two
identified as a binary frequency and its harmonic. The remaining 38 frequencies
were explained by stellar pulsations. Eight £ — 1 multiplets were identified and we
used the central components of all of them for our period fitting.

We show the result of our period fitting in Table 2. In the unconstrained ap-
proach we derived quite a variety of solutions. Neither of the input parameters is
uniquely determined. The age, since the Zero-Age Extended Horizontal Branch
(ZAEHB), varies between 84.0 Myr and 135.7 Myr. The metallicity is quite rich,
specifically. at least 0.15. The envelope mass is anything between 0.0001 M, and
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Table3
Same as in Table 2, but only for the cluster members and using age and metallicity to constrain
solutions
KIC 2438324 KIC2569576
AgeandFeH FeH ApeandFeH FeH
Megre [Me] 014 0.14 013 0.13
Mm [Mea] 0.46 045 046 0.46
Mo [103 M) 07 0.7 11 0e
I 0.7 0.7 033 0.25
FeH 0.39 0.39 039 0.39
L=[K] 25200 25200 22430 23560
logg [ces] 3332 5.353 331 3318
L] 13.02 12.90 1647 1671
R[Ral 0.19 0.19 025 025
M [W,] 120 1.45 120 1.80
Age P 2751 2798 8739 111.87
Age [Gyr] 113 3.90 .79 1.94

0.006 M. while the progenitor mass represents almost the entire grid size. A
quite different result. mostly in metallicity, we derived for the spectroscopically
constrained approach. Other parameters seem to be either unique or in narrow
ranges, and are included in the solutions derived in the previous approach. In this
approach we derived a model, which represents a star that has only 10% of the
central helivm indicating its late evolution during the core-helium burning (the age
since ZAFHB 15 around 121 Myr). The evolutionary phase is well constrained.
The hydrogen envelope 1= only 0.1 % of the solar mass, the star is of canonical
mass and has a 0.14 M, convective core. We marked all models we derived in the
spectroscopically constrained approach in the top panel of Fig. 3. The quality of
the fit measured by AP/P is between 0.37% and 0.39%.

34 IIC 11179657

TIC 11179657 was found to be an sdB star by @stensen ef al. (2010). The avthors
reported the effective temperature and surface gravity to be Ty — 26000(800) K
and logg [cgs] = 5.14(13), respectively, which we utilized in our period fitting
for the spectroscopically constrained approach. A flux variation caused by the re-
flection effect and stellar pulsations was also reported. Baran and Winans (2012)
delivered an analysis of the longest time-series reporting 45 frequencies, including
two caused by the reflection effect. The authors identified 10 £ = 1 and one £ =2
multiplets. In our period fitting we utilized only the central components of triplets.

We present the results of our period fitting in Table 2. In the unconstrained
approach, similarly to the previous star, we derived neither a unique solution nor
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narrow ranges of parameters. The helium content is anything between 0.1 and 0.35,
while the progenitor mass is between 1.30 M, and 1.80 M. These solutions do
not even indicate any preferred evolutionary stage of the star. More constrained so-
lutions are derived when spectroscopic estimates are used. The hydrogen envelope
mass, helivm content and metallicity are uniquely derived. This model represents
a star with the helium in the core mostly exhausted (10% left), low metallicity
{Fe/H — —0.16) and the hydrogen envelope with only 0.1% of the total mass. The
progenitor mass and so the age is not well constrained. However, the progenitor
15 not more massive than 1.45 M. The star seems to be metal-poor and at the
end of its EHB evolution. We marked all models we derived in the spectroscopi-
cally constrained approach in the top panel of Fig. 3. We stress, however, that the
spectroscopic estimates place this star well above the models in our grid. Only a
small part of the error box overlaps with the grid. It means that the only available
models that will satisfy the spectroscopic constraints will represent late-EHB stars,
and this can also influence the total range of parameters of models. Cur hunch is
that either the spectroscopic fit does not provide too precise estimates or the star
1s not an EHB star, which resulted from a single star evolution, and that is why its
location does not fit our grid too well. The quality of the fit measured by AP/P 15
between 1.23% and 1.73% and is the poorest among all stars analyzed in this work,
which may be caused by spectroscopic estimates to be off the grid.
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4. Summary and Conclusions

We presented our results of pulsation period fitting for four pulsating sdB stars.
Two stars belong to an open cluster, NGC 6701, and the pulsation periods were
recently reported by Sanjavan ef al. (2022a). The authors claim that all four sdBs
they found in the cluster, including KIC 2438324 and KIC 2569576, are residing
in binarv systems. Two other stars presented in this work are field =dB stars, but
also residing in binary systems. Binarity affects the evolutionary timescale as com-
pared to a single star evolution in which case the age of NGC 6791 was derived
by Sanjavan ef al. (2022b). It means that for KIC 2438324 and KIC 2569576 the
cluster age may not serve as a reliable constraint in our period fitting. We used
spectroscopic estimates reported in previous works to constrain our period fitting.

The grid of models we psed were calculated based on a work presented by Os-
trowski ef aal. (2021). The grid consists of 63 113 models of hot subdwarf stars with
pulsation modes up to modal degree of four, however according to a preliminary
mode identification reported in the literature, only a selection of dipole modes was
used in our period fitting.

As a result of our analysis we arrived at the following conclusions:

s The solutions we derived are spectroscopic estimates sensitive, which means
that the estimates are crucial toward period fitting and proper model selec-
tion.

s [n the case of the spectroscopically constrained approach we derived either
unique of narrow ranges of models. The mass of the convective core, hvdro-
gen envelope and total mass. central helium, which gives the age since the
ZAEHE, and metallicity are well constrained.

e All models represent canonical mass hot subdwarfs: (Fontaine ef al. 2012)
with consistent mass of the convective core.

e Since two cluster stars we analyzed are members of binary systems, the age
of NGC 6791 is likelv not serving as a reliable constraint.

The material in this paper is subject to a number of caveats:

s Spectroscopic estimates are subject to large uncertainties, which cover a
large portion of the grid of models and cause a degeneracy of solutions,
£ .. parameters can vary but provide comparable quality of a period fit.

s We only considered adiabatic pulsation periods, which do not allow us to
limit the period fitting to the driven modes only. A driving mechanism of g-
modes in hot subdwarfs 15 far from being fully understood, and quantitative
non-adiabatic asteroseismology, e, selecting onlv modes that are driven,
has not been vet ever done.
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s The evolutionary tracks cover the EHB evolution only up to the tip, where
10% of central helivm is left in the core. It means that our solutions will
be limited to the EHB evolution and will not cover late EHB and post-EHB
evolutionary stages.

e The models represent only a single star evolution and that is why cannot be
described by precise estimates of the total age.

Even though the results we presented here are not vet satisfactory, we consider
our work to be an important step toward advancing the potential of asteroseismic
analysis to derive the interiors of sdB stars. We vsed the most advanced MESA
models currently available and our results can serve as a motivation for improving
the MESA code as concerns helium burning phase and to be able to apply non-
adiabatic period calculations in GYRE. In addition, more pulsating sdB stars, for
which observed periods were preliminary identified (at least partially), should be
analyzed seismically to obtain more thorough conclusions on how satisfactory our
current application of the MESA and GYRE is, identify caveats and mitigate them
in future evolutionary modeling. The possible, but computationally expensive, im-
provement may include an increase of a grid’s resolution, particularly in Y., but
also in My, and Z. If the current problems calcolating reliable evolutionary mod-
els with implemented radiative levitation are sorted out, non-adiabatic pulsation
models would help to constrain the period fitting much better than it iz currently
possible.
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Chapter 4

Paper 11I: Variable Star Population in the
Open Cluster NGC 6791 Observed by the
Kepler Spacecraft

Abstract

We present the list of variable stars we [ound in the Kepler supersiamp data covering approximately
Sarcminules [rom the ceniral region of NGOCG791. We classilied the variable stars based on the
variabilily lype and we established their cluster membership based on the available Gaia Early Dala
Release 3 astromeiry, by means ol the Bayesian Gaussian mixture models. In total we [ound 278
variable objecis, among which 17 binaries, 45 pulsators, 62 rotational and [ive unclassilied variables
are cluster members, The remaining 28 binaries, 25 pulsalors, 83 rotational, lour unclassilied and
nine unidentilied variables are either nol members or Ltheir membership is nol established. In the case
ol eclipsing binaries we calculated Lthe mid-times ol eclipses and derived ephemerides. We searched
for eclipse Liming variation by means of the observed minus calculated diagrams. Only three objecis
show signilicant orbital period variation. Independenily ol a report published just recently by Colman
el al.(2022) we found 119 new variables. We used isochrones calculated within the MIST project
and derived the age (8.91 Gyr), average distance (4134 pe) and iron content [Fe/H] (0.26-0.28), of
NGO 6791, Using the cluster members with membership probabilities greater than (L9, we calculated

the distance Lo the cluster ol 4123(31) pe, which agrees with the result [rom our isochrone fitting.
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ABSTRACT

We present the list of vaniable stars we found in the Kepler superstamp data covenng approxi-
mately 9 from the central region of NGC 6791, We claszified the vanable stars based on the vanahbil-
ity fype and we established their cluster membership bazed on the available Gaia Early Data Release 3
astrometry, by means of the Bayesian Gaussian mixture models. In total we found 278 vaniable ob-
jects, among which 17 binaries, 45 pulsators, 62 rotational and five unclassified variables are cluster
members. The remaiming 28 binanies, 23 pulsators, £3 rotational, four inclassified and nine unident:-
fied variables are either not members or their memberzhip is not established. In the eaze of eclipsing
binaries we calculated the mid-times of eclipses and derived ephemerides. We searched for eclipse
timing variation by means of the observed minus calculated dizgrams. Only thres objects show sig-
nificant orbital period vanation Independently of a recently published report, we found 119 new
variables. We uzed izochrones caleulated within the MIST project and derived the age (3.91 Gyr),
average distance (4134 pc) and iren content [FeH] (0.26-0.28), of NGC 6791. Using the cluster
members with membership probabilities greater than 0.9, we calculated the distance to the cluster of
4123(31) pc, which aprees with the result from our isochrone fitting.

Key words: apen clusters and associations: individual: NGC 679] — binaries: general — Stavs:
asciliations — Siars: rotation
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1. Imtroduction

WGC 6791 has been first described as a metal rich cluster by Baade (1931) and
listed as an old open closter by King (1964). The authors provided no age estima-
tions. Kinman (1965) presented a detailed comparative study of color—magnitude
diagrams {CMD) of NGC 6791 along with other two open clusters, M 67 (4 Gyr)
and NGC 188 (6.8 Gyr). From the first photometric observations in the B —1” color,
Harris and Canterna (1981 determined a reddening of E(5 —1") = 0.13 mag. Ac-
cording to the recent studies NGC 6791 is 7-9 Gyr old (Chabover ef al 1999
Carraro ef al. 2006, Basu &f al 2011), and it has a mass of around 4000 M
(Kaluzny and Udalski 1992, Carraro f ql. 2006, Platais ef al 2011, Tofflemire
et al. 2014). The cluster is located == 8000 pc from the Galactic center and 1000 pc
above the Galactic plane. According to some hypotheses the cluster may have
formed in the bulge of the Galaxy and radially migrated to its current location
(Jilkova ef @l 2012, Villanova et al. 2018). The distance to the cluster is approxi-
mately 3614 pc, which was estimated for the first time by Stetson f al. (2003) from
the de-reddened distance modulus of (m — Mg = 12.79 mag. The authors derived
E(B—-TF)=0.09 mag. According to Villanova ef af (2018) NGC 6791 is a super
metal-rich cluster with [Fe/H| — +0.3—+0.4. Geisler ef al. (2012) showed that
NGC 6791 has multiple stellar populations, which makes the cluster chemically
peculiar. NGC 6791 has an anomalous horizontal branch with a red clump (RC)
region. Liebert ef al. (1994 found a group of extreme horizontal branch members
using spectrophotometry of blue targets observed by Kalozny and Udalski (1992).
The age of the cluster predicts that it should have a rich population of cooling white
dwarfs_ hence Bedin ef al (2005) observed the cluster using the Hubble Space Tele-
scope up to Mpgyey == 28.5 mag. They found the white dwarf luminosity function
to give a peak at 27 4 mag, which corresponds to an age of 2.5 Gyr. Such an esti-
mate does not agree with the age derived from the main sequence (MS) or red giant
branch (RGB) population (Chaboyer ef al 1999, Carraro ef al 2006). Thus far,
these studies show the cluster is very unusual A more detailed study is required to
constrain the age and metal abundances for understanding the formation and evolu-
tion of NGC 6791. A clear picture of the cluster could be achieved by deriving an
entire population of variable stars and analysis of components of the stars to find
their ages and chemical abundances.

NGC 6791 has been a subject of extensive search for variable stars. Kaluzny
and Udalsk (1992) and Kaluzny and Ruocinski (1993) did an extensive photometric
survey finding 17 variable stars which includes 8 contact binaries, two blue strag-
glers and one binary consisting of a hot subdwarf B star. Rucinski of al. (1996)
found three detached binaries and one cataclysmic variable (CV) star exhibiting a
three day outburst. As a part of search for planets in stellar clusters, Mochejska ¢
al. (2002) found 47 new low amplitude variable stars. The authors reported several
BY Dra type and two outbursting CV stars, confirming the CV found by Rucin-
ski gf al (1996). Mochejska ef al. (2003) reported seven new variable stars with a
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long and periodic flux variation. Kaluzny (2003) found four new variable stars by
reanalyzing archived data from Kaluzny and Rucinski (1993). A search for tran-
siting events by giant planets reported by Bruntt ef al. (2003) vielded 22 new low
amplitude objects along with 20 previously known variable stars. Using a high pre-
cision time-series photometry, Hartman ef al. (2005) detected 10 new variable stars
including one O-Scuti type star and 8 contact binaries. Mochejska af al. (2003)
detected 14 more variable stars and reported © eclipsing binaries. Using a high
precision photometry in the Johnson F-band, de Marchi o¢ al (2007) detected 260
variables in the cluster area, although not all stars are members of the cluster.

From the launch in 2009, for almost 10 vears the Kepler spacecraft has served
mankind by providing very precise and almost continuous photometric measure-
ments (Koch ¢t al. 2010). The Kepler has observed more than five hundred thou-
sand stars during its entire mission time. The Eepler mission was completed in
two phases. During the first mission, Kepler observed 0.23% of the sky in the di-
rection of Cygnus and Lyra constellation for 1460 d. The mission was rebom as
K2 (second mission) after the second reaction wheel failed. K2 mission made 80 d
observing campaigns along the ecliptic equator, which lasted 1695 d (Howell af al.
2014). During both missions, the observations were obtained using two different
exposures, 30 min for the long cadence (LC) and 1 min for the short cadence (3C)
mode (Koch ef al. 2010, Borucki gf al. 2010, Caldwell ef al. 2010, Thompson ef al.
2016). During the first mission, four open clusters were inside the Kepler field of
view, NGC 6791, NGC 6819, NGC 6811 and NGC 6866. Two of the open clusters,
NGC 6791 and NGC 6819, were observed by using the so-called LC superstamps.

