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– Mikołaj Kopernik,

De Revolutionibus Orbium Coelestium
(Przedmowa do Księgi I)
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Streszczenie

Duża część gwiazd we Wszechświecie występuje w układach podwójnych i wielokrotnych,

co przyczynia się do znacznego wzbogacenia możliwych scenariuszy ich ewolucji. Podwój-

ność gra szczególnie doniosłą rolę w przypadku gwiazd masywnych, ponieważ to właśnie

one znajdują się w towarzystwie innych gwiazd najczęściej spośród wszystkich karłów

o różnych masach. Zjawisko podwójności gwiazd nie ogranicza się jednak wyłącznie do

ciągu głównego, lecz towarzyszy nawet najpóźniejszym etapom ewolucji, włączając w to

również pozostałości gwiazd takie jak np. gwiazdy neutronowe i czarne dziury. Badania

skupione wokół oddziaływań pływowych w układach podwójnych, m.in. z wymienionych

tutaj powodów, należą do fundamentalnych zagadnień współczesnej astrofizyki.

Niezależnie od statusu ewolucyjnego, orbity układów podwójnych mogą być ekscentryczne.

Wówczas wzajemna odległość między składnikami oraz potencjał pływowy zmieniają się

wraz z fazą orbitalną. W konsekwencji może to prowadzić do zmienności fotometrycz-

nej układu na skutek połączonych efektów bliskości (ekscentryczne zmienne elipsoidalne,

ang. eccentric ellipsoidal variables, EEV) oraz oscylacji wzbudzanych pływowo (ang. ti-
dally excited oscillations, TEO). Wspomniany typ zmiennych elipsoidalnych jest szczególnie

istotny z punktu widzenia możliwości weryfikacji różnych teorii pływów.

Niniejsza rozprawa doktorska składa się z cyklu pięciu prac recenzowanych, które podej-

mują tematykę EEV oraz TEO występujących wśród gwiazd ciągu głównego o średniej

i dużej masie oraz wśród gwiazd na późnych etapach ewolucji, w tym czerwonych ol-

brzymach. W pierwszej pracy z cyklu przeprowadzilísmy poszukiwania EEV i ich TEO w

krzywych blasku dostarczanych przez misję Transiting Exoplanet Survey Satellite. Bazowa-

lísmy na wstępnej selekcji kandydatów spośród ekscentrycznych spektroskopowych ukła-

dów podwójnych ze składnikami o wczesnym typie widmowym. Podjęty wysiłek zaowo-

cował detekcją 20 EEV, z czego 7 wykazuje TEO. Druga oraz trzecia praca z cyklu zawie-

rają rezultaty poszukiwań EEV oraz TEO w bazie danych fotometrycznych projektu Opti-
cal Gravitational Lensing Experiment. Głównym rezultatem wspomnianych poszukiwań jest

katalog niemal tysiąca EEV oraz detekcja kilkudziesięciu modów TEO głównie w wyewolu-

owanych składnikach. W czwartej pracy z cyklu podjęlísmy się szeroko zakrojonej analizy

dostępnych krzywych blasku „ekstremalnego” i masywnego EEV – MACHO 80.7443.1718,

którego składnik główny jest niebieskim nadolbrzymem o masie około 35 M⊙. Okazało się,

że obiekt ten jest pierwszym tego typu, który wykazuje silne i nagłe zmiany amplitud TEO,

najprawdopodobniej powiązane ze zmianami ich częstotliwości. W MACHO 80.7443.1718

występuje też TEO o zaskakująco wysokiej częstotliwości. Ostatnia praca wchodząca w za-

kres rozprawy opisuje rezultaty teoretycznych symulacji ewolucji EEV, których celem była

przede wszystkim próba odpowiedzi na pytania – jak częste są TEO w EEV ze składnikami

ciągu głównego o średniej i dużej masie oraz jaki jest ich rozkład w czasie ze względu na

początkowe parametry symulowanych EEV.
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Abstract

A large fraction of stars in the Universe reside in binary and multiple systems, which con-

tributes to a significant enrichment of the possible scenarios of their evolution. Binarity

plays a particularly important role in the case of massive stars, as they are the ones that

are found in the company of other stars most often among all dwarfs. However, the phe-

nomenon of stellar binarity is not limited to the main sequence, but occurs even at the

latest stages of evolution, including stellar remnants such as neutron stars and black holes.

Research focused on tidal interactions in binary systems, among other reasons mentioned

here is one of the fundamental tasks of modern astrophysics.

Irrespective of the evolutionary status, the orbits of binary systems can be eccentric. Then,

the mutual distance between the components and the tidal potential change with the or-

bital phase. Consequently, this can lead to photometric variability of the system due to

combined proximity effects (eccentric ellipsoidal variables, EEVs) and tidally excited oscil-

lations (TEOs). The aforementioned type of ellipsoidal variables is particularly important

for the verifiability of different tidal theories.

This PhD thesis consists of a series of five peer-reviewed papers that address EEVs and

TEOs occurring among intermediate- and high-mass main-sequence stars and among stars

at late stages of evolution, including red giants. In the first paper of the series, we sear-

ched for EEVs and their TEOs in the light curves delivered by the Transiting Exoplanet

Survey Satellite mission. We relied on an initial selection of candidate EEVs from eccen-

tric spectroscopic binaries with early-spectral type components. The effort resulted in the

detection of 20 EEVs, 7 of which exhibit TEO(s). The second and third papers in the se-

ries contain the results of search for EEVs and TEOs in the photometric database of the

Optical Gravitational Lensing Experiment project. The main result of these searches is the

catalog of almost a thousand EEVs and the detection of several dozen TEOs, mainly in

evolved components. In the fourth paper in the series, we carried out an extensive analy-

sis of the available light curves of an ‘extreme’ and massive EEV – MACHO 80.7443.1718,

whose primary component is a blue supergiant with a mass of about 35 M⊙. This object

turned out to be the first of its type to exhibit strong and abrupt changes in the ampli-

tude of TEOs, most likely associated with changes in their frequencies. The light curve

of MACHO 80.7443.1718 also exhibits TEO of surprisingly high frequency. The last paper

included in the thesis describes the results of theoretical simulations of the evolution of

EEVs, the main aim of which was to try to answer the questions – how frequent are the

TEOs in EEVs with intermediate-mass and massive main-sequence components, and what

is their distribution in time as a function of the initial parameters of the simulated EEVs.
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Deklaracje

Zawartość niniejszej rozprawy doktorskiej jest efektem prac, które przeprowadziłem pod-

czas Studiów Doktoranckich Astronomii na Uniwersytecie Wrocławskim od października

2018 roku do grudnia 2022 roku pod kierunkiem prof. dr hab. Andrzeja Pigulskiego.