Recently, Colman et al (2022) presented light curves of KIC stars obtained
from the Kepler superstamp data. The authors used an image subtraction method
to derive light curves of all Kepler cataloged targets. They identified variability in
239 out of 3342 stars they extracted light curves of. The number of new variables
1s not given. We stress that our work has been performed simultaneously to, vet
independently from, Colman ef al. (2022) and contains additional analysis. By
comparing our results with results of Colman ef @l {2022), we have noticed that
the authors applied a very strong detrending policy removing either eclipses or out-
of-eclipse variations in binaries or variations in other objects that we claim to be
variables.

In Section 2 we present a brief description of the Kepler data and method used
for obtaining the light curves of variable objects. In Section 3, we present a spectro-
scopic study of the variable stars found in this project using either archived spectra
from public surveys or our own data. In Section 4. we describe the method of de-
riving the membership probabilities of our new variable star findings. In Section 5,
we report individual variable star cluster members divided into variability classes.
The field variable counterparts are listed in Tables 5-8. In Section 6, we present
the result of isochrone fitting.
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2. EKepler Photometry

We downloaded the Kepler superstamp data of NGC 6791 from the Mikulski
Archive for Space Telescopes (MAST*). The data are 20 x 100 pixel boxes piled
up in two contiguous 10 box stacks. The field of view of all pixels is 800" » 800"
and covers the most central part of the cluster. The superstamps data were collected
in the LC mode. The pixel scale of an individual square pixel is 4”. The data were
collected over 1460 d and are split into 18 gquarters.

We searched for a flux variation by extracting fluxes for all time stamps in
individual pixels for each of the quarters @ 2-5. Then, a Fourier transform of
the time-series data was performed in each pixel and each quarter separately. The
pixels showing peaks (representing signal) in the amplitude spectra were selected.
Signals that were identified with artifacts, either reported by Baran (2013 or those
found in this project, were discarded. We combined all contiguous pixels showing
the same signal and defined an optimal aperture of pixels. To keep the solar cells
exposed to the sunlight, every quarter the spacecraft rolled 20, hence, with each
quarterly rotation of the spacecraft, our targets landed on different CCD chips.
This positioning caused different target images, and consequently, different optimal
apertures (Bryson ef al. 2010). Fortunately, every four quarters the images and
apertures were the same, so we have defined the apertures only in four quarters,
ie.,Q 2-5, and propagate them to the corresponding quarters (eg..Q 2, 6, 10, 14).
Next, using the optimal apertures for all targets showing flux variation we used
PyKE software (Kinemuchi ef al. 2012) to pull out the fluxes and correct them
for instrumental artifacts by means of Co-trending Basis Vectors. Finally, using
our custom scripts, we clipped the data at 4.50, detrended using spline fits, and
normalized them to parts per thowsand (ppt). The variable stars discovered in our
work will be presented in Section 3.

3. Spectroscopy

We searched for spectra in the literature of all variables we detected. We found
optical or infrared spectra for 111 objects in the archives of APOGEE (Ahn ef al
2014, Majewsk ef al. 2017), 5DS5 (Blanton ef al. 2017), LAMOST (Zhao ef al.
2012), ESO (Gilmore et al. 2012, Fandich ef al. 2013), and the HECTOSFEC (Fab-
ricant ef al. 2005 surveys. All spectra with T.g < 15 000 K were modeled with in-
terpolated local thermal equilibrium (LTE) syathetic spectra drawn from the BOSZ
{(Bohlin ef al. 2017} spectral library to determine the fundamental atmospheric pa-
rameters. The BOSZ library was calculated for scaled solar metallicity with carbon
and d-element enhancement. Therefore, individual abundance patterns cannot be
investigated with our method.

*hitps:archive stsci.edu’
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Cur fitting procedure (XTGRID; Nemeth ef /. 2012) is based on a steepest-
gradient chi-square minimizing method, which was originally developed to model
hot stars. To improve its performance for cool stars, we added a grid-search precon-
ditioning to the procedure. We step through a set of models to search for the best
starting model for the steepest-descent part. Next, the descent part takes over in
driving the fit and converges on the best solution. Once a convergence is achieved,
the procedure explores the parameter errors by stepping through a set of points
around the best solution. If a better solution is found during error calculations, then
the procedure returns to the descent part, and hence pushing the scolution toward
the global minimum. XTGRID fits the radial velocity and projected rotation veloc-
itv of each spectra along with the stellar surface parameters, such as the effective
temperature ( T.x). surface gravity (logg) and abundances.

In addition, the procedure accesses photometric data from the VizieR Photom-
etry Viewer', distance data from the Gaia EDR3 database, and extinction values
from the NED online services. The spectroscopic surface parameters combined
with these measurements allow us to reduce systematics and derive absolute stellar
parameters, such as mass, radius, and luminesity. An anti-correlation is observed
between I.g and [Fe/H]. Fortunately, the spectral energy distribution (SED) helps
in resolving this bias by restricting the Iy, Another bias is observed in surface
gravity, in particular below g = 4000 E. At such low temperatures, the spectrum
1s insensitive to the surface gravity. When the spectral coverage is very limited,
we could not determine an accorate value for logg. We do not report atmospheric
parameters for such stars.

The archival spectroscopic data are very inhomogeneous. Consequently, high
resolution spectra (e g, obtained with ESO instruments) with a short wavelength
coverage are more suitable for radial velocity measurements, while low resolution
spectra (e.g., from the SDSS and TAMOGST surveys) can provide more consistent
atmospheric parameters, but less precise velocities. Some ESO spectra cover only
5300-5600 A range at a resolution of R — 20000, and only weak spectral features
are visible. For such spectra, at a relatively low signal-to-noise ratio (SNR), the
fitting procedure increases the projected rotation above 100 km's, which decreases
the radial velocity accuracy. In general. low SNE spectra limit our analysis the
most, while crowding in dense stellar fields and a limited spectral coverage affects
the parameter determination.

4. Cluster Membership

We used Gaia astrometry to determine the membership probabilities of all vari-
able stars we found. We vsed five parameters, [ e, equatorial coordinates @ and 3,
proper motions ug and ug, and parallax m (further called five astrometric param-
eters). First, we adopted/estimated mean values of these parameters. The cluster

Thtip:/Wizier u-strashg frivizier sed’
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center has been taken from Kamann ef al. (2019) to be at agog 198205153 and
Oo000 = +37°46'26". Next, we downloaded Gaia Early Data Release 3 (EDR3)
{Gaia collaboration ef al. 2016, 2021) data for all stars within a tidal radius of 23
{Platais ¢f @l 2011). The area contains 36 647 targets accessible to our analvsis.
However, we filtered out dubious targets with parallaxes to be negative or greater
than 1" or relative uncertainties for any of the proper motion or parallax values to
be greater than 30%. A cluster environment, particularly toward the center, is very
dense, which can lead to unrealistic or imprecise estimates of these three parame-
ters (Uq. g, ). In addition, we limited our sample to targets for which the zero
point offset corrections of parallax have been applied (Lindegren ef al. 2021). Af-
ter filtering and correcting for the parallax zero offset, we ended up with 11 466
targets.

To determine the membership probabilities, we used the Bavesian Gaussian
Mixture Models (GMM) using scikitdearn python toolkit (Pedregosa ef al. 2011).
The GMM assumes each data point to be a combination of finite Gaussian func-
tions, in which the number of these functions iz determined using a variational
Bayesian inference model with Dirichlet process prior (Ferguson 1973). We per-
formed 10 000 iterations using the Expectation-Maximization algorithm (Dempster
et al. 1977), and we derived membership probabilities for each target in our sam-
ple based on all five astrometric parameters. In the case of targets that we found
variables in the superstamp area, we estimated their membership probabilities re-
gardless of precision of their five astrometric parameters. If the uncertainties were
larger than 50%, we considered corresponding parameters to be error-free, while
the negative parallaxes were ignored and only four astrometric parameters were
nsed.

To strengthen the probability, the radial velocity of individual stars can also be
used. However, they need to be corrected for the effects of binarity, rotation, and
pulsations. Different instruments differ in instrumental calibration which often bias
the radial velocity (BV) estimates. Since we did not conduct one single survey that
could provide us with consistent RV estimations, we decided not to use RVs for
the membership analysis. Since binarity and rotation affects the measurement of
infrinsic motion, we expect the EVs will be random values and, as it will be seen in
Section 5, the values in Tables 1-3. confirm our suspicion. We expected the most
consistent estimates for single solar-like pulsators, since their oscillation motion on
the surface is of a very small amplitude. In fact, in only three cases the RVs are
far from the average cluster value ( —47.46+1.08 km/s, Carrera ef al. 2019), since
the stars mav belong to binary svstems. On the other hand, EVs that are consistent
indicate that the stars are likely single or the orbital motion (if any) 1z very slow
of the spectra were taken when both stars were aligned with the observer’s line-of-
sight. The EVs of the solar-like stars that are unlikely to be members (Table §) are
not close to the cluster average and seem to confirm their field membership, unless
they are in binaries.
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Fiz. 1. Examples of light curves and comresponding amplitude spectra of a zoo of varizble stars in the
open cluster NGC 6791
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5. A Zoo of Variable Stars

In total, we found 278 variable objects in the superstamp area. Cur sample
contains cluster members as well as foreground and background stars. In Section 4,
we provided details on a membership analysis. Our prime focus is on the members
of NGC 6791. The non-members and objects with unknown membership status,
as a consequence of a lack of the Gaia astrometry, are listed in Tables 5—8. Their
variability is classified the same way as for the cluster members.

Based on flux variations, we classified the stars into three main variability types,
e eclipsing, pulsating. and rotating stars. The first two types are further split
into specific classes. Five stars remained unclassified. Their light curves show
variations that we are unable to unambiguously 1dentify as one of the three types
listed. These objects show fiux variations which can origin in g, a reflection
effect, ellipsoidal variation or a rotation of a spotted star. These stars have typically
low amplitude flux variations. In Fig. 1 we present examples of light corves and
their corresponding amplitude spectra for each type and a selection of classes of
variable stars we found.

3.1.  Binary Systems

We selected binary stars with sharp eclipses tvpical for semi- and detached
systems. Some eclipsing systems show additional out-of-eclipse variation, which
can be caused by a chromospheric activity, and we call them “active™ eclipsing. We
identified contact systems, which are characterized by a continuous flux change and
typical for W UMa stars. Another class contains outbursting stars, which we as-
sociate with binaries experiencing a rapid mass transfer causing sudden eruptions,
e.g.. novae, dwarf novag, nova-like variables. We stress that our classification is not
based on radial velocities. Some of the stars may not be classified correctly, g, 2
smoothly continuous and small amplitude flux changes may be misidentified with
rotational variables. However, the flux change over the course of observations is
not modulated (see explanation in Section 5.3) or they can be long-period pulsating
stars. In Fig. 2 we present the phased light curves of three stars that we consider
new discoveries. The sample includes all the classes of binary stars we identified
in the superstamp data. We found 17 binaries to be cluster members (Table 1), 28
binaries are field objects, including two binaries for which we could not establish
membership due to the lack of Gaia astrometry data (Table 5). For binary systems
their membership has been derived based on all five astrometric parameters. The
majority of binaries in the cluster are main sequence (MS) stars with just two ex-
ceptions, assuming the position of the latter in the CMD is correct. Gaia EDE3
2051105720053889536 1s a post-MS star on its early ascent of the red giant branch
(B.GB). while Gaia EDR3 2051293186783992320 is located below the RGE, which
can be explained by an incorrect color index or pre-MS evolutionary status. Among
the member counterparts, five are eclipsing, six active eclipsing, five contact, and
one outbursting stars.
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Fiz. 2. Phased light curves of three newly discovered binary star members of NGC 6791

Since the objects considered in this section are binaries, magnitudes and color
indices used in the top panel of Fig. 3 and T.x and logg in the top panel of Fig. 6
(this figure will be explained in Section §) may be averages of all components in
a specific binary svstem and may not indicate a proper location of individual stars
in the CMD. If the average location in the CMD diagram iz in the well defined
regions, e.g, MS or RGE, we can expect the components are of similar properties
{or a secondary component is not detectable in our data), and the average is not
far from single star values (unless the binary components are much different but
the shift iz onlyv along a given evolutionary stage, ¢ g, along the RGB branch). If
the location is outside those regions, g, below MS or RGB, then the individual
components in a binary system are not alike, 2.2, WD + MS, and the average will
be somewhere between a WD track and the MS (as is the case for Gaia EDR3
2051105788768615040). For this same reason, the KV of binaries is typically dif-
ferent from the average BV of a cluster. We expect the orbital BV to be dominating.
There are only one exception with the RV being close to the average cluster value.
In the caze of Gaia EDR3 20511053784476572032 the spectrum could have been
taken during the eclipse or it is a spectroscopic single-line binary.

We estimated the mid-times of eclipses or, in the case of non-eclipsing sys-
tems, a minimum of a light variation bv means of the method described in Kwee
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and van Woerden (1958). We used the mid-times to derive the ephemeris, ie, 2
reference epoch, defined as the first mid-time in a given dataset, and an orbital
period for each binary system we found. We provided estimates of these two pa-
rameters in Table 1 and Table 5. The exceptions are systems for which the data are
very noisy, not allowing us to derive precise mid-times, and outbursting stars. For
these systems we reported only rough estimates (arbitrarily adopted two decimal
places for precizion) of their orbital periods, derived from the Fourier amplitude
spectra. The ephemerides were vsed to calculate the O — C diagrams to check
on the orbital period variation. For most of the stars the O — (' diagrams do not
show any significant period variation. The exceptions are shown in Fig. 4. Gaia
EDE3 2051204114407255936 (the top panel in Fig. 4) shows quite a large ampli-
tude period variation with only one full cyvcle covered. These two O —C' diagrams
are constructed based on an average primary and secondary eclipses. Gaia EDR3
2051105342001761536 (the bottom panel in Fig. 4) shows cyclic variations of the
orbital period derived solely from primary eclipses. To explain a periodic change
an additional body in the syvstem can be invoked. To test this hypothesis and, if
confirmed, to constrain the parameters of those bodies, RV time-series data are
requirad.
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Fig. 4. 0 - C diagrams for three binary systems that show variation of the orbital period.

5.2, Pulsators

We found 70 objects that show an intrinsic variability caused by stellar oscil-
lations. We identified the following types of pulsators, fe O Scuti and y-Dor,
solar-like along the RGB, RF. Lyr, pulsating hot subdwarf B stars (sdBV) on the
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EHB, and semi-regular along the RGB and AGB. In Table 2 we show only the
cluster member counterpart, while the field pulsators are listed in Table 6.

Among the cluster members we found one blue straggler, 36 solar-like pulsators
(10 being RC objects, while 26 are still on the RGEB), three sdBVs and five semi-
regular giants. We analyzed the pulsation component in the solar-like counterpart,
and the results will be published elsewhere. The analysis of the only three sdBVs
we found in NGC6791 has already been reported by Sanjavan f af. (2022). Among
:dBVs only Gaia EDE3 20511035309596144768 is a known binary star The BV
1z likely influenced by orbital motion. The other two sdBVs also show different
BVs from the cluster average, which may be an indication of their binary nature.
Sanjavan ef al. (2022) reported on the time-series spectroscopy (their Fig. 4), which
indicates a RV variation. The Vs of other pulsators we found to be members of
NGC 6791 are close to the average value, with only a few exceptions. For instance,
Gaia EDR3 2051293255503478528 shows a much faster motion, but the quality
flag of the spectra suggests a possible contamination. We do not have resources
to sort out these inconsistency cases. Perhaps the explanation of these cases is an
additional RV component either of a binary or a rotational nature. In the case of
other objects the BV confirms their membership and a single nature. We are aware
that their spectra could have been taken while their orbital RV is negligible, but
we consider it to be a less likely case. As in the case of binaries, the location of
pulsators in the CMD (the middle panels of Fig. 3 and 6) may still be influenced by
binary components.

3.3, Rotafional Variables

We defined rotational type as stars showing moedulated flux variation. Such
variation is caused by the presence of migrating spots on the surface, which con-
tribute to a flux modulation as a star rotates. The rotational variables can mimic
other types of variability, e g, ellipsoidal or contact binaries, and high-amplitude
radially pulsating stars. We stress that our identification mayv not be 1deal for rota-
tional variable stars. We assumed that binaries show none or negligible modulation
of a flux variation. This modulated variation can be vertfied by either a light curve
shape or a profile of peaks in amplitude spectra. A complex profile indicates ei-
ther period or amplitude change. Objects showing light curves with modulated flux
variation have been classified as rotational variables.

We found a total of 145 rotational variables out of which 62 are cluster members
and are listed in Table 3. The field counterpart is listed in Table 7. Likewise among
binaries, there 15 no Gaia astrometry for four rotational variables and they are also
listed in Table 7. We show the CMD location of members in the bottom panel of
Fig. 3. The members occupy mostly the MS region, with three exceptions being
the RGB objects and three exceptions being BS objects. Likewise in the case of
binaries and pulsators, their true location may be influenced by binarity.
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Table?2
List of cluster members showing pulsations
: - G Tt o BV

(aiz EDES KIC i CMD HED ] loggs fme] [FeH] FRef

y-Dor
20511054 70535706752 2438240 7L 15573 B3 BS §03000) 3.636(84) —S67(0) —0.1s(13) 2

zolar-liks

205109571066 T044608 2207384 7L 14204 RC RC 4512(91) 2.460(28) —45.71(17) 0.400(7) 3
2051090260422033632 2437530 172 14545 EGE RGE 4230(30) 2333(10) —30.9(4) —057(7) 2°
2051000320142406400 2437240 175 14.648 EGE RGE 438070) 3.116(17) —435(3) -0.12{13) 2°
20511045861924086000 2438462 'L 14536 RGE RGE 4240480) 2.020{23) —45.71(37) —03g(1) 2*
2051105135938204160 2437507 172 14.032 RGE RGE 4162(30) 2.160(46) —47.504(21) 0400(T) 3
2051105135838218624 2437508 7L 14191 RC RO 4521(93)  2370(28) —4525(8) 0.400(8) 4
2051105230017444002 2437564 175 14226 BRC RC 43515(00) 2.400{20) —4B.353(11) 0.400(0) 5
2051105342096 702080 2437804 172 14110 RC RC 4458(07) 2.350(27) —45367(23) 0.400(0) 3
2051286795872600020 2436200 175 14.802 RGE RGE 4408B(103) 2.630{435) —47.01(43) 0.400(0) 5
205128T002031072TES 2437164 15 14157 RC RC 4300050y 2.515(100 —48.26(37) —058(13) 12*
2051287070750544128 2436000 'L 14456 ROE RGE 4428(101) 2500045} —4702(8) 0400(9) 5
105128 7242549228032 2436608 14446 REGE RGE 4300(50) 1.134(35) —433(15) —0.07(7) 12*
2051287311265 T03232 2436543 1L 14120 RC - - - - - -
20512873 11268706432 2436540 '7F 14856 EGE RGE 4473(104) 2.360{48) —4B.13(14) 0400{10) 4
2051288067183227008 2436417 172 14104 RC - - - - - -
2051285135002601540 2436332 1°L 14302 RGE RGE 43860(60) 34450200 —47.54(30) —0.07(12) 2*
20512851 70262450816 2436438 17E 14.532 EGE RGB 4250{30) 2.602(10) —4636(30) —0.24(11) 2°
2051201228278110012 2435087 7L 14520 RGE RGE 4428(08) 2400046) —44(4)  0.400(9) 3
2051292877546340864 2437340 172 13.462 EGE RGE 4058(32) 1.660{43) —450(8) 0300(9) 3
2051283083 704702060 2437444 7L 13008 RGE RGE 4105(66) 2.35(11) —56(4) 0.12(5) 3
20512031180464530520 2437406 |75 13.060 RGE RGE 3020{67) 133045} —47.8(7) 0300(7) 5
2051203118064542076 2437633 'L 15.000 RGE RGE £35%(97) 2.710{48) —47(1)  0.200(8) 5
2051293152424246012 2436854 L 13476 RGE RGE 4061(83)  1.670(43) —44.482(34) 0300(9) 4
2051203186784001152 2437103 172 14378 RGE RGE 4300(50) 3336413 —48.6(15) 0.002(22) 2*
2051293221143 7240532 2436824 1L 14478 ROE - - = = - -
I051293221143725052 2436814 '7F 14208 RGE - - i 2, h -
2051283255503460184 2436812 172 14181 RC RC 4330490) 2.140046) —435.75(42) 0300(8) 4
20512032555034 78528 2437040 17E 14158 EGE RGE 3760{30) 203527} —EL.7(8) 0.003(10) s°*
20512033 10920668160 2560035 172 13.065 RGE RGE 4032(63) 1.3500(46) —4700(8) 0400(8) 3
2051283500100002016 2570518 7L 14683 ROE RGE 43508(30) 26000407 —48.63(8) 0300(7) 5
2051203077058270592 2436732 '7F 14135 RC RGE 43000100y 2.60(T) —449(2) —D38(8) 21*
2051204045777730520 2560360 7L 14005 ROE RGE 4287(36) 2.130(46) —46.44(47) 0300(%) 3
20512041 14407261952 2560618 '7F 14.797 RGE RGE 4486(103) 2.6350(46) —43.73(2) 0400(9) 5
205120421327T3528224 2560624 F 12.065 RGE RGE 3306(62) 130045} —44.0%(7) 0300(8) 5
2051294251936167424 2560204 112 13.203 RGE RGB 39067(7T)  1.430(43) —47.000(11) 0300(8) 5
2051207275503 144192 2560055 '7F 14173 RC RC 4343(97) 2450(207 —46.881(12) 0.400(8) 3

=BV
2051105500506144768 2438324 5L 17.850 EHE EHE 25200(300) 5.510(43) —90(3) —2.62(11) &
2051105754408746280 2437037 '5/2  17.878 EHE EHE 24 860(270) 5348(52) —75(6) —246(12) 6
I051204183216730584 2560576 1“5 17752 EHE EHE 23 540(210) 5311(35) —28(4) —2.73(23) &

semi-regular

2051105101578558464 2438151 1L 15655 ROB MS 54200607 30120187 —50.0{15) —0.100%) 1*
2051105616274700504 2438421 172 12.246 AGE AGE 3355(5T) 0.510(43) —46.540(46) 0200(3) 3
2051287002031070208 2437171 7L 12.304 AGE AGE 3540(36) 0.610042) —47.11(16) 0300(8) 3
20512871 73829740032 2436324 X 12373 AGE AGE 3332(33) 0.2I70{41)} —40315{12) 0.200(10) 3
2051282076324527232 2437317 1L 14032 RGE - - - - . -

Sae footnote of Table 1 for explanation Fef 6 refers to Sanjayan o7 al. (2021).
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Table3
List of cluster members showing rotational varability
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3.4, Unclassified and Unidentified Variables

In the case of nine objects, we were unable to unambiguously classify them
according to the three tvpes described above. The amplitude of a flux variation is
low and it is not clear if the variation remains stable over time. The latter indicates
that it is not unlikely these stars may be rotational variables. We leave a definite
classification for further analysis, preferentially if based on better quality data. Frve
members of the cluster are listed in Table 4 and they are plotted in the bottom panel
of Fig_ 3, while four non-members are listed in Table 8.

While checking the pixel content we found signals in the amplitude spectra, as-
sociated with optical detections found in Pan-STARRS data (Chambers af al. 2016,
Flewelling ef af. 2020} survey that do not have any designations. We classified the
signal to a proper variability type and estimated its period. We show the list of these
unidentified objects in Table 9. Since the stars are not listed in the Gaia catalog,
we are unable to estimate their membership. At three locations on the silicons (last
three coordinates listed), we detected a signal in the amplitude spectra, however,
we are unable to associate these coordinates with anv optical objects in the Pan-
STARRS survey. In addition, the last two signals listed may be of the same origin,
though the coordinates are different. This result indicates that these three signals
listed are residual signals of some other variable stars in the Kepler field of view
that were spread over the silicons. We consider the signals detected at those three
specific locations on the detector to be artifacts and not real sources.

Tabled
List of chuster members with unclassified variability

Peried G
[d]  [mag]
2051105269075634176 2437760F 0.4 18064 MS
2051288067182049760 2436421%F 144 14937 BS
2051291498855854208 2368724% (.63 20,141 MISY -
2051293049345064832  2437743% 143 15968 B3
2051294148857016192 2369676% 027 18.037 MSH -

See footmote of Table 1 for explanation.

Gaia EDR3 EIC CMD HRD

6. The Distance and Age Estimation

We downloaded a grid of 1sochrones given in the Gaia photometric system from
the MESA Isochrones and Stellar Tracks (MIST) project (Chot 2f all 2016, Dotter
2016). The current version of MIST iz 1.2. The MESA version 7503 was emploved
to calculate isochrones. We selected 7 /Tqy = 0. The grid covers age in a logarith-
mic scale between 9.8 and 10.3 with a step of 0.01, while [Fe/H] was between 0.20
and 0.45 with a step of 0.01.
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Tables
List of binary stars that are not closter members
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At least 50% of the stars are expected to be in binary systems. The observed
magnitude of a given target may include the flux contribution from all companions
and not a single star, which shifts the position of the target in the CMD. Therefore,
we excluded outlying stars where their positions in the CMD are uncertain. For the
fit, we only kept the MS, RGB and RC stars. We included magnitude uncertainties
as weights in the fit. which prevented the MS targets from over-fitting. The RC
and F.GB targets, even though less numerous, are brighter, and hence also remains
significant in the fit.

The MIST synthetic isochrones are given in absolute magnitudes, and we se-
lected no extinction. To account for a distance and a non-vacuum environment,
in our fit. we included a shift (m — M) in the Gaia G magnitude and in By, —R,
color. The best-fit isochrones point to a narrow range of age and [Fe/H]. The age
1z 8.91 Gy, while [Fe/H] is between 0.26 and 0.28. The apparent distance modu-
lus (m — M) equals 13 424 mag. while (B, — Ry) from 0.165 mag to 0.176 mag.
We show the fits in Fig. 5. Based on the extinction curve from Cardelli &f al
{1989), Bressan ef al. {2012) showed a rough relation between extinction in the
Gaia G band and E(B, — R, ). which is Ag =2 2-E(B, — R, ). Taking the average of
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Tableb
List of pulsators that are not cluster members

) o T RV
(Craia EDR3 EIC legs e H Bef
mez] K] 25 pmg FH
G- Scutl
2051002081244205056 2207728 151580 DO20 SEER(2T) 36800400 —3T(T) 0.272(22) 3
20511073809321426432 2570760 ' 13.450 - - - - -
zolar-like
051008 TI0GETS26012 2207157 IL 12.115 - - - - -
2051099054264914048 2437622 ' 15583 - - - - -

20510993201 42404480 243'207‘_?_ 18.731 o - - - =
2051104105146054784 2207703 12 13 826 40B5(81) 143032} —83.615(30) —0300(10) 5

2051104139506469760 2438004 '™ 15322 4060450) 1.11{15) —B4.7(6) —1.14(8) 2*
2051 104861060304640 2437816 172 13058 4229(7T) z.ugu.:r.} 0.400(T}) —4727(8) 5
2051105720053903232 2438288 'S 14384 = Z - =
2051105857402005600 2570715 7L 12678 4713(84) 2330(36) —330{7) —0200{7) 5

2051107369321441920 2570794 12 15158 8y = = £
2051286520004706432 2436457 "L 13245 4068(24) 3.015(39) —19.14(4) —0.422(22
2051286033311579112 2436680 'L 13187 i 1 i i
2560078 " 13.650 4418(50) 2.200(49) —35.428(36) 0.200(8)

[T

20512884451403 66464 2 5
205120143443 7586504 2568012 % 12.850 470103y 3.0L(6) —7.122(35) —0.100(3) 5
MS129156TSTIINTIZ0 1568658 15.618 - - - - -
2051201571876502012 2568654 'L 13.140 4301(83) 2.07(5) —T73.155(12) 0.100(8) 5
2051201674035780002 2568828 'S 14131 43BT(100) 2.070{51) —58.47(23) —0.100(11) 5
2S1291949833615104 15685757 13.407 4301(300 2.35(8) —2.26(4) 0.181(48) 3
2051203118064546044 2437602 %5 11203 4817(BA) 2.610(3%) —12.780(24) 0.200(6)
2051193T02130102144 J:Z'IZIIZIIZIE‘_r 13.628 - - - - -
2051204320635654012 2560137 " 13830 4208(102) 171(6) —104.10(44) —0.800(15) 3
IOE1105281 718537216 2570604 L 13.620 4461(80) 2.13(6) —1138(9) —0300(8) 5
FFIsxT/ELEoo
2051104034530897872 1560850 20,426 - — - — -
semi-regular

2051105032830063424 2435242 F 16817 4511{99) 2.660{47) —47.85(8) 0.400(%) 4

Sea caption of Table 1 for explanation.