Niniejsza rozprawa doktorska zawiera treści opublikowane lub przyjęte do druku w poniż-

szych pracach recenzowanych, nazywanych dalej zbiorczo cyklem prac.

• Praca I (Rozdz. 4): Kołaczek-Szymański, P. A., Pigulski, A., Michalska, G., Moź-

dzierski, D., Różański, T., 2021, Massive heartbeat stars from TESS. I. TESS sectors
1 – 16, Astronomy & Astrophysics, 647, A12.

• Praca II (Rozdz. 5): Wrona, M., Ratajczak, M., Kołaczek-Szymański, P. A., Kozłow-

ski, Sz., Soszyński, I., Iwanek, P., Udalski, A., Szymański, M. K., Pietrukowicz, P.,

Skowron, D. M., Skowron, J., Mróz, P., Poleski, R., Gromadzki, M., Ulaczyk, K., Ry-

bicki, K., 2022, The OGLE Collection of Variable Stars: One Thousand Heartbeat Stars
in the Galactic Bulge and Magellanic Clouds, The Astrophysical Journal Supplement

Series, 259, 16.

• Praca III (Rozdz. 6): Wrona, M., Kołaczek-Szymański, P. A., Ratajczak, M., Kozłow-

ski, Sz., 2022, Photometric Analysis of the OGLE Heartbeat Stars, The Astrophysical

Journal, 928, 135.

• Praca IV (Rozdz. 7): Kołaczek-Szymański, P. A., Pigulski, A., Wrona, M., Ratajczak,

M., Udalski, A., 2022, Tidally excited oscillations in MACHO 80.7443.1718: Changing
amplitudes and frequencies, high-frequency tidally excited mode, and a decrease in the
orbital period, Astronomy & Astrophysics, 659, A47.

• Praca V (Rozdz. 8): Kołaczek-Szymański, P. A., Różański, T., Theoretical investiga-
tion of the occurrence of tidally excited oscillations in massive eccentric binary systems,
przyjęta do druku w czasopísmie Astronomy & Astrophysics dnia 02.01.2023 r.

Oprócz prac wymienionych wyżej uczestniczyłem również w powstaniu następujących pu-

blikacji naukowych:

• Cunha i in. (2019), Rotation and pulsation in Ap stars: first light results from TESS
sectors 1 and 2, Monthly Notices of the Royal Astronomical Society, 487, 3523;

• Charpinet i in. (2019), TESS first look at evolved compact pulsators. Discovery and
asteroseismic probing of the g-mode hot B subdwarf pulsator EC 21494-7018, Astro-

nomy & Astrophysics, 632, A90;
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• Niemczura i in. (2020), Extremely peculiar spectrum of the primary component of the
eclipsing binary HD 66051 , Laboratory Astrophysics: From Observations to Interpre-

tation, 350, 412;

• Paunzen i in. (2020), The enigmatic highly peculiar binary system HD 66051, Contri-

butions of the Astronomical Observatory Skalnate Pleso, 50, 621;

• Kołaczek-Szymański (2020), Alpha and beta Crucis as seen by BRITE and SMEI, XXXIX

Polish Astronomical Society Meeting, 10, 52;

• Wielgórski i in. (2022), An Absolute Calibration of the Near-infrared Period-Luminosity
Relations of Type II Cepheids in the Milky Way and in the Large Magellanic Cloud, The

Astrophysical Journal, 927, 89;

• Pigulski i in. (2022), HD 133729: A blue large-amplitude pulsator in orbit around a ma-
in-sequence B-type star, Astronomy & Astrophysics, 663, A62;

• Miszuda i in. (2022), The eclipsing binary systems with δ Scuti component – II. AB Cas,
Monthly Notices of the Royal Astronomical Society, 514, 622.

Byłem również zaangażowany w powstanie następującej pracy, która została wysłana do

recenzji:

• Oplištilová i in., Spectrum of the secondary component and new orbital elements of the
massive triple star δ Ori A, wysłana do Astronomy & Astrophysics dnia 23.10.2022 r.
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Podziękowania

Byłbym daleki od prawdy, twierdząc, że powstanie niniejszej pracy doktorskiej mogę za-

wdzięczać wyłącznie sobie samemu. Choć niewątpliwie jest to owoc mojej wieloletniej

pracy, gdyby nie wsparcie ze strony wielu osób, które spotkałem w odpowiednim momen-

cie mojego życia, niniejsza rozprawa nigdy nie ujrzałaby światła dziennego.

Na pierwszym miejscu chciałbym serdecznie podziękować mojemu promotorowi, profeso-

rowi Andrzejowi Pigulskiemu, który stał się dla mnie mentorem w dziedzinie astronomii

już podczas moich studiów magisterskich i nigdy nie szczędził dla mnie olbrzymiej ilości

swojego cennego czasu. Co równie ważne, Jego wysoka kultura pracy oraz dojrzałość na-

ukowa stanowiły dla mnie zawsze budujący i inspirujący przykład tego, kim powinien być

naukowiec oraz jaka odpowiedzialność jest z tym związana.

Pragnę zwrócić wyjątkowe podziękowania w stronę mojej ukochanej żony – Magdaleny,

którą poznałem dzięki naszemu wspólnemu zamiłowaniu do kontemplowania piękna ca-

łego Wszechświata, w tym Tatr. Jej wsparcia dla mnie w okresie całych studiów doktoranc-

kich oraz przy pisaniu rozprawy nie sposób wyrazić słowami, a tym bardziej przecenić.

Olbrzymie słowa wdzięczności należą się również moim najdroższym Rodzicom – Teresie

i Antoniemu, ponieważ zaszczepili we mnie zainteresowanie światem przyrody, przez lata

wspierali mój rozwój (często kosztem własnych sił) i nigdy nie stanęli w poprzek moim ma-

rzeniom zostania astronomem. W sposób szczególny dziękuję mojemu Tacie za wszystkie

godziny spędzone wspólnie pod nocnym niebem, kiedy to, pomimo zmęczenia, rezygnował

ze swojego snu, aby razem ze mną ruszyć w drogę „mobilnym obserwatorium” i oddawać

się pasji astrofotografii na polach wokół Chwarstnicy, nawet przy −15 ◦C. Mojemu Ro-

dzeństwu – Ani i Adamowi pragnę podziękować za te wszystkie lata wiernego i bliskiego

towarzystwa, które w dużej mierze ukształtowało mnie jako człowieka. Chciałbym pod-

kreślić specjalny wkład Adama w umożliwienie powstania pracy V, przez przygotowanie

zakupu oraz montaż komputera przeznaczonego do symulacji numerycznych.

Chciałbym w tym miejscu uczcić pamięć mojego promotora pracy licencjackiej z astrono-

mii, śp. doktora Zbigniewa Kołaczkowskiego, który m.in. wprowadził mnie w świat astro-

fizyki obserwacyjnej uprawianej na poziomie akademickim oraz nauczył mnie samodziel-

nego prowadzenia obserwacji naukowych w Obserwatorium Astronomicznym UWr w Biał-

kowie.

Nie sposób również przemilczeć ogromu pracy i poświęcenia moich drogich nauczycieli

fizyki i astronomii z czasów szkolnych. Pragnę podziękować pani Elżbiecie Bartków, która

podczas mojej nauki w gryfińskim gimnazjum, niemal w każdą sobotę przygotowywała
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mnie do konkursów przedmiotowych, czyniąc to wyłącznie z własnej dobrej woli. Równie

wielkie wyrazy uznania należą się panu Tomaszowi Skowronowi, który w czasie mojej na-

uki w XIII LO w Szczecinie jako pierwszy uczył mnie „poważnej” astronomii oraz z pełnym

oddaniem przygotowywał mnie do Ogólnopolskiej Olimpiady Astronomicznej, towarzy-

sząc mi zawsze na jej ścieżkach.

Dziękuję wszystkim pracownikom, doktorantom i studentom Instytutu Astronomicznego

UWr, z którymi miałem przyjemność współpracować, za każde najdrobniejsze okazane mi

wsparcie oraz przekazaną wiedzę. Chciałbym wyróżnić w tym miejscu Krzysztofa Kotysza,

Amadeusza Miszudę, Tomasza Różańskiego oraz Natalię Posiłek, z którymi przeprowadzi-

łem w naszym wspólnym pokoju doktoranckim niezliczone i żarliwe dyskusje o nauce,

filozofii i codziennym życiu.

Realizacja badań opisanych w niniejszej rozprawie oraz prezentacja ich wyników pod-

czas konferencji naukowych była w dużej mierze możliwa dzięki uprzejmemu wsparciu

finansowemu ze strony Narodowego Centrum Nauki w postaci grantu Preludium 18 nr

2019/35/N/ST9/03805.
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IV OŚWIADCZENIA O WSPÓŁAUTORSTWIE 143
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2 KONTEKST NAUKOWY

1 Struktura rozprawy

Struktura niniejszej rozprawy jest następująca. W ramach części I przedstawiam zwięzły

opis kontekstu naukowego, którego celem jest ogólne wprowadzenie w tematykę rozprawy

(Rozdz. 2) oraz opisuję motywację i problematykę naukową, która została podjęta w każ-

dej z prac cyklu (Rozdz. 3). Część II zawiera kompilację recenzowanych publikacji na-

ukowych, ułożonych chronologicznie, które składają się na rozprawę. Kolejne prace w tej

części zostały umieszczone w osobnych rozdziałach od 4 (praca I) do 8 (praca V). W czę-

ści III podsumowuję najważniejsze wnioski, które wypływają z całego cyklu prac (Rozdz. 9)

oraz proponuję realizację dalszych projektów badawczych, mających na celu rozwój dzie-

dziny, której dotyczy rozprawa (Rozdz. 10). Tekst rozprawy zamyka część IV, zawierająca

zbiór oświadczeń o współautorstwie dla każdej z prac cyklu oraz potwierdzenie przyjęcia

pracy V do druku. Wspomniane oświadczenia są pogrupowane wedle publikacji, których

dotyczą, w kolejności identycznej z ich układem w części II. Załączone oświadczenia defi-

niują wkład poszczególnych współautorów w powstanie każdej z prac zawartych w cyklu.

2 Kontekst naukowy

Współcześnie nie mamy wątpliwości, że materia barionowa stanowi zaledwie mały uła-

mek całkowitej energii obecnego Wszechświata w porównaniu do dominującego udziału

ciemnej materii i ciemnej energii (Planck Collaboration i in. 2020a,b), które dotychczas

wymykają się naszemu głębszemu poznaniu. Nie oznacza to jednak, że „zwykła materia”

nie przyczyniła się w znaczący sposób do ewolucji całego Wszechświata. Wręcz przeciwnie,

to dzięki niej możliwe było zaistnienie długiego łańcucha wydarzeń, który po kilkunastu

miliardach lat doprowadził do powstania planety Ziemi wraz z zamieszkującym ją czło-

wiekiem.

Jedną z głównych form organizacji materii barionowej we Wszechświecie są gwiazdy oraz

obiekty będące ich pozostałościami, np. białe karły oraz gwiazdy neutronowe. Dzięki pro-

cesom termojądrowym zachodzącym we wnętrzach gwiazd oraz eksplozjom supernowych

zachodzącym w gwiazdach masywnych (Janka i in. 2007; Smartt 2009), Wszechświat

doświadczył dramatycznej ewolucji chemicznej. Z zaledwie kilku najlżejszych pierwiast-

ków powstałych w wyniku pierwotnej nukleosyntezy, utworzonych zostało aż kilkadziesiąt

pierwiastków występujących obecnie w naturalnym środowisku (Johnson 2019). Wiele

dziedzin współczesnej fizyki i astronomii zależy w istotny sposób od naszego rozumienia

budowy oraz ewolucji gwiazd na przestrzeni dziejów Wszechświata. To, w jaki sposób

gwiazdy rodzą się, jak są zbudowane, przekształcają swoje wnętrze, emitują promienio-

wanie, oddziałują z otoczeniem oraz wreszcie, jak umierają, rzutuje na nasze poznanie

Wszechświata od skal najmniejszych (np. astrochemii egzoplanet), aż po największe, czyli
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2 KONTEKST NAUKOWY

kosmologiczne. Stąd, astrofizyka gwiazdowa niezaprzeczalnie należy do fundamentalnych

dziedzin wspomnianych wyżej nauk ścisłych.

Znaczna część gwiazd we Wszechświecie należy do układów podwójnych lub wielokrot-

nych (Raghavan i in. 2010; Duchêne & Kraus 2013; Moe & Di Stefano 2017), co przyczynia

się do istotnego wzbogacenia możliwych scenariuszy ich ewolucji (Hurley i in. 2002; Bel-

czynski i in. 2008; Eldridge i in. 2008; Stanway & Eldridge 2018). Masywne gwiazdy ciągu

głównego (≳ 8M⊙) zajmują pod tym względem wyróżnione miejsce (Sana i in. 2014),

ponieważ występują w układach podwójnych i wielokrotnych znacznie częściej niż karły

o małej masie (Rys. 1). Z tego powodu ewolucja gwiazd masywnych jest nierozerwalnie

złączona z ich podwójnością i nie można jej pominąć przy analizowaniu czy przewidywa-

niu ścieżek ewolucyjnych tych obiektów (Sana i in. 2012; Eldridge & Stanway 2022). Cała

plejada interesujących zjawisk i obiektów we Wszechświecie jest konsekwencją podwój-

ności gwiazd o dużej i średniej (≳ 2M⊙ oraz ≲ 8M⊙) masie. Spośród wielu, należą do

nich m.in. eksplozje supernowych typu Ia (Hillebrandt & Niemeyer 2000) oraz Ib/c (Lan-

ger 2012), krótkie błyski gamma (Nakar 2007), rentgenowskie układy podwójne (Verbunt

1993), gwiazdy Be (Bodensteiner i in. 2020), emisja fal grawitacyjnych w układach dwóch

zwartych obiektów (czarnych dziur lub gwiazd neutronowych, Abbott i in. 2016, 2019),

gwiazdy „odarte” z otoczki (ang. stripped stars, Götberg i in. 2020), „algole” (Sen i in.