E(B,—R;) =0.171 mag and using this relation, we derived A = 0.342 mag. Sub-
tracting Ag from (m— M) we find the true distance modulus of 13.082 mag, which
gives the distance to the cluster of 4134 pc. We also derived distance from the par-
allaxes of the cluster members with probability membership at least 90% and the
relative parallax uncertainty of smaller than 10%, which equals 4123(31) pc. The
distance estimated from the isochrone fit lies well within the uncertainty of the dis-
tance estimations from the cluster parallax. The cluster age we derived from the
1sochrone fit is also comparable to the age reported by Choi ef al. (2018).

To verify the correctness of the spectroscopic fits we also engaged isochrones
in Iz and logg plane (HRD). We used the isochrones for the age and the average
metallicity, which we derived from the isochrone fitting in the CMD. Then, we
overplotited the isochrones with our variable stars from Tables 1-3, for which Tix
and logg are listed. The column HED in Tables 1-3 describes the location of a
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Table?
List of rotational variables that are not cluster members
) . Paried & Tt BV

(Gaia EDERS EIC Id] [mag] K] lozg [km's [FaH] Ref
1051093951180105088 — 1.33 20929 - - - - -
I051099088624171928 2297416 2.66 20201 = - - et =
2051000187404218752 2436045 % 4.58 16733 = - - N =
I1051104139500753744 — 0.64 20043 = - - - =
2051104130505811328 2207846 % 13.40 14.901 = - - N =
0511042 72645525760 2438284 2.63 19629 = i e - =
10511042 T26455204T2 — 1.53 20277 = - - -
20511042769445815744 2438272 1A 1148 13.173 N - - = N
I051104586182508028 2438513 25178 1327 13030 S652(125) 4.51(8) —35.74(33) 0.000010) 5
2051104753679401728 2438740 042 19.653 = = - - -
I051104526696024832 — 1.06 20370 = - - = =
2051104025480543616 2437773 % 0.51 10083 6070{110) 2.%1) g —0.354(15) 2¢
105110506291 TAIG624 2437050 1527 17.987 = - - - =
1051105067218 771096 2437858 1034 14730 6120{80) 4935 1642337 —039(12) 2*
105110506 7218755280 2438003 1% 0.70 13023 TI3ZGE0 41020500 31  —023) 3
I0511051350833158144 — 3098 20627 N - - i N
05110523001 7448448 24376407 7.62 16377 N - - = N
10511052733 TTI00384 2437780 16.61 17.023 = - - & =
2051105303437T00224 2437054 F 470 19703 - - - - -
I051105307736086406 2437006 'L 1461 13887 S7S3(37) 46008 —3B(5) 010435 3
I051105410811376640 2438305 % 7.01 19,602 = - - N =
I051105823133141888 2438376 11.44 17.788 = i e - =
I051105926207T653504 — 511 20540 = - - - =
1051106063646757388 2438861 F 148 19.672 N - - = N
2051107124503872256 24385167 5.13 18313 5150(500 4.773(27) —36.0(15) 08430 1*
2051107472400670720 2570846 'L 10.82 15313 - - - - -
2051107541120138752 25707367 1.61 18428 = - - et =
I05128608TTI0E06332 — 0.86 19542 - - - - -
205128 7066448488102 — 162 10270 4850(30) 4871(400 —112.4(1) —0.15(12) 1*
I051287130470000088 2436635 172 117 15080 4445(201) 4.09045) —T76(6 —0.32(27) 3
051287547485 746432 2436206 825 17626 s i e - s
I051288032823472128 2436274 458 18220 = - - - =
05128510153 TE60087 — 338 20530 N - - = N
I051288165061197952 2436416 3098 19350 N - - o N
I0512884451352254 72 2562015 F 1.32 20.103 - - - - -
I051290019041461632 2435850 1447 16.670 = - - = =
2051201423443 7576320 2568854 F 10.50 18.224 = - - N =
1051291468792 123104 — 737 20,180 = - - - =
10512005718 TG503424 2568672 18.00 16.477 = - - N =
2051292076335015206 2437180% 4.07 17807 = - - - =
I051202080625560448 2437202 % 551 18336 = - - - =
2051292080525560782 2437234 1L 2410 13.153 N - - = N
0512930149 TSETRTA4 2437723 F 1.17 18.608 N - - o N
I051293014985313157 2437460 F 2.35 19.161 - - - - -
I051293014985313702 2437574 % 11683 17183 5650(500 4.5(8) —450(3) 0037 1+
I051203049338645504 — 1.07 20310 = - - N =
2051293083 704703856 2437350 1L 1691 14.508 = - - - =
I051293152424751645 2436088 460 20213 = - - - =
I051293721143720832 2435808 404 16764 = i e - =
I051293155503475200 2436038 4.50 20342 N - - o N
2051293280863 237520 2437320 6L 11.67 15925 N - - = N
I05129335857T054768 — 1.55 20.049 = - - & =
1051293388640138330 — 8.48 20,028 - - - - -
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Table?
Concluded
. . Perind Tir EV
Craia EDR3 KIC M el K legg g [FeH] Ref

0512934860152 60416 2570182 F 190 18710 - - - - -
IE1193530375018112 ~ 417 210832 - - -
2051293 500004510848 2570536 'L 1003 14507 - - - - -
2051293830610440640 2570250 'S 384 16.1Z% - - - - -
0512193908333956352 2570154 % 630 18171 3380(50) 4.004{20) —68.6(36) 01245 1°
2051293 042608672000 2570258 % 740 16852 - - - - -
1193042 698685056 2570313 F 139 10440 - - - - -
2051293972756002384 2436621 % 758 1B8.758 - - -
2051293977053154688 2436734 % 150  20.187 - - - - -
J051294011418019072 24365852 F 331 18.AT1 - - - - -
205129408013 7491965 2560421 F 1331 184680 - - - - -
20512941 14495072896 — 334 20060 - - - - -
0512941455519 73585 2560675 F 534 20253 - - - - -
2051294 148857011712 2560737 4L 13.34 16100 - - - - -
20E12104492454406272 2960431 F 240 17.007 - - - - -
2051 294664251895808 — 4080 21.163 - - - - -
2051204 728671458672 2560008 532 16820 - - - - -
2051794831 TS06T4944 2560761 F 180 20008 - - - - -
2051204870413630208 2560457 F 978 13065 - - - - -
2051295007843559552 - §.08 20344 - - - - -
2051 I9F00TE45583744 — 1.30 21.103 - - - - -
051295 485556959507 1570555 F 835 146.860 - - - - -
05119555 T606451456 2570381 % 1632 16907 - - - - -
2051206852817037056 27070861 B.O0 18040 - - - - -
20312973161 063467232 — 265 21041 - - - - -
2051297962 TER0S0816 2707771 0.73 18021 - - - - -
2051298031507519616 2707622 % 250 19376 - - - - -
051004 T4616582917 2T0TE5E Y 091 20076 - - - - -
2051207275503155328 2560073 ¥ 1466 14236 - - - - -
INELI0IIEE4069090]12 — .00 19.851 - - - - -
Sea caption of Table 1 for explanation.

Tabled

List of unclassified vanables that ars not cluster members
. 5 Deried G g R BV
Craia EDE3 EIC b Bl logs ey FRED R

2051104854001077084 2438433 D03 20356 - - - - -
205110530TTAT0S52564 2435028 C  0.06 20830 34700500 3.842(47) —48_80(30) 0.08(10) 1*
I0E1I8BIITTE0R9I648 2436203 020 18578 - - - - -
05193 TI6I3447424 2570105 F 077 20856 - - - - -

See caption of Table 1 for explanation.
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Tabled
List of equatorial coordinates that are aszociated with superstamp pixels showing signal in their
amplitude spectra
ki Banon Period
@ P

10M20M51ET +374TI45" 1.10  rotational
107205386 23T 4TSNS 120 eclipsing
10"20"E6:85  <2TV4T74202 240  rotational

19h20™31:00  +3AT4T4IN 0.41 binary

19h20m45:84 <374 T047] 3.07  rotational
1072074782 +3TU42'18%2 0.68  rotational
10M21MR3ET1 +3TU44°17Y6 1168 rotational
19"20M51°85  +3TU3R51"S 021 solar-like

19h20M3 2577 +37°43°237% 0.15 binary
18h20m44547 3794075175 573  rotational
10M20M4Ei 46 +3TU40'18%0 573  rotational

In the caze of the last thres positions listed, we found
no optical objects that could be a source of the siznal

given star in the HRD. If the location agrees with the one in CMD, we can expect
the spectroscopic fit is likely correct and we obtained an agreement for the majority
of stars. It should be noted that the scatter in the HRD is larger, hence some objects
may have not been allocated properly. There are clear exceptions, eight among
binaries, two among pulsators and two among rotational variables. These cases
should be treated with caution.

7. Summary

We presented a search for variable stars in the Kepler superstamp data. All
available pixels were searched, by means of a Fourier amplitude spectrum, and
contiguous optimal apertures for each object that shows a significant flux variation
were defined. The coordinates of these optimal apertures were matched with optical
counterparts using Pan-STARRS. In total, we detected 278 variable stars. We cross-
matched our variable star sample with those reported in the literature and found 16
variable stars reported by Kaluzny and Ruocinski (1993}, four by Rucinski ef al.
(19967, 23 by Mochejska ef al (2002), six by Mochejska ef ol (2003), four by
Kaluzny (2003), 15 by Bruntt ef al. (2003), seven by Mochejska et al. (2005), one
by Hartman ef al. (2005} and 33 by de Marchi ef al. (2007).

We found 240 stars having KIC designations, out of which 140 stars do not
have data delivered to the MAST. A variability of 119 stars was not known prior to
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our analysis. These stars are marked in bold in Tables 1-8, including the first nine
objects listed in Table 9. Justrecently, and independently of our work, Colman ef al.
(2022) reported light curves of stars with a KIC designation. However, the authors



Vol. 72

— BEcnigaes
B adpiag
[ TS BT VR
'y

caRtag]

Binarims

w

BnG 7000 wnG 3000 anng

Incchrznes
& phor
L b ]
& umeeapaba

Pulsators

RO 1500 ROOE 500 anoe

— Bichignes
& carareal

Aatatianal

Bnne 7000 wane 5000 ann

a0

Fig. 6. Lig—logg diagram showing the cluster members with atmespheric parameters dernved in this
work. The fap, middle and bottom panels show binary, pulsating and rotational stars, respectively.

The 1zochrones represent the best MIST fits in Iz and logg coordinates.



100 AA

did not specify which stars were found variables, only reporting a total number
of 2390 variables. Even accounting for this report, which is limited to the KIC
stars only, we can consider 26 variable stars having no KIC designation (including
seven objects marked in bold), to be new detections. No ground-based work on the
detection of the variability of these 26 stars was reported, either.

Using Gaia EDR3 astrometry, we calculated the membership probabilities for
all variable stars in our sample by applying Bayesian Gaussian mixture models.
A star iz considered to be a cluster member if the probability is higher than 50%.
In total, we found 129 variable stars that are cluster members: 17 binary systems,
45 pulsators, 62 rotationally and five unclassified variables. The locations of these
cluster variable stars in the CMD diagram were estimated and indicate the evolu-
tionary status of cluster members. In the CMD, a majority of our variable stars
are located in the MS. Solar-like pulsators are mostly located in the RGB and RC,
while semi-regular variables are located in the RGB and AGE. In addition there are
five BS and three EHB stars in the CMD.

In the case of binary svstems, we estimated mid-times of eclipses and derived
ephemerides. We calculated the O —C diagrams and checked for any orbital period
variation. Only three binary systems show significant period variation. However, its
nature is not confirmed. The solar-like counterpart has been a subject of a detailed
analysis of its pulsation content, and the results will be published elsewhere. The
analysis of three sdBVs has already been reported by Sanjavan ef al. (2022). The
rotational variables are not subject to our detailed analysis. This type of variables
can be very useful toward gvrochronelogy.

We utilized public and archived spectra for 111 variable stars. Spectra for 64
stars were fitted with XTGRID, while for the remainder of the sample, we adopted
the fit values from the survevs. We derived g, logg, [Fe'H] and EVs. Our spec-
tral analysis was able to recover consistent stellar parameters from very diverse
spectroscopic data. This consistency is reflected by the similar distribution of stars
in the CMD and HED. The most significant limiting factor on the parameter de-
termination was the low SNER of some spectra, while the spectral coverage and
crowding in dense fields plaved less significant roles. We found that the metallicity
1z not consistent among the cluster members and 1t is still unclear what causes it.
If the inconsistency is real a possible explanation would be the presence of multi-
ple stellar populations within the cluster as mentioned by Geisler ef al. (2012). To
confirm this hypothesis a uniform spectroscopic survey is required.

MIST isochrones were fit to our CMD comprised of cluster members, including
our variable star population. From our best three fits, we derived a metallicity range
of 0.26 to 0.28 and the age of NGC 6791 to be 8.91 Gyr. Our age estimate agrees
with the values reported by e g, Chot ef al. (2018). The average distance estimate
from the distance modulps iz 4134 pc which overlaps with our independent estimate
of 4123(31) pc we derived from the Gaia astrometry.
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Chapter 5

Paper 1V: variable Star Population in the
Open Cluster NGC 6819 Observed by the
Kepler Spacecraft

Abstract

We present the list of variable stars we [ound in the Kepler supersiamp data covering approximately
nine arcminutes from the ceniral region of NGC 6819, This is a continualion of our work presented by
Sanjayan el al.(2022a). We classified the variable stars based on the variability Lype and we established
their cluster membership based on the available (Fada Data Release 3 astromelry. Our search revealed
385 variable stars but only 128 were [ound Lo be cluster members. In the case of eclipsing and contaci
binaries we calculaled the mid-times ol eclipses and derived ephemerides. We searched for eclipse
Liming variation using the observed minus caleulated diagrams. Only live objecls show signilicant
orbital period variation. We used isochrones caleulaled within the MESA Isochrones and Siellar
Tracks project and derived the average age (2.54 Gyr), average distance (2.3kpe) and iron content
[Fe/H] =-0.01(2), of NGC 6319, We conlirm this distance by the one derived [rom (Fain astrometry of

the cluster members with membership probabilities greater than 0.9
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ABSTRACT

We present the list of vanable stars we found in the Eepler superstamp data covering approx-
imately nine areminutes from the central region of NGC 6819, This i3 2 continnation of our work:
presented by Sanjayvan ef af (2022a). We classified the vaniable starz bazed on the vanability type
and we established their cluster membership based on the available Gaia Data Felease 3 astrometry:
Onr zearch revealed 385 variable stars but only 128 were found to be cluster members. In the caze of
eclipsmg and contact binaries we calculated the mid-times of eclipses and derved ephemendes. We
searched for eclipse timing variation using the oheserved minus calenlated disgrams. Onlby five objects
show significant orbital period variation. We used isochrones calculated within the MESA Izochrones
and Stellar Tracks project and derived the average age (2.54 Gyr), average distance (2.3 kpc) and iron
content [FeH]=-0.01(2). of NGC 6819. We confirm thiz distance by the one denved from Gaia
astrometry of the cluster members with memberzhip probabilities preater than 0.9.