2022), czy niektóre typy gwiazd Wolfa-Rayeta (Shenar i in. 2019). Z tego powodu badania

układów podwójnych, w skład których wchodzą gwiazdy ciągu głównego o dużej i średniej

masie, nasuwają się samoistnie i mogą rzucać cenne światło nawet na najdalsze etapy ich

ewolucji.

Z powodu względnie młodego wieku układów podwójnych ze składnikami o średniej i du-

żej masie, mimośrody ich orbit są często dalekie od zerowego (np. Moe & Di Stefano

2017). W takich układach separacja między składnikami jest funkcją fazy orbitalnej, przez

co efekty bliskości, takie jak elipsoidalność, efekt odbicia/oświetlenia oraz wzmocnienie

dopplerowskie (ang. Doppler beaming/boosting), mają największą amplitudę zmian foto-

metrycznych w okolicach przej́scia przez peryastron (Prša i in. 2016). Ekscentryczny układ

podwójny może być wówczas zaobserwowany jako tzw. ekscentryczna zmienna elipso-

idalna (ang. eccentric ellipsoidal variable, EEV, Morris 1985; Soszyński i in. 2004; Welsh

i in. 2011; Shporer i in. 2016) w odróżnieniu od „zwykłej” zmiennej elipsoidalnej o koło-

wej orbicie. Z powodu kształtu krzywych blasku EEV, które mogą w niektórych przypad-

kach przypominać zapis elektrokardiogramu, niekiedy nazywa się je również „gwiazdami

bijącymi w rytmie serca” (ang. heartbeat stars, np. Thompson i in. 2012; Kirk i in. 2016).

Oprócz zmian jasności EEV wskutek połączonych efektów bliskości, układy te mogą prze-

jawiać również obecność oscylacji wzbudzanych pływowo (ang. tidally excited oscillations,
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Rysunek 1: Częstość występowania układów wielokrotnych (niebieski, ang. multiplicity fraction,
MF) oraz średnia liczba towarzyszy przypadająca na jedną gwiazdę (czerwony, ang. companion fre-
quency, CF) wśród gwiazd ciągu głównego o różnej masie i różnych typach widmowych (Duchêne
& Kraus 2013).

TEO, Zahn 1970, 1975; Kumar i in. 1995; Fuller 2017; Guo 2021) w swoich krzywych bla-

sku (Rys. 2). Są one efektem pływu dynamicznego i powstają na zasadzie rezonacyjnego

wymuszenia modu własnego gwiazdy, którego częstotliwość niemal pokrywa się z jedną

z pływowych częstotliwości wymuszających. TEO charakteryzują się szeregiem szczegól-

nych własności, co odróżnia je np. od oscylacji samowzbudnych i pozwala na wykonanie

tzw. pływowej astrosejsmologii (np. Burkart i in. 2012). Przez to, że TEO mają wymuszoną

naturę, mogą one wymieniać energię oraz rotacyjny moment pędu gwiazdy z ich orbital-

nymi odpowiednikami, dzięki czemu uczestniczą one bezpośrednio w ewolucji orbity EEV

(Witte & Savonije 1999, 2002).

Mogłoby się wydawać, że układy podwójne, które zawierają wyewoluowany składnik (lub

składniki) charakteryzują się wyłącznie orbitami o mimośrodzie bliskim zeru, ponieważ ich

wiek połączony z silnymi oddziaływaniami pływowymi przemawia za kompletną cyrkula-

ryzacją orbity (Zahn 1977; Hut 1981; Hurley i in. 2002). Byłby to jednak wniosek zupełnie

nietrafiony, bowiem dzięki różnym procesom przeciwdziałającym cyrkularyzacji lub nawet

zwiększającym ekscentryczność orbity (Artymowicz i in. 1991; Soker 2000; Dermine i in.

2013) obserwuje się EEV z czerwonymi olbrzymami (Rys. 3), w tym na asymptotycznej

gałęzi olbrzymów (np. Soszyński i in. 2004; Nicholls & Wood 2012; Beck i in. 2014).

Co zaskakujące, znane są nawet ekscentryczne układy podwójne wśród gwiazd barowych
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Rysunek 2: Górny panel przedstawia sfazowaną z okresem orbitalnym krzywą blasku pochodzącą
z satelity Kepler dla EEV KIC 8719324. Względna zmiana strumienia w czasie, ∆L/L, została wyra-
żona w jednostkach części na tysiąc (ang. parts-per-thousand, ppt). Faza zero oznacza moment
przej́scia przez peryastron, kiedy połączone efekty bliskości prowadzą do gwałtownej zmiany su-
marycznej jasności układu. Niemal sinusoidalne zmiany jasności widoczne w całym zakresie fazy
orbitalnej są wynikiem TEO, czyli przejawem pływu dynamicznego. Dolny panel prezentuje fourie-
rowskie widmo częstotliwości obliczone dla krzywej blasku prezentowanej wyżej. Dolna oś odcię-
tych została wyrażona w jednostkach częstości orbitalnej, forb. Seria maksimów odpowiadających
całkowitym wielokrotnościom forb jest w przeważającej części skutkiem pływu równowagowego
oraz innych efektów bliskości. Wyróżniające się maksimum o częstotliwości 26forb jest spowodo-
wane obecnością TEO w krzywej blasku (Fuller 2017).
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(Jorissen i in. 1998; Izzard i in. 2010; Escorza i in. 2019) oraz takie, które znajdują się

w jądrach powstających mgławic planetarnych (van Winckel 2003; Oomen i in. 2018).

Przykłady te są doskonałym dowodem na to, że niezerowa ekscentryczność i fenomen EEV

może towarzyszyć układom podwójnym nawet w najpóźniejszych stadiach ewolucji oraz

prowadzić do wyjątkowych zachowań tychże układów.

Rysunek 3: Krzywe blasku OGLE w paśmie fotometrycznym I (górny rząd) dla dwóch różnych
EEV zawierających czerwonego olbrzyma. Krzywe blasku zostały sfazowane z okresem orbitalnym,
którego wartość zamieszczono nad wykresem. Dolny rząd przedstawia krzywe prędkości radialnych
składników głównych w tych układach. Niebieska krzywa odpowiada modelowi zmienności przy
założeniu, że nachylenie orbity wynosi 60◦. Czarną pionową i pogrubioną linią wskazano moment
przej́scia składników przez peryastron (Nicholls & Wood 2012).

3 Problematyka podjęta w cyklu prac

Poszczególne prace zawarte w cyklu podejmują następującą problematykę badawczą, która

koncentruje się wokół EEV oraz TEO występujących wśród gwiazd ciągu głównego o śred-

niej i dużej masie oraz wśród gwiazd, które opuściły już ciąg główny i znajdują się na

diagramie Hertzsprunga-Russella w obszarze czerwonych olbrzymów.

• Praca I: Dotychczasowa próbka znanych EEV, zawarta w różnych katalogach, była

zdominowana przez wyniki misji Kepler (Koch i in. 2010) i obejmowała przede

wszystkim gwiazdy ciągu głównego o małej masie. Względnie niewiele EEV z ma-

sywnymi składnikami było znanych lub poprawnie skatalogowanych. Jednym z głów-

nych powodów tego stanu rzeczy jest niewielka amplituda zmian jasności w wy-

niku efektów bliskości obserwowanych w tych układach (zwykle na poziomie około

10−3 całkowitego strumienia), przez co ich detekcja w fotometrii naziemnej nastrę-

cza oczywistych problemów. W wielu przypadkach przed epoką masowej fotometrii
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satelitarnej możliwa była jedynie detekcja spektroskopowych układów podwójnych

o znacznej ekscentryczności, ale bez możliwości zaobserwowania ich zmienności fo-

tometrycznej i zaliczenia w poczet EEV. Celem pierwszej pracy z cyklu było zatem

zwiększenie próbki EEV ze składnikami o średniej i dużej masie w oparciu o ana-

lizę danych fotometrycznych dostarczanych przez misję Transiting Exoplanet Survey
Satellite (TESS, Ricker i in. 2015). Selekcji kandydatów na ww. układy dokonali-

śmy w oparciu o katalog spektroskopowych układów podwójnych SB9 (Pourbaix i in.

2004), ponieważ znaczna część tego katalogu zawiera układy, których zmienność fo-

tometryczna nie była wcale analizowana, a przynajmniej nie pod kątem EEV oraz

TEO.

• Praca II: Projekt Optical Gravitational Lensing Experiment (OGLE, Udalski i in. 1992,

2015) jest jednym z największych i najbardziej cenionych fotometrycznych prze-

glądów nieba, który zaowocował wieloma katalogami gwiazd zmiennych. Chociaż

Soszyński i in. (2016) oraz Pawlak i in. (2016) utworzyli katalog niemal 500 000

gwiazd zaćmieniowych oraz zmiennych elipsoidalnych na podstawie danych OGLE,

katalog ten nie wyodrębniał EEV spośród układów o kołowej orbicie i nie zawie-

rał wielu EEV, których zmienność jest dopiero obecnie zauważalna w danych OGLE

(czyli w fazie IV projektu, po zebraniu odpowiednio dużej ilości danych fotometrycz-

nych). Celem pracy II było zatem utworzenie katalogu EEV na podstawie bazy danych

fotometrycznych projektu OGLE, pochodzących z trzech faz projektu (od OGLE-II do

OGLE-IV, która trwa obecnie). Dotychczas część EEV zauważalnych w danych OGLE

była rozproszona w różnych katalogach, niesklasyfikowana lub błędnie sklasyfiko-

wana. Ze względu na charakter projektu OGLE, prace nad utworzeniem katalogu

objęły zgrubienie centralne Galaktyki oraz Wielki i Mały Obłok Magellana. Dzięki

długiej bazie czasowej projektu OGLE (około 30 lat), możliwe było poszukiwanie

EEV wśród układów zawierających czerwone olbrzymy, których okresy orbitalne wy-

noszą kilkaset i więcej dni.

• Praca III: Niniejsza praca stanowiła naturalną kontynuację pracy II, ponieważ pod-

jęlísmy się w niej wstępnego modelowania krzywych blasku EEV z katalogu OGLE,

aby otrzymać oszacowania parametrów orbitalnych tychże układów. Wspomniane

oszacowania posłużą w przyszłości jako punkt startowy do bardziej szczegółowych

badań obiektów zawartych w katalogu. Jednym z głównych celów pracy III było

również poszukiwanie TEO wśród znalezionych EEV. Ponieważ wspomniany katalog

zawiera w znacznej większości EEV z czerwonymi olbrzymami, odnalezione w nich

TEO stanowią pionierski katalog tego typu zjawisk dla wyewoluowanych składników

i wskazują na obiekty, dla których będzie można po raz pierwszy dokonać pływowej

astrosejsmologii czerwonych olbrzymów.
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• Praca IV: Amplituda zmian jasności EEV w okolicach przej́scia przez peryastron nie-

sie ze sobą bardzo cenną (pośrednią) informację o intensywności procesów pływo-

wych, zachodzących aktualnie w układzie. Z tego powodu analiza masywnych EEV

o dużych amplitudach zmian jasności jest szczególnie wartościowa, ponieważ po-

zwala nam być naocznymi świadkami szybkiej ewolucji orbity gwiazd podwójnych.

Układ MACHO 80.7443.1718 (Jayasinghe i in. 2019, 2021) stanowi wręcz idealne

„laboratorium” dla tego typu zjawisk. Główny składnik wspomnianego EEV jest nie-

bieskim nadolbrzymem o typie widmowym B0.5 Iae, obieganym przez karła późnego

typu widmowego O, po silnie ekscentrycznej orbicie (e ≈0,5). Co więcej, obiekt ten

charakteryzuje się największym znanym dotychczas zakresem zmian jasności w pery-

astronie, tj. ∼0,4 mag. Podjęlísmy się zatem szeroko zakrojonej analizy dostępnych

krzywych blasku tego obiektu (zarówno tych naziemnych, jak i satelitarnych), po-

szukując również TEO oraz zmian parametrów orbitalnych.