Key words: open clusters and associations: individual: NGC 6819 — Stars: variables: general

1. Introduction

In the notes of Caroline Herschel (Hoskin 2005), NGC 6819 was listed in the
class of nebulae and star clusters found between 8 Lyr and § Cyg. Early study was
mostly focused on photometry that allowed for construction of a color—magnitude
diagram (CMD) and to estimate the age of the cluster Detecting only a weak
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nebula in photographic plates from the Palomar Observatory Sky Survey (POSS-I),
King (1964) added NGC 6819 to the list of open clusters that may be old, which
made the cluster exceptional as open clusters were considersd to be voung objects.
The first photometry of 38 stars in the field of the cluster were done by Purgathofer
{1966) who used the original plates from Bamard (1931). From a CMD Burkhead
(1971} pointed out that the main sequence turnoff (MSTO) region of NGC 6819
1z near to that of M67 hence both clusters have comparable ages, however no age
of the latter was reported. Later Lindoff (1972) and Auner (1974) observed the
cluster in the B — 1" color. They compared the M3TO and red giant branch (RGEB)
with other older clusters and predicted that the age of the cluster is at least 2.5 Gyr.
From the theoretical isochrones Rosvick and Vandenberg (1998) reported an age
of 2.4 Gy, which is in agreement with the age 2 3(2) Gyr estimated by Anthony-
Twarog ef al. (2014). Rosvick and Vandenberg (1998) suggested that red clump
(B.C) stars are the descendants of blue stragglers (B5), given that NGC 6819 has a
confirmed BS population. Kalirai ef al. (2001) estimated a total mass of the cluster
to be 2600 M.

Many researchers undertook a search for a variable content in the area of the
cluster. We compared our findings with the results reported in most of the follow-
ing papers. Barkhatova and Vasilevsky (1967) conducted the first attempt to detect
variable stars in NGC 6819 with a null result. A variable of the irregular type was
reported for the first time by Lindoff (1971). As a result of search for contact bina-
ries Kaluzny and Shara (1988) made the first significant discovery by detecting 11
variable stars but none of them were reported to be a contact binary. Manteiga ¢
al. (1989} used RV data of stars in the area of the cluster and detected only one BV
variable BS. Krvachko (2001) discovered two dwarf novae in the cluster area. A
survey by Street ef al. (2002) revealed 25 variable stars and 13 suspected variable
stars in the area of NGC 6819, Street of al. (2003) did an extended search for plan-
etary transits by analyzing data of 38 000 stars in the area of NGC 6819, and they
found 11 stars with transiting events. Street of al. (2005) reported a detection of
141 variable stars, including 33 eclipsing binaries, eight RS CVn variables, 70 ro-
tational stars, 13 long period variables and five variables of other types. Stello ef al.
(20107 reported the first asteroseismic analvsis of solar-like red giants in the clus-
ter. Additional ground-based observations were taken by Talamantes ef al. (2010)
in the area of WGC 6819 and they listed 14 binaries and one & Scuti pulsator. Using
the XNMM Newton data, Gosnell ef al. (2012) made an unexpected discovery of 12
X-ray sources in the cluster area.

A time-series photometry of the cluster variable population allowed for an inde-
pendent determination of a distance modulus and cluster age. Balona ot al. (2013)
used 129 rotational variables in MGC 6819 to study the relation between the pe-
riod and B — T color, and they derived cluster age of about 2.5 Gyr. Basu &f al
{2011} estimated the distance modulus of (m — M)y == 11.85 mag and reddening
E(B—T)=a=0.15 mag using asteroseismic analvsis of red giant stars in the cluster.
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The authors estimated the distance to the cluster to be 2344{24) pc. According to
Salaris ef al. (2004), NGC 6819 1z located in the halo of the Milky Way and 300 pc
above the galactic plane.

Spectroscopic observations allowed for determination of the motion in the Ga-
laxy and the cluster metallicity. Using only seven cluster members, Friel of al
{1989} derived the mean cluster radial velocity (BV) of —7(13) km/s. A more
precise estimation of 2.34(3) km's was reported by Hole ef al. (2009). Ak ef al.
{2016) reported that the cluster has a slightly eccentric orbit with the eccentricity
{2) of 0.06 and has the orbital period of 142 Myr. According to Bragaglia of al.
(2001}, the cluster has a super solar metallicity of [Fe/H] = 4+0.09(3), while Lee
et al. (2015) pointed to a sub solar metallicity of [Fe/H| = —0.02(2).

Stellar clusters are studied through their members, hence it is essential to iden-
tify cluster members. Below, we present a historical progress of a member hunt in
NGC 6819 Sanders (1972) used the relative proper-motion of 189 stars in the clus-
ter area and found 88 probable cluster members. Using RV measurements from the
WIYN open cluster study XXIV, Hole &f al. (2009) established membership of 913
stars in the cluster area, finding 437 targets to have probabilities greater than 50%.
Stello e al. (2011) determined membership probability of 61 stars using asteroseis-
mic analysis and found 30 members. Platais ef gl (2013) derived 2314 stars with
more than 30% membership probability among 15 750 stars located in the clus-
ter area. The avthors used data from the WIYN open cluster study LV. Gao &f al.
{2015) established 537 cluster members by means of RVs and proper motion data.
Zhang et al. (2015) presented membership studies of 80 stars using BVs from the
Large 5kv Area Multi-Object Fibre Spectroscopic Telescope (LAMOST) survey.
Sampedro gf al. (2017) determined the membership probability of 1074 stars using
the United States Naval Observatory (USNO) CCD Astrograph Catalog (UCACH).
The first membership analysis using (Gaia astrometry was done by Cantat-Gandin
et al. (2018), who found 1915 members. The cited works revealed many confirmed
cluster members derived by means of RVs, proper motions, and seismic analysis.
In Section 4 we present a comparison of the resulis of the membership studies re-
ported by Cantat-Gaudin ef af. (2018) with our results.

To increase the efficiency of the detection of all variable star populations in the
cluster area, we undertook an analysis of all Kepler superstamp data of NGC 6819.
The variable stars should in future serve the purpose of deriving the most precise
parameters of the cluster, through binary star, asteroseismic and gvrochronology
studies. In addition Gaia data of the cluster members were used toward the cluos-
ter age and distance derivation. This is a continuation of our previous work on
NGC 6791 presented by Sanjayvan ef al (2022a). Recently, Colman ef al {2022
presented the light curves of KIC targets observed in the Kepler superstamps of
NGC 6819 using an image subtraction technique. We stress that the method and
analysis presented in this work 15 independent of the one presented in Colman ef
al (2022}
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In Section 2, we present a short description of the Kepler mission and data pro-
cessing in order to obtain the light curves of variable stars. In Section 3, we present
our analysis of spectra taken at Nordic Optical Telescope (NOT), Apache Point
Observatory (APO) and other spectra we found in public databases ie, LAMOST
survey, Apache Point Observatory Galactic Evolution Experiment (APOGEE) sur-
vey, MMT Hectospec 300 optical fiber fed spectrograph survey, and Apache Point
Observatory 3.5-meter telescope survey. In Section 4, we invoke the Gaia astromet-
ric parameters of variable stars we detected to establish their cluster membership.
In Section 5, we report the zoo of variable stars we found in the area of NGC 6819,
In Section 6, we present the results of the MIST (MESA Isochrones and Stellar
Tracks) isochrones fitting to estimate the age of and the distance to NGC 6819.

2. EKepler Photometry

During the original Kepler mission four open clusters (NGC 6791, NGC 6819,
NGC 6811, NGC 6866) were continuously observed. NGC 6791 and NGC 6819
were observed in the so-called “superstamps™, which were used for observing mul-
tiple targets in crowded fields. The central most parts NGC 67921 and NGC 6819
were covered during Quarters () 1-17. In the first part of our work, we reported a
detailed study of the Kepler superstamps of NGC 6791 (Sanjavan of al. 2022a).

We downloaded the Kepler superstamp data of NGC 6819 from the Mikulski
Archive for Space Telescopes (MAST™). The data are 20 = 100 pixel boxes piled
up in two contigunous 10 box stacks. The field of view of all pixels is 800" x 800"
and covers the central most part of the cluster. The superstamps data are collected
in the long cadence mode, lasting 30 min The pixel scale is 4”. The data were
collected over 1460 days and are split into 18 quarters.

We searched for a flux vanation by extracting fluxes for all time stamps in in-
dividual pizels for each of the quarters Q2-5. Next, a Fourier transform of the
time-series data was performed in each pixel and each quarter separately. The
pixels showing peaks (representing signal) in the amplitude spectra were selected.
Signals that were identified with artifacts, either reported by Baran (2013) or those
found in this project, were discarded. The optimal apertures are formed by con-
tiguous pixels showing the same flux variation of 5/N = 5, not including pixels
that contain too much signal from neighbors, even though the S/N ratio 1z still = 5.
Examples of optimal apertures can be seen in Fig. 6 of Sanjavan &f al (2022b). To
keep the solar cells facing sunlight. every quarter the spacecraft rolled 90°, hence,
with each quarterly rotation of the spacecraft, our targets landed on different CCD
silicons. One CCD silicon covering the area of NGC 6819 had failed prior to Q6
data collection, which caused quarterly data gaps during (6,10 and 14. Using the
optimal apertures for all targets showing flux variation, we used PyvKE software
(Kinemuchi f al. 2012) to pull out the fluxes and correct them for instrumental

*hitps:archive stsci.edu’
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artifacts by means of Co-trending Basis Vectors. Finally, using our custom scripts,
we clipped the data at 4.50, detrended using spline fits, and normalized them to
parts per thousand (ppt). The variable stars detected in our work are presented in
Section 3.

3. Spectroscopy

Using the Astrophysical Fesearch Consortium’s 3.5 m telescope at APO, we
obtained spectra for five stars. The spectra were collected from the Dual Imaging
Spectrograph (DIS), using the B1200 and R1200 grating. In the blue channel, the
grating was centered at 4300 A and had a wavelength range of 1240 A, while for
the red channel, the grating was centered at 6400 A and had a range of 1160 A.
The linear dispersions were 0.62 A/pix in the blue and 0.58 A/pix in the red. The
magnitude range of the stars were 14.08 to 18.70 in the Johnzon [, and for one
object, the Gaia & magnitude was 17.39. The spectra were reduced and extracted
using standard IRAF single slit spectroscopic techniques (Tody 1986, 1993). We
observed the spectra of eight pulsating variable stars with the 2.56 m NOT using
ALFOSC spectrograph. In these spectra, we measured a dispersion of 2.2 A from
the fll width at the half maximum of the lines in the arc spectra and a signal-to-
noise ratio of == 100 in the range of wavelengths 49505300 A For a number of
targets we found spectra in the publicly available archives (links can be found in
Table 1). HECTOSPEC (Fabricant ef al. 2003) operates at a resolution of approxi-
mately K== 1000-2000, LAMOST (Zhao ef al. 2012) offers low-resolution spectra
with a resolution of around £ == 1800, while APOGEE (Ahn ot ol 2014, Majewski
et al. 2017) covers the H-band (1.51-1.70 pm) with a resolution of approximately
R== 22500

We followed the fitting proceduores from Nemeth af al. (2012) inusing X TGRID.
The ¥X-square minimizing steepest-descent procedure fits an observation with in-
terpolated ATLAS O models, caleulated in local thermodynamic equilibrivm, drawn
from the spectral library of Bohlin ef al. (2017). Atmospheric parameters were
derived by iteratively applving successive approximations of synthetic spectra to
the observations. We interpolated in effective temperature ( I.g), surface gravity
{logg) and scaled solar metallicity ([M/H]) space, and also fitted the radial veloc-
ity with respect to synthetic spectra. Iterations were pursued until the variation of
surface parameters and the ¥-square decreased below 0.5%. Uncertainties of pa-
rameters were determined by changing [M/H] and radial velocities in one dimen-
sion until the statistical limit for 60% confidence was reached. The correlations
between I.x and logg were considered by the procedure. To avoid local minima
the fitting procedure returns to the global minimization if a better solution is found
during these calculations. Further details of the analvsis methods are presented
in Section 3 of Sanjavan ef al (2022a). Fig. 1 shows the best-fit BOSZ X TGRID
model to the NOT/ALFOSC observation of KIC 5113357.
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Fig. 1. Best-fit BOSZXTeRID model to the NOT/ALFOSC observation of KIC 3113337

4. Cluster Membership

Our goal was to use the Gaia Data Release 3 (DE3) astrometry to estimate the
membership probability of all variable stars we found in this work. We downloaded
astrometric data of over 36 000 stars from the Gaia DR3 catalog (Gaia Collabora-
tion af af. 2022). We selected the stars in the area of NGC 6819, defined by the clus-
ter center Opgp = 19:41:17.2 and Ozop0 = +40:11:18 (Kamann et al. 2019) and a
tidal radius of 23’ (Kalirai ef al. 2001). The membership analysis was done using
five astrometric parameters, position (0 and & in equatorial coordinates), proper
motion (4, and pg) and, parallax 7. To establish the membership of our variable
stars we followed the method used and described in Sanjavan ef al. (2022a). It em-
plovs variational Bayesian inference model with Dirichlet process prior (Fergusen
1973) using scikit-dearn library in Python (Pedregosa ef al. 2011). We found 1971
Gaia targets to be cluster members, including 128 variable stars. A CMD of 15 636
stars that were used in our analysis is presented in Fig. 2. The majority of stars
we found to be members of NGC 6819 nicely mark the main sequence, red giant
branch as well as BS and RC regions.

We compared 1327 stars identified as the cluster members with a membership
probability at least 0.7, reported by Cantat-Gauvdin ef ol (2018), with members
found in our analvsis. We found 1482 stars to be cluster members. Of the remaining
45 stars, we found 19 to be outside our search radius, we excluded two stars due to
high uncertainty in the parallax and proper motion, while we found 24 stars not to
be members.