• Praca V: Współcześnie dalej nie jest oczywiste jaką rolę (z ewolucyjnego punktu

widzenia) odgrywają TEO w EEV oraz jak często mogą się w nich pojawiać. Aby

przynajmniej zbliżyć się do udzielenia odpowiedzi na te pytania, ostatnia praca z cy-

klu poświęcona jest teoretycznemu modelowaniu szansy wystąpienia TEO w EEV ze

składnikami o dużej i pośredniej masie na ciągu głównym. Zastosowana metodologia

była oparta o badanie warunków sprzyjających rezonansom pomiędzy widmem wła-

snym oscylacji obydwu składników EEV, a pływowymi częstotliwościami wymuszają-

cymi oraz o badania zmian tych warunków w trakcie ewolucji. W sposób szczególny

interesowała nas całkowita liczba rezonansów, jakich mogą doświadczać ww. układy,

ich średnie tempo występowania oraz rozłożenie w czasie. Zbadalísmy również, w

jaki sposób historia rezonansów zależy od parametrów początkowych symulowanych

EEV oraz staralísmy się wyodrębnić pewne typy zachowań rezonacyjnych.
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ABSTRACT

Context. Heartbeat stars are eccentric binaries that exhibit a characteristic shape of brightness changes close to the periastron passage,
primarily caused by a variable tidal distortion of the components. Variable tidal potential can drive tidally excited oscillations (TEOs),
which are usually gravity modes. Studies of heartbeat stars and TEOs open up new possibilities for probing the interiors of massive
stars. There are only a few massive (masses of components &2 M�) systems of this type that are known thus far.
Aims. Using TESS data from the first 16 sectors, we searched for new massive heartbeat stars and TEOs using a sample of over 300
eccentric spectroscopic binaries.
Methods. We analysed 2 min and 30 min cadence TESS data. Then we fitted Kumar’s analytical model to the light curves of stars
showing heartbeats and performed a times-series analysis of the residuals searching for TEOs and periodic intrinsic variability.
Results. We found 20 massive heartbeat systems, of which 7 exhibit TEOs. The TEOs occur at harmonics of orbital frequencies
in the range between 3 and 36, with the median value equal to 9, which is lower than those in known Kepler systems with TEOs.
The most massive system in this sample is the quadruple star HD 5980, a member of the Small Magellanic Cloud. With a total mass
of ∼150 M� it is the most massive system showing a heartbeat. Six stars in the sample of the new heartbeat stars are eclipsing. A
comparison of the parameters derived from fitting Kumar’s model and from light-curve modelling shows that Kumar’s model does
not provide reliable parameters. In other words, the orbital parameters can be reliably derived from fitting heartbeat light curves
only if the model includes all proximity effects. Finally, intrinsic pulsations of βCep, SPB, δSct, and γDor-type were found in nine
heartbeat systems. This opens an interesting possibility for studies of pulsation-binarity interaction and the co-existence of forced and
self-excited oscillations.

Key words. binaries: close – binaries: spectroscopic – stars: early-type – stars: massive – stars: oscillations –
stars: individual: HD 5980

1. Introduction

On the main sequence, massive and intermediate-mass stars of
O, B, and A spectral types (hereafter, shortly massive stars) are
more often members of binary and hierarchical systems than are
less massive stars of spectral types F, G, and K (e.g., Rose et al.
2019). We refer to the latter as shortly ‘low-mass stars’, arbitrar-
ily setting the dividing line between massive and low-mass stars
at ∼2 M�. Some studies, for example that of Duchêne & Kraus
(2013), have suggested that the binary fraction of massive stars
amounts to at least 70%, which stands in contrast to ∼50%
for the binary fraction among low-mass stars (Tokovinin 2008;
Raghavan et al. 2010; Sana et al. 2012). The average number of
companions to a low-mass star reaches ∼0.5, while the same
quantity for a massive star can be at least three times as large
(Preibisch et al. 2001; Grellmann et al. 2013; Rose et al. 2019).
Moreover, Sana et al. (2012) pointed out that the distribution of
orbital periods for massive stars peaks in the short-period regime
(Porb . 10 d). All these estimates directly imply that binarity
plays an important role in the evolution of massive stars.

A time-dependent periodic tidal force in an eccentric binary
may induce pulsations called tidally excited oscillations (TEOs;
Kumar et al. 1995). If the eccentricity is high enough (e & 0.2),
proximity effects lead to a sudden change in brightness close to
the periastron passage, which may resemble an electrocardio-

gram. For this reason, such systems are called heartbeat stars
(HBSs). The archetype of HBSs is KOI-54 (HD 187091), dis-
covered in Kepler data and described in detail by Welsh et al.
(2011). Typically, HBSs are characterised by photometric vari-
ations with a peak-to-peak amplitude of the order of several
parts-per-thousand (ppt). Due to observational selection, they
are usually observed in systems with orbital periods ranging
from a fraction of a day to tens of days. Low amplitudes and
orbital periods of the order of days make detection of HBSs
from ground-based observations difficult. Therefore, only a few
HBSs were known before Kepler started its observations in
2009. These were: HD 177863 (De Cat et al. 2000), HD 177863
(Willems & Aerts 2002), HD 209295 (Handler et al. 2002), and
HD 174884 (Maceroni et al. 2009). Thanks to the ground-based
spectroscopy and Kepler photometry, Shporer et al. (2016) and
Dimitrov et al. (2017) were able to confirm that, as expected,
HBSs are located close to the upper envelope of the period-
eccentricity distribution of binary stars. An interesting study of
HBSs was performed by Nicholls & Wood (2012), who analysed
the Optical Gravitational Lensing Experiment (OGLE) photom-
etry and radial velocities of red giants in the Large Magellanic
Cloud (LMC). They showed that even in the evolved binaries the
eccentricity may be high and cause heartbeats. Some studies of
HBSs were dedicated to detailed analysis of individual binaries,
for instance, KIC 8164262 (Fuller et al. 2017), KIC 3230227
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(Guo et al. 2017), and KIC 8164262 (Hambleton et al. 2018). An
excellent overview of the topic, from the observational and the-
oretical point of view, has been presented by Guo et al. (2020)
and Fuller (2017), respectively.

At present, about 180 HBSs have been identified in the
Kepler data (Kirk et al. 2016). While the collection of Kepler
HBSs contains mainly low-mass (.2 M�) stars, in using the
BRIght Target Explorer (BRITE) data, Pablo et al. (2017) dis-
covered the first massive HBS, ιOri, consisting of an O9 III
and B1 III/IV components. The BRITE data were also used to
discover the next three HBSs consisting of B-type stars, τLib,
and τOri (Pigulski et al. 2018) and the doubly-magnetic sys-
tem εLup A (Pablo et al. 2019). Finally, Jayasinghe et al. (2019)
found extreme-amplitude, massive HBS in the LMC using All-
Sky Automated Survey for SuperNovae (ASAS-SN) and Tran-
siting Exoplanet Survey Satellite (TESS) data. The discovery
showed that TESS data can be used to detect unknown massive
HBSs.