EV data in the Gaia DE3 allow us to enhance the membership analysis for some
of the stars in our sample. However, the data can be contaminated by binarity,
rotation and pulsation effects. The data need to be free of these effects before
applying to the membership analysis to obtain a reliable solution. We preliminarily
assumed the Gaia DR3 RV data are clean of those effects and we used a RV as
a sixth parameter in our analysis. We recalculated the membership probability
of 821 stars for which we collected the BV data, deriving 126 cluster members.
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Fig. 2. CMD of all stars included in our analyzis.

The membership of these 126 stars has not changed afier using the BV data. This
outcome validates either our assumption that RVs have no additional effects or any
such effects do not affect the membership analysiz. Using the RV data of these

126 cluster members we estimated the average radial velocity of the cluster to be
+3.5(3) km/s.

5. A Zoo of Variable Stars

In total, we found 385 variable stars in the area of NGC 6819, The observed
variability is classified based on the light curve shape and the periods estimated
from an amplitude spectrum. We distinguished three main variability types, ie, bi-
naries, pulsators and rotational. In addition, we listed several cases of unclassified
and unidentified sources. Below we discuss each group of the flux variation. The
cluster members and non members are listed in separate tables. For each type of
variability we provide a number of newly detected variables.

We used amplitude spectra calculated from the light curves to classify pulsators
into solar-like, & Scuti, ¥ Dor, and semi-regular variables. Stars with a periodic flux
variation but showing additional flux modulation are classified as rotational stars.
A sample of the light curves with corresponding amplitude spectra for each type of
variability and specific classes we detected in this analysis is presented in Fig. 3.

We stress that our variability classification is subject to a number of caveats,
which we have discussed in Sanjavan ef al (2022a) presenting similar work on
NGC 6791. Therefore the location of targets, especially binaries, in the CMDs and
our BV estimates should be considered with caution.
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J.1.  Binary Variables

We detected 59 binaries which included members, non members, and eight
stars that are not associated with any Gaia targets. and hence their membership
was not determined. From the phased light curves, we classified binaries into four
classes, eclipsing, active eclipsing, contact and outbursting. We found 15 eclips-
ing systems with sharp eclipses and no out-of-eclipse variation. There are two
members, 12 non-members, and one with no membership established. Eclipsing
binaries with additional out-of-eclipse variation, likely caused by chromospheric
activity, are called active eclipsing and we found eight members, 10 non-members
and one with no membership established. The contact binaries are identified with
svstems showing light curves characteristics of W UMa svstem and we found seven
members, 10 non-members and three with no membership established. Tvpical or-
bital periods of contact binaries are known not to be longer than 1 day so three
stars mav not be properly classified. Our classification 1s phenomenological, hence
additional spectroscopic BV data may re-classify these objects. We found five out-
bursting stars, which we assumed to be binaries. Two of them are non-members
while three have no membership established vet. In total we found 30 new variable
binaries, including six cluster members, 17 field counterparts and seven with mem-
bership undetermined vet. We list the cluster members in Table 1, non-members
in Table 5, while stars with no membership determined in Table 9. In Fig. 4 we
present only phased light curves of the NGC 6819 member binaries that we found
to be new discoveries. In a CMD shown in the top panel of Fig. 5, the majority of
the binaries are located on the MS, while six are in the MSTO region. The latter
ones can provide an independent estimate of the cluster age, if parameters are de-
rived for individual components. As it was explained i Sanjavan ef af. (2022a) the
positions of binaries in the CMD should be treated with caution.

We identified five outbursting stars, which may possibly be associated with
eruptions caused by a mass transfer. None of the outbursting stars were found to be
members of the cluster Gaia DR3 2076392906942365568 was reported as an X-
ray cataclysmic variable during the XMM Newton survey by Gosnell ef al. (2012).

Uzing the eclipses in eclipsing systems and the light maxima in contact bina-
ries, we estimated the mid-times by means of the method described in Kwee and
van Woerden (1956). We used the mid-times to derive ephemernides, which are
reported in Table 1 and 5. For a few cases we provided only rough estimates of
periods, which is caused by a low precision of data. In two cases we detected sin-
gle eclipses only. To search for an orbital period variation we calculated Observed
minus Calculated (O — C') diagrams. We found significant orbital period varia-
tions in five binaries, including only one cluster member (Fig. 6). In two cases,
EIC 5112759 and EIC 5113461, the variations may look sinusoidal caused by an
additional body in these svstems. The other three cases are not easy to interpret.
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Fig. 4. Phased light curves of newly foumd cluster member binaries. See Table 1 for details.

5.2, Pulsators

We found a flux variation in 69 stars, which we interpreted as stellar oscillations
and we separated the following classes, solar-like, & Scuti, ¥ Dor and semi-regular
pulsators. We found 24 pulsating cluster members including 17 solar-like, three
0 Scoti, one ¥ Dor and three semi-regular. The field counterpart includes, 34 solar-
like, two § Scuti, six ¥ Dor and three semi-regular pulsators. In total we found 32
new variable pulsators, including two cluster members and 30 field counterparts.
We present the pulsating cluster members in Table 2 and the field counterpart in
Table 6. The location of the former group in the CMD is shown in the middle panel
of Fig. 5. A detailed analysis of solar-like and & Scuti’y Dor pulsators will be
reported by Themessl ef al. (in preparation) and Guzik ef al. (2023), respectively.
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The majority of pulsating cluster members are located on the RGB, six are the
RC objects, while four & Scuti and y Dor objects seems to be located in the BS
region. The semi-regular pulsators are the asymptotic giant branch (AGB) objects.

Since this work is also a part of our search for pulsating extreme horizontal
branch stars, we specifically looked for any flux variation that 15 characteristic of
pulsating hot subdwarfs identified in NGC 6791 and reported by Sanjavan ef al
{2022ab). Hot subdwarfs can be formed through either a degenerate or a non-
degenerate channel. The former channel works only for progenitor masses up to
around 2.2 M., . Such stars need significantly less time than 2.5 Gyr to settle down
onto the HB and even to reach the end of the white dwarf (WD) cooling tracks,
becoming too faint to be detected. The latter channel is available for progenitors
more massive than around 2.2 M. Given the age of the cluster, stars with masses
in a range of 1.5-1.6 M, had enough time to evolve to the HB and, if most of the
hvdrogen is lost, to become hot subdwarfs. More massive stars could have evolved
to become post-HB stars (the most massive ones can now be very cool WDs and
too faint to be seen), while less massive stars are still on the RGB or the MS, if
less massive than 1.45 M. Our consideration leads to a conclusion that the CMD
of NGC 6819 should be well populated with stars all the way from the MS5 to the
WD stage. This 1s not what we can see in Fig. 5. There is neither the WD nor
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the extreme HB populations. We stress that our consideration is based on a single
star evolutionary time scale. Binary channels contributing either to a mass loss or
a merger event can extend the time scale significantly, which could explain a lack
of the hot subdwarf population in this cluster.

Table2

List of cluster members showing pulsations

G EV

; Ter
Gaiz DRI KIC CAD HED lozg al Ref
[mae] K] 25 pmy R
e zplar-liks
2076488427020005632 511104003 13005 RGE RGE 4771(02) 2.70{11) 20864(71) ©O.200(28) 5
20765810198664584224 5112401 1F 12562 RC RC 454202y 2.65(11) 2488(60) 0200027 3

Lh

207648787205 7025408 5112387 12776 RC  RC 4830(02) 2B3(11) 230027 0.20028)
1076581713T08506352 5112481'%F 14230 RGE RGE 4132(60) 1.66(8) —1.664(80) 0.000(25)
2076487838507288320 5112373 12755 RC  RC  4821(02) 2.73(11) 2.29(51) 0.200{28)
2078300101208433702 502420745 12808 RGE - — - - -

20762907020490819328 50245834 12732 RGE RGE 4687(02) 2.55(11) 1.9843(34) 0200127
0762908564 7607074 50243511 12256 RGE - - - - -

2076304650297111552 5113061 11.088 EGE RGE 4121002 1.67(11) 2.5&11) 0.100028)
J0765818167TET312884 5112744150 12890 RGE RGE 4601002} 2.83(11) 2.7996(3%) O0.100028)
I076303037742523004 5112730 12718 RC RC 4823(02) 2711 L3S0{73) 0.200027)
I076303602014035456 5112786'% 11502 EGB RGE 4308(02) 1.B6(11) 3.324(43) 0.100027)
I078303860023076608 5112048'4% 12833 RGE RGE 476602 2.63(11) 3.388(24) 0.20002T)
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I076303765043846656 5112038'%% 12762 RC RC 4842(02) 2.60(11) 1.328(28) 0200027

2076303624104561152 5024750 11.806 RGE RGE 43501(02) 211(11) 2.177(27) 0.100{27T)

2076290860780325504 5024601 12465 RC - - ) 2 e 2

2076208761268676352 502485113 11136 RGE RGE 4150(01) 1.60(11) 6.23(23)  0.100{26) 3
5 Zcud

I075200526420542080 50044685 12808 BS BS TITO(50) 4.38(10) —14(2) —02(1) 2+

I075200482825058000 5024084514 144574 BS - - — = - -

1076393504145 246080 5113357 14613 EBS BS TITH(S0) 3.70(5) 653 —053{10) 2*
y Dor

I076208417671932800 5024455'514% 14751 B - - ) =5 s &

semi-regular

I075200826416433016 S024470% Do64 AGE - - =
I0785820306508667264 5100530135 10143 AGE AGE 3E2EDI} 1.00(11)
2076394728016615680 5113517 10091 AGE - - =

—0200{27)
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Sae caption of Table 1 for explanation.

3.3. Hotational Variables

Stars showing modulated periodic flux variations are classified as rotational
variables. Such a flux modulation can also be verified by amplitude spectra show-
ing complex peak profile, as a consequence of amplitude/frequency variation. The
rotational variability is wsually identified with migrating star spots on the stellar
surface. Our classification of rotational variables may not always be correct, since
it can be mimicked e.g., by small amplitude ellipsoidal variability or unstable long-
period pulsations. Light curves showing stable periodic flux variations are classi-
fied as binaries, since we do not expect non migrating star spots.
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Table3
List of cluster members showing rotational varability

: E Peried G Ta L. E .
Gaia DR3 KIC [davs] [mag] CMDHED i logg ] [Fe'H]
1076459148574565988 5112058% 223010 17901 M5 - - - - =
107645921 T204036352 5199551F 231662 17495 M5 - - - = =
20764553042416130688 511210451L 5 6400 14503 MSTO - - - - B
2076455560389772800 5112151F 135003 18812 M5 - - = - N
2076402034702541952 5111815"F 35750 14948 M5 - - - - -
1076458495 730451136 51115800 38670 15.181 MS - - - 23 =
1076458TTO61TE20088 S112068Y 150215 14082 M5 - - - - =
1076458152142173312 5112208% 23630 15688 MS - - - - =
1076458319633886336 S111007F 157120 18175 M5 - - - = =
207645837 30581014400 51118405 L 50651 14551 MSTO - - - - B
1076458147535261696 S112257F 105174 18504 M5 - - = - =
1076458003 749503104 5112187Y 106827 12217 M5! - - - - -
107645 T04S0836026T2 5112173 71660 16702 M5 - - o - I
207645 7569026522950 5111083 61842 17.704 M5 - - - - =
1076300135658207232 5112512% 55446 16422 MS - - - =5 =
1076300131350662912 5112400% 75360 16452 M5 - - - = —
1076393072102236900 5112566% 110660 17.832 M5 - - - - =
107645780853 777658 — 09752 19236 M5 - - - = =
1076300101298445184 5112431% 52043 16730 MS - - - - B
10763000668387381 76 51126304 44602 15.141 M5 - - = - =
2076300131353981312 511253 06732 17686 M5 - - - - -
2076300101208455168 51125184 30061 17900 M5 - - o - I
1076300101299126912 5112434% 50307 14.740 MSTO - - - - =
1076393003382 760576 51126774 71078 14707 MSTD — - - 2 =
I0762008264205346320 5024456'F 32313 11.070 RGE RGE 4062(69) 1.49(8) 1.383(76) 0.000025)

107645708268354T008 5023857F 115019 18380 MBS - - - - =
1076300066838 T22176 5024450 41051 15670 M5 - - = - =
1076200585002316416 5024114F 110194 15754 M5 - - - - =
1076299723341297T920 5024318% 37030 15516 M5 - - = - N
1076299929400504288 5024287510 71609 14.623 M5 - - - - -
107629906355044T936 S024151F 450273 14157 BS - - - =5 =
1076299448463468416 S023067F 106064 16676 MS - - - - =
107629975 TTOL069500 5024600 30612 16221 MS - - - - =
107629972334 13022 T2 S004403F 30020 15.704 M5 - - - = =
1076209036142588032 S004760% 24474 16043 MS - - - - =
1076299753303405312 50043267 20142 183520 M5 - - = - =
207T6299638981553280 5024365518 74463 14700 MSTO - - - - -
2076200001 786815104 50246415 56407 14.742 MSTO - - - 23 =
1076298063119414912 502475 I1.7471 17970 MS - - - - =
1076208417T67121 2800 S024401% 40566 16486 NS - - - - =
107620831028 T835TT6 4056866F 200403 1773 - - - - =

I07T655246531013TT02 5200072F 100885 18487 M5 - - - - =

1076551851136420608 — 032074 20413 MS' - - - - -
20763061 T1125625984 5200422140 51932 14930 M3 - - - - -
1076581675044 704112 51123807 73381 17476 M3 - - - - -

2076394075151506688 5112566% 04862 17434 M5 - - - - -
1076304006454008320 51126757 43123 16720 M3 - - - - -
2076394006461999336 5112695% 36742 15321 M3 - - - - =
1076303003382 TTE5T6 1126007 13101 15825 M3 - - - - -
1076393869023084288 5112079115 I3.2479 15034 MEF - - - . =
1076304002154821632 51127367 210286 1B030 M3 - - — - -
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Table3
Concluded

Gaia DE3 KIC

[FeH] Fef

2076393033438130638 1127775
I0763938000TE031004 S112682F
207T6393500303612032 F113045F 2

2076393003382 776704 5112710F 10,
2076393697224343296 3112781 24031
2076393869023085440 5112010 1.4268
20763941 78252004320 S113076%F 1353217
2076393319267340289 51134785 0.8751
2076303662865120256 S112908% 47402
1076393721584508528 112852 45027
20T6393I62B504556443 S024697F 33347
2076303602014036608 5112741 44 17.6060
207T6393044339353984 S113099F 2335080
2078303765044335104 51130014 65676
2076303662865120256 5112908  2.9060
I0763DAB4N0TETAO6D 1134265 73428
2076393147460785864 5113205'228 5162
2076392838230007292 S024088% 54480
207639286828 T0038T2 S024774F 28742
I076302872500614784 5024751%  3.4053
I076390205610350464 3113518% 100760
2076392 730841568640 0230775 21.7111
J0T6IDIVTSE60885568 S113185F 64760
2076392 TRR560063584 — 20.2391
20T63F0T11494 716800 S025150F 63577
2076330878933223808 S023470F 2121870
I0763000669387I0856 112574F 16160
I076393800205734144 5113026 208330
2076298067427112448 5024801%  1.8472
207T645B040055563036 — 6.8436
20762998564 T2624128 — 17.8793

_:5nc~::-n}
4814107

54204400

447(7) 1802)

ba

S4(1T) -38(5)

0438 1*

-0.08(10) 3

See caption of Table 1 for explanation

In total, we found 233 variable stars showing rotational variability, which makes
them the moest abundant variable population in WGC 6819. There are 82 cluster
members (Table 3), 136 field counterparts (Tables 7), and 15 stars with no mem-
bership established (Table 9). The periods of rotational variables are in a wide
range of 0.2—45 d. Cross matching our list of rotational variables with the Interna-
tional Variable Star Index (VSX) catalog, we found 15 rotational variables to be of
BY Dra type, while KIC 5112508 is a rotating X-ray binary reported by Gosnell
et al (2012). In summary, we found 185 new variable rotating stars, including 70
cluster members, 100 field counterparts and 15 with membership undetermined vet.
The location of the cluster members in the CMD iz shown in the bottom panel of

Fig. 5.
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3.4, Unclassified and Unidentified Variables

In the case of 24 stars, we were unable to classify their variability types. The
data are either not precise or it is not too clear if the shape of a light curve remains
stable over time. The latter argument is essential to distinguish between binaries
and rotational variables. An example of a light curve in an unclassified group is
presented in the bottom panel of Fig. 3. We identified five variables to be cluster
members, 18 non-members and one with membership vndetermined, and they are
listed in Tables 4, 8 and 9, respectively. All field stars, four members and the one
with no membership, are new variables detected in this work. The newly discovered
variable KIC 5023913 exhibits low frequency pulsations, similar to solar-like ones,
and is positioned near the MS on the CMD. However, it cannot be classified as
a solar-like pulsator due to the limited sampling of the Kepler long cadence data,
which is insufficient to detect MS pulsation occurring bevond the Nyquist limit.
EIC 5112843 shows two close frequencies with high amplitudes, which translates
into beating in a light curve. The star may be a binary system, as discussed by
Guzik et al. (2023), however it does not fit into anv of our four binary classes. We
leave such cases for future investigation. The location of the cluster members in
the CMD is shown in the bottom panel of Fig. 5.

We found signals in amplitude spectra, associated with optical counterparts in
the Pan-5STARRS (Chambers ef al. 20106, Flewelling ef . 20207 survev that do not
have Gaia designations. Only one star has a custom designation and was reported
in the past. The remainder of the stars are given by coordinates. We classified
the signal to a proper variability type and estimated its period. These stars were
included in the counts of the variability types discussed in the previous subsections.
We show the list of these unidentified objects in Table 9. Since the stars are not
listed in the Gaia catalog, we are unable to estimate their membership.

Tabled
List of cluster members with unclassified vaniability

aia DR3 gie PE0d G erppp T e

v

[days]  [mag] [E] =% [ami]
2076488353993641344 5111986% 06185 18188 M3 - -
2076299306716922 752 5024211F 11752 18711 M5 — -
207T6I9ITES04IIESTAL 5112004% 10031 16720 NS — -
2076299414103588224 5023013183107 15274 M5 - -
2076303731584508400 5112843% 01743 15422 NS RGE S600(50) 4.37(5) 42(1) —1.4(1)

See caption of Table 1 for explanation.

[FeH] FRaf
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Tables
The list of binary stars in the field that are not cluster members or no memberships derived

Pop L, i Lon B

Craia DR K [..1..-.\ ,H_,” [mas] ®] bgg |y IFeH] Ref
e tlm . o Pl =
JTE4BTATLE6A54TD 225 1T 4T " 2488003 19,46
MTERRETETTRI0S TN SREATIAOITE  R4ad 04T 159 48%
JTEIREERETOIL 20416 OAZSITIANIE) 2434571 082

0TERITETI4NIEERD Sr3EY  single-eclipse T4 00E4900(24) 15400

0TRIBITETIZIA64 S04327TF  S1AG4305T0F  D434900 354R03T) 13876 SGI0CN0) 4TINIE)  TH(14) dLaE(13) 4

J0TEERIIYI4S566TIN JRORIAUR K] 2484GGTINT
HYTGAR AR 6 R4 OD0GRTOSOS 1G] 248496454
TR A (S0 ISR 1) PEL Ll
HITiaseg | TR (4 510304655008 |8 TR 129 2436 21659555 15193

TG IIENET TS I M2 S TR 1) 433001 #9515 13244
JTEIRDLISS014201 00 Sirrasaet LTI 2434507 1 55T
ITE2REAEI T4 S IEER single-aclipse 24a8 136 95T 52N 19 %)
active cclipsing

1I]""E-IE TERTOALIR064 ST 1 3995053 465} AR O, (050 1) 19173

TR TR0 21 216 3 %ol OASTIIZHES M) 43490 SRS 19323
1!}"'6-!5 FI4IIR66H S 51E TIES{ 20 243005 a4 53 19347
MITE4BETRIETISEATIIE UAIES54T) T434903. TR 24 19,743
iﬂTﬁNNﬂﬂﬂm 5 AR Ih-: ] T44004 GROS{ 1S 201G
NTGARTRAR I TIT TR ST { T454S THHENAA) 1098 IS0 3T 1) M3 A 4"
AT H.’.-'-'-\. e |__|.. .||'-r'r D440 TIHES(41) IS EN SENNA00) 4031} 3% AT 4t
} 2484578

5 248540035
.?E"GNEH'.?&'BMH -_'u|. ,,x 2434 9 TSI 2T) REL T TR T 40(15) - dLEI(1s) 4"
ContmcL
HITGARY | EIRIA5 21920 515560 O T3S0 4] T45494 WISTINSG) 13010
HTGAREIEAITAL ST S101ELTE U IEAMLSNT) T34 TERETY L I 1 19hdE

FASEL A1 45500 U IXD39 5 W) 24549 T
SIS S0 MR Kl TH{ ) T4A4 00 SHAAN15)  1X M4
mmusrﬁu (] HA1) 2454964 an02815)  A0UEe

TEIUASIIRSE] 25606 S1RI9ITY O293E4010(5) 16574
mﬁmmawﬂ e EEISE ) 14t
ITGIUEZIGIAMN S 103G ITAIINIA5(42) 19,632
HTEIRITAAESGAI] | 5 P61 1 12 Mt
4B TE49399IBELE Sz oY 17 520

outhursting

TSI D508 S HL427
HTEIRIMIDEN2 TTERD Siizn ¥ 16,431

See capoion of Lable | for explanation. |wgess with no asromery, bence mo membership established, are donoted in irafie.

6. The Distance and Age Estimation

We downloaded a grid of isochrones given in the Gaia photometric system from
the MIST project (Choi ef al. 2016, Dotter 2016). The current version of MIST is
1.2, The MESA version 7303 was employed to calculate isochrones. We selected
V /¥y = 0. The grid covers age in a logarithmic scale between 9.1 and 9.6 with a
step of 0.01 and the iron content [Fe/H] from —0.1 to +0.1 with a step of 0.01.

For the fit, we only kept the MS, RGE and RC stars. However, in case of
binary systems, the observed magnitude may include the flux contribution from
all companions and not a single star, which shifts the position of a system in the
CMD. To aveid biased magnitudes, we excluded outlying stars by considering their
positions in the CMD as uncertain. We included magnitude uncertainties as weights
in the fit, which prevented the MS targets from over-fitting. The RC and RGEB
targets, even though less numerous, are brighter, and hence remain significant in
the fit.
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The MIST synthetic isochrones are given in absolute magnitudes, and we se-
lected no extinction. We applied a shift (m — M) in the Gaia & magnitude and
By, — Ry color to account for the extinction. The isochrones that fit the best are
defined by two consecutive values of the age and, for each age, the same three
[Fe/H] values. This solution is quite commeon in astrophysical modeling. The fitting
shows a degeneration of solutions in which a pair of different age and [Fe/H] wval-

Fig. 7. CMD of NGC 6319, showing the best MIST isochrone fits. The fop pame! shows the overall
dizgram_ while the middle panel shows the red clump region and the bottom panel shows the main-
sequence region.
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ues compensate by providing similar quality fits. We have determined the age to be
2.54(3) Gyr and [FeH] to be —0.01(2). The apparent distance modulus (m — Af)
equals 12.20 and E (B, —Rp) to be 0.195(10). We show the best isochrone fits in
Fig. 7.

For the Gaia DR3 cluster members E (B, — Ry ) and interstellar extinction in the
G band, the 4 form a linear relation 4¢ — 2-E(Bp —Rp). Averaging the parame-
ters from the best models we obtain E(B, —Rp) = 0.194 mag, which corresponds to
Ap = 0.388 mag. Subtracting 4, from (m— M) we find the true distance modulus
of 11.812, which gives the distance to the cluster of 2.3 kpc.

We also derived distance from the parallaxes of the cluster members with prob-
ability membership higher than 90% and the relative parallax uncerfainty smaller
than 10%,_ which equals 2 48(18) kpc. The distance measurements from parallaxes
and isochrone fits are in agreement to each other, and the age and [Fe/H] derived in
our work iz comparable to the resulis reported by Choi ef al. (2018).

We also plotted isochrones in the Iz and logg plane (HRD) shown in Fig. 8.
We vsed the isochrones for the age and [Fe'H], which we derived from the izochrone
fitting in the CMD. We over-plotted the isochrones with our variable stars from Ta-
bles 1-3, for which T and logg are listed. The column HRD in Tables 1-4
describes the location of a given star in the HRD. If the location agrees with the
one in the CMD, we can expect the spectroscopic fit is likely correct. We obtained
an agreement in all but two cases. One of the exceptions is a rotational variable
KIC 5113295, In both cases, as the CMD shows, the gravity of MS stars 1s around
43.

7. Summary

We presented a search for variable stars in the Kepler superstamp data of NGC
6819 Individual pixels were searched, by means of a Fourier amplitude spectrum,
and contiguous apertures for each object that shows a significant flux variation were
defined. The coordinates of these optimal apertures were matched with optical
counterparts using the Pan-STARRS survey. In total, we detected 385 variable
stars. We searched the literature for variable stars reported prior to our work, and
we found that 27 variable stars were reported by Street ef al. (2002), eight by Street
et al (2005), one from the All Sky Automated Survey (ASAS) catalog by Pigulski
et al. (2000, 75 from VSX by Watson &f al. (2006), 21 from General Catalog of
Variable Stars (GCVS) and from New Catalog of Variable Stars (NSV) by Samus
(2017). We found 306 stars having KIC designations, out of which 226 stars do
not have any data delivered to the MAST. For 270 stars, their variable nature was
unknown prior to our analysis. These stars are marked in bold in Tables 1-9.

Using Gaia DR3 astrometry, we calculated the membership probabilities for all
variable stars in our sample by applying Bavesian Gaussian mixture models. We
considered a star to be a cluster member if its membership probability is higher
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Tableb
Lizst of pulsators in the field that are not cluster members or no memberships dermed

G T BV

Gaia DR3 EIC logg El
mag] K] = pass] Eed)
solar-liks
2076480251653T787004 51006055 11486  4230(50) 30005y 0.2(1) —0.19(3)
I075488405730440128 5111767 13641 452401300  2.66(20) —408(3) 0212

2076485504077140568 5111087'4% 14040 - - - -
2076485117782408192 S112211% 14424 - - - =
2076455014 T03171325 5112103% 14.804 - - - -
2076455598915538400 S111563% 14886 - - 2 =
20764555 TAGRG651264 S112156% 15403 - - - o
07648 7045993608432 51121601510 10864 S2EI(I1}  3.0270E 3904 0.155(2)
I075300135658208384 5112558 14112 - - - it
2076299063958543680 50241067 13281 - - - -
2076290595139070816 024238 13612 - - - =
2076290585002315264 S024100% 13.600 - - - -
2076290688991538044 S024200% 15275 - - 2 =
07629506742 T000036 5024773 14315 - -
2076298 TE1268662016 S024504% 15200 - o
2076200130225684006 50240435 12770 4762(02) 2.TOID)
I0TEI952802I20T48TE 4036072 13587 - bt
I076206837123206012 4936825 13144 - -
I076582016208033588 S190030°% 11803 426005007 1945 0.2(3) 025
I0T6582503992578044 S200146'S 11611 4060(144)  2.15(23)  —20(3) —0.12(14)
1076582297823683712 200223 14140 - - - "
I076582366543185664 52003588 13118 - e - -
20763946936565T0400 S200382% 14772 - - - =
I0TES2I622ITAILTIY S200367F 13.063 - bt - =
2076581919366457308 5112421% 15505 - - - =
2076582263463028064 5200143 15564 - - - -
2076394418775061024 S113246% 14720 - - k- 2
207630350900 TE500525 112672 16.600 - - - -
2076383504145243136 5113371F 14452 - 2 - i
10TGIRITOOTRLOTIONE SO2S162'E 12613 - - - o
I07TE3I0ITEO511450368 50251015 13003 4404074) 21T —60(4) 0.10(T)
2076389711494720640 5025168% 14382 - - - =
2076392563352000208 S025060° 14.124 - - -
2076302528003243008 S025021%F 12842 4675(02)  2.65(11)  38.86(48) 0.100{28)

ba

B2(14) ~0.10(3)

[ A |

I.|.ll'

W

b Bouti

1076298211512 787228 50245708 16035  TT60(60)  3.026(24) 27.1(E D577
207630580624 7722406 520052115 11182 SBIO(3L)  3.335(5%) —10(8) 0.276(30) 3
y Dar
2076457632430072408 50240007 19103 - - - - -
2076552602 T6L0066T2 S100181% 17216 71500507  4.80{5) —5.6(T) —0.46(0) I+
I076394315609722368 51132505 14430 54300500 3.1} —31(2) —0.65(7) 2*
076300102533257216 50254645 13132 TIEXI)  407RGSH)  —7(9) —0.243(28) 3
I0T63IRIGITTEIIRAII6 023047 18250 60300407  335(7T) 45(3) —0.40(7) I*

2076389642TTI246080 5025234'*5 13285 - - - -

sami-regular
2076487808546082784 5112438 10602  3TIS(6D)  0.94(5) —3840(34) —0400(20) 3
2075208520088110076 50246005 11600 3500 1 —43 0053(60) —0.5

2076392632072463232 5025003155 8011 - - - —

| e

Sae captions of Tables 1 and 5 for explanation.
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Table7
List of rotational variables that are not cluster members or no memberships derived