These discoveries prompted us to carry out a comprehensive
survey of TESS data aimed at increasing the sample of known
massive HBSs. We also focus on detecting TEOs in these sys-
tems. The presence of a heartbeat in the light curve may serve as
a proxy for the ongoing tidal interaction. Therefore, the results
of our survey may constitute an observational background for
future studies of tidal effects and tests of dynamical evolution
in massive binaries. Since HBSs are binaries with high eccen-
tricities, we start our survey with a selection of spectroscopic
systems of this type, both single (SB1) and double-lined (SB2).
The present paper is confined to stars located in the first 16 TESS
sectors. The next papers of the series will include spectroscop-
ically selected stars from the remaining TESS sectors and stars
selected purely from photometry, primarily eccentric eclipsing
binaries.

The paper is organised as follows. In Sect. 2, we describe
the selection of HBS candidates, along with the types of TESS
photometry we used, and we present details of our analysis. In
Sect. 3, we present 20 HBSs we found, including the most mas-
sive HBS (Sect. 3.1) and seven HBSs in which we detected TEOs
(Sect. 3.2). Finally, in Sect. 4, we summarise and discuss the
results of the paper.

2. TESS data and their analysis

TESS is a space-borne observatory gathering photometric data
in a wide passband centred at ∼700 nm and dedicated mainly
to the studies of exoplanets. With four separate cameras cov-
ering approximately 24◦ × 96◦ in the sky, TESS delivers 2 min
cadence light curves of selected objects and full-frame images
(FFIs) in 30 min intervals. The observations are performed in
sectors, which are axially distributed with respect to the eclip-
tic coordinates, with the longest viewing zones centred around
ecliptic poles. Each sector is observed for 27 days, but because
sectors partially overlap, an object can be observed for a longer
time, depending on the angular distance from the ecliptic plane.

2.1. Selection of heartbeat candidates

Our selection of eccentric binary systems was based on
The Ninth Catalogue of Spectroscopic Binary Orbits, SB91

(Pourbaix et al. 2004). Currently, the catalogue contains nearly
4000 spectroscopic binaries. We selected candidates according
to the following criteria: (i) an eccentricity e ≥ 0.2 for systems

1 http://sb9.astro.ulb.ac.be

with orbital periods Porb shorter than 100 d or e ≥ 0.7 for sys-
tems with Porb longer than 100 d; (ii) the expected mass of pri-
mary component should be &2 M�. Therefore, we narrowed our
search to systems in which the primary had O, B, A, or early F
spectral type. In total, we found 323 binaries meeting our crite-
ria. Out of these, 109 systems were observed by TESS in sectors
1–16. This sample is the subject of the subsequent analysis.

2.2. Selection of light curves

For all 109 systems selected for analysis we extracted and exam-
ined four different types of TESS light curves. This was neces-
sary because the quality of these light curves may substantially
differ from target to target. The four sources of TESS photometry
were the following:

– Simple Aperture Photometry (SAP) delivered by the
TESS Consortium. This are 2 min cadence TESS data available
through the Barbara A. Mikulski Archive for Space Telescopes
(MAST) Portal2.

– Pre-search Data Conditioning (PDC) 2 min cadence data,
also provided by TESS Consortium and available through the
MAST. The PDC photometry is corrected for instrumental
effects and contamination.

– Full-Frame Image Simple Photometry (FFI-SP), which we
performed on the FFIs as a non-circular aperture photometry
with the background signal estimated as a median of counts in
the arbitrarily selected mask of background pixels.

– FFI photometry with Regression Correction (FFI-
RC) performed on FFIs using RegressionCorrection
method implemented in the Python package lightkurve3

(Lightkurve Collaboration 2018). Like FFI-SP, the FFI-RC is a
non-circular aperture photometry, but with the principal compo-
nent analysis applied in order to remove sources of noise that are
not related to real variability. Typically, we used a design matrix
with three or four independent components in the decorrelation
process.

If a heartbeat was clearly visible in the light curve, the sys-
tem entered our analysis. In total, we found 20 systems showing
heartbeats. They are listed in Table 1. At this step, the best of
the four photometries (in the sense of the lowest scatter and lack
of instrumental effects) was also selected. Table 1 shows which
photometry was chosen and provides other important informa-
tion for our sample of HBSs. The TESS photometry for these
stars was then pre-processed by rejecting manually obvious out-
liers and parts of the light curves corrupted by instrumental
effects. Because the flux errors provided by TESS pipeline are
generally underestimated, they were re-calculated as the local
scatter of the flux after subtraction of Akima splines (Akima
1970) fitted to the time-binned data.

2.3. Heartbeat model fitted to the data

The shape of a heartbeat is sensitive mainly to three orbital
parameters: eccentricity, e, inclination, i, and argument of peri-
astron, ω. Consequently, these parameters can be derived solely
from photometry without the need of time-consuming radial-
velocity measurements. The most valuable possibility is that
inclination can be derived even for non-eclipsing SB1 bina-
ries. In consequence, mass of the primary can be better con-
strained if, for example, its spectral type is known. Following

2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
3 https://docs.lightkurve.org/
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Table 1. Sample of 20 new massive HBSs.

Star SBC9 TIC MK spectral V TESS Cadence Photometry Notes
HD name number number type(s) (mag) sector(s) (min) used

5980 SMC AB 5 53 182294086 WN + WN4 + O7 I 11.31 1 30 FFI-RC E
24623 2107 55440625 F2 V + F4 V 7.05 5 2 PDC
54520 SW CMa 436 81741369 A4m + A5m 9.16 7 30 FFI-RC E
86118 QX Car 588 469247903 B2 V + B2 V 6.64 9,10 30 FFI-SP TEO, E
87810 2113 319324516 F3 V + F3 V 6.66 9 2 PDC
89822 ET UMa 608 287287930 A0p (HgMn) + Am 4.93 14,21 2 FFI-RC
92139 p Vel A 623 303297349 Fm + F0 V 3.84 9,10 2 PDC TEO
93030 θ Car 631 390442076 B0.5 Vp 2.76 10,11 2 PDC
104671 θ1 Cru 701 379121408 A3(m)A8 + A8 4.30 10,11 2 SAP TEO
116656 ζ1 UMa 764 159190000 A2 V + A2 V 2.22 15,16,22 2 PDC TEO
121263 ζ Cen 793 113350416 B1 IV + B2 V 2.55 11 2 FFI-RC
126983 813 457557304 A2 V + A2 V 5.38 11 2 PDC
152218 V1294 Sco 925 339564202 O9 IV + B0 7.57 12 30 FFI-RC TEO, E
158013 964 198418712 A2.5m 6.52 14–26 2 PDC TEO
163708 V1647 Sgr 1013 469407765 A1 V + A2 V 7.09 13 30 FFI-SP E
181470 1145 394248317 A1m + F 6.26 14 30 FFI-RC
190786 V477 Cyg 1200 89522181 A1 V + F5 V 8.53 14 2 SAP E
196362 26 Vul 1247 243441917 A5 III 6.41 14,15 2 PDC
203439 1298 117638080 A1 V + F 6.04 15 2 PDC
207650 14 Peg 1334 287857379 A1 IV + A2: 5.07 15 2 PDC TEO

Notes. TEO – detection of TEO(s), E – eclipsing binary.