Derind G Tt RV

Caia DRI KIC lezg [FeH] Raf
[dayz] [mag] [E] [ /]
2076438006528863200 — 42194 20182 - - = = =
2076401656535300552 S1117487 22534 14800 - i 2 d 2
20764330 72460006720 43523 10430 - = = 2 =

2076491558108521600 5111658 112363 18431 - - — = —
20T6480212087407RT2 S100564% 34612 15800 - - - - -

20764380 TATARA TGS — 40641 1D.5EE - - - - -
2076491656828123004 — 11.6758 19207 - - — = —
2076430100003182400 — 1.BB13  20.143 - - - - -

2076439079855048320 S111878Y 52625 16773 - - - - -
2076492030485722880 S111830¢ 31613 18914 - - - - -
2076438835030026752 5112025 41208 18934 - - - - -
2076491656835403776 S111760°  6T7IBE 15758 - - - - -
2076491519306420864 S111722F 23087 10046 - - - - -
20T6401618168920184 111737 21654 16804 - - - - -
2076438873606743036 5112157'% 270330 15165 - - = = =
J0TE4SERTIG6OETA4064 S112117'%0 136086 14.066 - - - - -
2076439335038900076 S112066Y 111315 18713 - - - - -
2076488633178431232 5111890'%° 52085 13.851 - - — = —
J0TE438427020146176 S111032140 14345 122135 &536(16) 4.216(27) —19(5) —0.133(15) 3
20764396288 71928002 S11187T0 51734 18803 - - - - -
2076438152125136256 — 00692 20024 - - — = —
2076439112487225020 3112203% 240132 17997 - - - - -
20764387310507TATE0 S112036Y 44387 17976 - - - - -
2076488405732070016 S111802% 142002 10033 - - - - -
20764384613 70688448 5111755 268169 121863 - - - - -
2076439014703180416 S112144% 268614 17006 - - - - -
2076439401437503024 S111774% 202080 17.360 - - - - -
207643942 7010097568 S111012F 197322 16.803 - - - - -
2076435044756006528 S112226Y 31371 19372 - - = = =
2076487045083 T06880 3112224 77540 16816 - - - - -
207643 7602386283520 5112061F 03031 16.401 - - - - -
207T643T8T2OSTSE0544 51124204 10,1332 18165 - - — = —
2076381644088572160 112508 7502 15180 - - - - -
207643 T00TIZA0NTEO0 T112158F 11652 18122 - - - - -
207648TTOS465511936 S024046% 72570 15464 - - — = —
TG4 TISTEELLSTI6N S023750F 72731 1B.786 - - - - -
2076300135658196864 S112483'%0 A28470  11.401 - - - - -
2076487636746036736 5024079148 200000 15152 - - - - -
2076437739815262976 5112228140 210838 14138 3653(133) 4.67(0.22) —3{6) —0.02{13) 3

2076581640685054208 5112520 151677 17.561 - - - - -
20T63000325T4913020 — 05615 20.904 - - - - -

207648 T2ERTERANTTOL F024021F 101190 10540 - - - - -
207643 T2931412T66T2 S0230047 123045 20454 - - - - =
207648 TIO0060384060 S023844F 54304 10414 - - - - 22
207643 TIR00G1 283608 — 01887 20.733 - - - x =
2076487151403028224 — 35049 10412 - - — = —
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Table?7
Contimued
3 i Period = Tesi - RV
raia DF3 EIC [days] [maz] K] logg [lems] [Fe'H] Ref
MTEI0NIG0TEOI0LSLT F024541%  T4085 15400 - - E - -
M0T6I00885135TH0024 S024204% 05714 19001 - s o = =
2076299551542571264 024070 162068  13.604 3883(02) 0.73(11) —84.49(20) —0.300(31) 3
20TA20080083 2483584 5024233% S4642  1B150 - - £ - -
2076209805130068000 5024215 44271 13306 6401(42) 41T  —27(7) 00140 3
20TGI90960TTE26TLA6 S024520° 125007 17.8E4 - - = = -
2076200805135748864 5024202''L 20086 17.412 i - &= e -
2076209757607024128 — 63272 18758 - - = - -
20THI9RG65461 TE45056 — 12605 19506 - - - - -
20TEIONGS46TI005504 S024300° 6.6880 17767 - - &= e -
2076209345384113536 S0239851°F 63381 15.453 - - = - -
20T6I9R482518TTETIY — 106186 199098 - - - - -
MTEIVNTEIINGESG5TE S024581F 30025 185TD - - & = -
2076200207045181824 $024254'%F 340007 15878 - - - e -
HTEI0NIATIN4N3IG10T 3024335% 40531 15282 - - £ - -
M0T6I00130ITS652688 S024055F 7074 15755 £ - e = -
MTEIRETI6008910336 S024704% 282478 15857 - - - e -
MTEINETIIG60123ITOT S024811F 22620 15734 - - £ - -
20TGI08S80460925637 3024447 83020 15258 - = 2 i =
HOTEIOTOSGIRA4IPLT S024515F 47317 lea4E - - = - -
2076208310254430556 4036870 38084 17.681 = - i e -
MTGI9831458TSI6304 4036842 07882 16477 - - = - -
2076198486386442117 S024380% 23301 20.433 - - - - -
2076582607061342336 5200184'°L 75013 15584 - - &= e -
MTES825I40382TINI0 S200034F 38184 19555 - - = - -
20THS829463554 75065 — 13.7111 19060 - - - - -
MOTHS828432TEE54240 — 7.8372 20120 - - & = -
2076582607061335036 S200185'1F 37272 15.56% - - - e -
2076584118850853606 S200273% 6.3340 16013 4300(60) 3.25(%)  —46(1) —0.18(13) 1+
M0TES8IN0EATSE5TATT $200352F 66710 1B8ET - - & & -
2076532087361 668608 S100006% 44674 19317 - - - o -
MTE582538341833344 F200036% 210286 16748 - - £ - -
2076582018642530432 5112402MC 48263 17044 - = = o =
20TGSE2AGIIATA2ENI0 200342% 58353 18743 — - = - -
207T6582465310431206 3200038118 26316 15154 - - i e -
MTESE2250160995400 — 48721 19985 - - = . -
2076582057204883200 5112553 52427  13.055 S812(27) 4.505(49) —35(¢) 013525 3
207T6A061668161T1TE S200463F 07363 18301 = - i e -
2076581812488 757632 3112718% 20447 18448 - - - - -
207T65816TIA4833TIST S112646% 125816 14484 - - - - -
M0TEINAS]1TES0028640 — 61322 10448 - - & = -
2076304414460300006 S113282% 14062 18000 - - - s -
H0TEAAILSTIOTINNGS — 03484  20.151 4503(02) 2.25(11) —27.02(44) —0100(28) 5
2076304277037100656 5113103% 53265 18427 - - & & -
M07T6A04246080225280 S115042F 120061 16138 - - - s -
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Table7
Concluded

Pericd G T BV
[dayz] [mag] E]

207630407TF151511206 5112021% 1.040 15561 - - = = o
2076204040821 761702 S112865% 1032 13741 - - - - -
10TEIG4109541233536 5112706 10060 17.176 - - - - -
2076304105234044027 S112746% 43372 18.700 - - - - -
2076305071614000512 5113378150 244024 15524 - - - - -

Craia DE3 EKIC

2076394173050725136 — 33143 103518 - - - - -
2076303969023082240 S113011F 10010982  14.427 - - - - -
0TEIDIFILG55ITOA0 - 560BE 10625 - - - - -
0763934567002 TIGSG — 37351 20610 = - = = =
2076303003374T13856 S112711F 24417 7.731 - - - - -

2076303401063000360 S113306Y 10303 18317 - - - - -
2076393353627026944 F113228'S 40268 12332 4030(0P2) 1.19(11) -6.277(22) -0.100{28) 3
J0TEINATHSGOAG2LITE S113037% 26187 20.41 - - - - -
2076303658357400702 50247874 127227  17.024 - - - - -
2076302765201345280 5025120% 05308 17.830 - - = = o

076392872500618112 — 72101 10511 - - - - -
20762932305402104327 3113521F 00738 18448 - - - - -
20763093211872004006 5113452% 7334 1B.405 - - - - -

2076393113108873344 S113418% 128024 17770 - - - - -
2076293108708746752 S113384% 13000 17.050 - - - - -
2076392971350914528 S115140% 70415 1R.601 - - - - -
2076302838230001627 3024060 02804 13274 - - - - -
2076392872552614144 — 17.6075 18.606 = - = = =
2076300102531117440 3023475 34480 17.747 - - - - -
2076300035084232672 3025381% 38175 10118 - - - - -
2076389604105230560 3025150% 33906 19.053 - - = = o
2076300020TI4TTITAE 3023805 121848 18306 - - - - -
2076389711404T262 72 S025105% 131484 18311 - - - - -
2076300050751929472 5025372Y 00005 18320 - - = = o
2076302530042 768806 S025002F 44708 10278 - - - - -
20TES8 8942409044864 — 14495 - = - s = =
2OTEFRIPEEFTTREROID — 30648 21.051 - - - - -
20TE483049065 145288 S112202% 10006 16004 - - - - -

2OTELETTIRRISIAG048 — 38407 21192 - - - - -
2OTELRTI2L4IIIRFTID — 21195 20442 - - - - -
2OTESRIRIRRSRIATIIE — 74127 209023 - - - - -
20TEIBLT4E05TIZRSIE — 17.6544 11.159 = - = = =
207648746404 TI5048 3023707 00382 15100 - - - - -
20TEIIIRLIRO2IRIELE 06272 200024 - - - - -

MTAIN4G2002TAL0432 200435 06398 18503 - - = = o
2076304384411401712 S113161% 223842 10132 - - - - -
2076401588108524160 S111658% 13342 16277 4470060) 4.572(3T)  -BO(L) 0. 76(6) 2°
2076491553108524160 — 19159 17492 - - = = o
207620931028 TIISTTS 40I6866Y 13021 1014 - - - - -
1076380123503 T64352 — 30365 15646 - - - - -

See captions of Table 1 and 5 for explanation.
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Table8B
List of unclazsified vanables that are not identified as cluster members in our anaby=iz

Period G

[days]  [mag]
T076480011138317824  51110146F 02954 10834
T0T6488405TI2006496  S111771F 06336 20106
I0T648TEAIGENSSA024 5112007 02420 10.411

(aia DE3 KIC

I07620000321502 7068 - 07388 20108
I0T648TI2442]1838336 - 03368 1D.7BS
I076290826420547200  S024510%  5.0140  14.327
10762008051 35TRIL6E - 04220 20508

I0TG29544TT23494016 50243195 03007 19934
I0762987P1I207T00120  S024566% 07352 18553
1076394517548400806  5112001% 06011 10201
1076394384411456000  5113175° 01723 15883
1076302314 960052480 — 04784 20830
1076303108708 736384 3025311F 10584 13472
I0T6IVISIFNNITISOGE 5024984 03169  16.960

1076551084282 780632 5112326° 01085 17238
I0764878A8S0TS6TI04  3112332F 4325 18337
2076393560023083TT6 - 29235 18391
1076300123303 775104 - 33921 1B.460

See captions of Table 1 and 5 for explanation.

than 50%. In total, we found 128 cluster member variables, including 17 binaries,
24 pulsators, 32 rotationally and five unclassified. The locations of these cluster
variable stars in the CMD diagram indicate their evolutionary status. In the CMD,
a majority of our variable stars are located on the MS, while solar-like pulsators are
mostly split into the RGE and RC, semi-regular variables are located on the AGB,
and five in the BS region.

In the case of selected binary systems, we estimated mid-times of eclipses or
minima of a continuous flux variation and derived ephemerides. We calculated
the O —C diagrams and checked for any orbital period variation. Four binary
svstems show significant period variation, however its nature is not confirmed. The
solar-like as well as § Scuti and y Dor pulsators have been a subject of a detailed
analysis of itz pulsation content, and the results will be published by Themessl ef
al. (in preparation) and Guzik ef al. (2023), respectively.

We used publicly available spectra of 42 variable stars. In addition, we analyzed
spectra of eight stars collected with the 2.51 m NOT and spectra of five stars were
taken with the 3.5 m APO telescopes. For the latier spectra, we quote a minimum
uncertainty of 200 K due to the low 5/N. Spectra of 21 stars were fitted with the
XTGRID, while for the remainder of the sample, we adopted the fit values from the
surveys. We derived Toer, logg, [Fe/H] and EVs. Thanks to our spectral analysis we
were able to recover consistent stellar parameters from very diverse spectroscopic
data. This consistency is reflected by the similar distribution of stars in the CMD
and HRD.
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Tahled

List of equatorial coordinstes that are associated with the superstamp pixels showing signal in their
amplitude spectra

Tvp=
1941 20.77 eclipsimz
19405778 +40 101187 05085  active eclipsing
19405799 +40190030 02734 contact
1941 0.81  +#0182035 02341 contact
19411024 +46103577 02030 comtact

19 412373 40 18 344 §3.3483 outbursting
19 41 28.59 +40 11 3117 29.5940 ocutbursting
19 41 2861 +40 11 19.35 454381 outbursting

19404807 +401312.24 04023 Totating
19 41 13.06  +40 16 37.26 0.6044 rotating
19 40 5245 +40 08 43,40 0.3261 rotating
17 40 57.85 +40 07 31.33 0.7897 Totating
1% 41 2584  +4008 21.47 1.6166 rotating
1% 41 2611 +40 06 3864 1.7384 rotating
1P 411577  +40 05 3216 B.1636 rotating
19 412223 +40 18 311 11850 rotating
19 412712 +40 16 2539 3.7529 rotating
17 411670  +40 15 34.46 2.0277 rotating
19 41 41.79 +40 16 43.86 15.2013 rotating
1% 41 2535 +40 13 184 411247 Totating
19 414797  +4012212% 021771 rotating
19 413749 +40 0% 374 51.5400 rotating
1% 41 50.89 +40 10 28.7% 02870 Totating

19 41 6.38 +4 14 53.84 03660 ul:lassiﬁ_.ed
The only coordinates not marked in bold were associated with
a variable star NGC §810 SHLP 254845 and reported by Strest
et al. (2002).

We used MIST isochrones to fit the positions of the cluster members in the
CMD. Our variable star population was also included i the fit. The best solu-
tion was achieved for six isochrones giving [Fe/H] of —0.01(2) and the age of
2.54(3) Gyr. The age estimate agrees with the value reported by Choi ef al. (2018).
The average distance estimate from the distance modulus is 2.3 kpc, which is in
agreement with our independent estimate of 2 48(18) kpc derived from the Gaia
astrometry of a selected sample of the cluster members.
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