Thompson et al. (2012), the temporal changes of the relative flux
due to the tidal distorsion can be expressed as:

δF
F

(t) = S · 1 − 3 sin2 i sin2[υ(t) − ω]
[r(t)/a]3 + C, (1)

where S is a scaling factor, C, the zero point, and υ(t) stands
for the true anomaly. The denominator containing instantaneous
separation of components, r(t), expressed in terms of the semi-
major axis of the relative orbit, a, can be re-written as:
[r(t)/a]3 = (1 − e cos E)3 , (2)
where E stands for the eccentric anomaly.

The main advantage of the quoted model lies in its analyti-
cal simplicity, which allows for a direct derivation of the orbital
parameters from modelling a single-passband light curve. We
will refer to this model as ‘Kumar’s model’ because it was origi-
nally derived by Kumar et al. (1995) (Eqs. (43) and (44) in their
work). The model approximates the equilibrium tidal deforma-
tion with a sum of all dominant modes, with l = 2 and m = 0,
±2 (Kumar et al. 1995, Eqs. (31) and (32)). Spherical harmonics
of higher degrees, such as, l = 4, are ignored. Although Kumar’s
model has an elegant simplicity, it has also limitations. Firstly,
Kumar’s model includes tidal deformation in a strictly static
limit, that is, the tidal bulge is aligned with the line connect-
ing the centres of the components. Therefore, the model would
fail if a spin-orbit misalignment or strong asynchronous rotation
(or both) were present. Secondly, the model does not take into
account other proximity effects, in particular, mutual irradiation
and Doppler beaming. Both these effects can be important in
HBSs near the periastron passage. The main reason why we fit
this model to TESS data is the necessity of subtracting the main
contribution from a heartbeat in order to improve the detection
of TEOs. However, both a heartbeat and TEOs may contribute
to the same harmonics of the orbital frequency which may pose
problems in distinguishing their contributions. We discuss this
problem in Sect. 2.5.

2.4. MCMC analysis

In order to reliably estimate formal errors of the fitted
orbital parameters, we performed Markov chain Monte Carlo
(MCMC) simulations using the emcee v3.0.2 Python pack-
age (Foreman-Mackey et al. 2013) with affine invariant MCMC
ensemble sampler. The consecutive steps in the hyperspace of
parameters were proposed by so-called ‘stretch move’ described
by Goodman & Weare (2010). The representative example of
the resultant corner plot is shown in Fig. 1. None of the two-
dimensional (2D) posterior distributions revealed any degener-
acy in the solution, but some correlations are present between ω
and e or between S and C with different orbital parameters. The
marginal one-dimensional (1D) distributions are nearly Gaussian
and the differences between the left-hand-side and right-hand-
side uncertainties were always smaller than 10%. Therefore, we
adopted the larger uncertainty as the final symmetric error. These
values are presented in Table 3.

We chose flat prior distributions for each parameter in our
simulations, limiting their range to physically reasonable values
(e.g., 0 < e < 1, 0◦ < i < 90◦, etc.). For the orbital period, Porb,
we adopted the range of ±0.1 Porb, for the time of the periastron
passage, the range of T0 ± 0.2 Porb.

For each HBS, we initialised 100 walkers with 100 000 steps
in a single chain. The average acceptance ratio was equal to
∼0.48 and autocorrelation time amounted to about 75 consec-
utive steps for all dimensions. Therefore, each chain has been
‘thinned’ by 37 steps (half of the autocorrelation time) before
it was used to construct the posterior distribution and the final
estimation of the errors.

2.5. Distinguishing TEOs in frequency spectra

The TEOs with large amplitudes can be easily recognised in the
light curve and, as a consequence, in the frequency spectrum,
where the harmonics of orbital frequency due to TEOs stand
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Fig. 1. Corner plot resulting from our MCMC analysis of the TESS photometry of 14 Peg. Red markers indicate the best-fit solution. Three vertical
dashed lines superimposed on each marginalised 1D posterior distribution denote 16%, 50%, and 84% quantiles.

out from the neighbouring peaks (Fig. 11 shows an example).
The situation degrades for TEOs with relatively small ampli-
tudes, which can be hidden in a frequency spectrum, because
both the TEOs and the heartbeat contribute to harmonics of the
orbital frequency. We cannot say a priori which amount of signal
at nth harmonic is attributed to the TEO. In order to overcome
this obstacle, we fitted Kumar’s model to the light curves of our
HBSs and used residuals from these fits to search for TEOs.
These residuals can contain contribution from sources other than
TEOs. Their origin can be explained by any of the following:
(i) Kumar’s model does not include proximity effects other than
tidal deformation and, therefore, does not describe reliably the
real changes here; (ii) strong, large-amplitude TEOs affected a
fit, (iii) instrumental effects, usually small trends increasing sig-
nal at the lowest frequencies, were present, and (iv) intrinsic vari-
abilities (both periodic and non-periodic) were present. Intrinsic
variability, especially due to pulsations, is common in O, B, and
A-type stars, which are, in fact, the components of our HBSs.
Frequencies of p (acoustic) modes corresponding to βCephei-

type pulsations in O and B-type stars and δScuti-type pulsations
in A and F-type stars, are usually much higher than an orbital
frequency. Their contribution can therefore be easily subtracted.
Frequencies of g (gravity) modes, corresponding to slowly pul-
sating B (SPB)-type pulsations in B-type stars and γDor-type
pulsations in A and F-type stars, are lower and therefore they
can affect the fits of Kumar’s model and make the detection of
TEOs difficult. The problem may become severe because reso-
lution in the frequency spectra for some HBSs is poor especially
if TESS observations cover less than a few orbital cycles.

In some cases, it was necessary to remove some instru-
mental trends mentioned above. We did this by fitting Akima
spline functions to the time-binned data and then subtracting
the interpolated curve from the data. The TEOs were searched
by a standard pre-whitening procedure run on residuals from
fitting Kumar’s model using error-weighted Fourier frequency
spectra and error-weighted least-squares fitting of the truncated
Fourier series. Only terms with amplitudes higher than signal-to-
noise ratio 4 (S/N > 4) were adopted as statistically significant.
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The noise level, N, was estimated as the mean of frequency spec-
trum in high-frequency region (usually above 7 d−1). Finally,
after checking the value of f / forb, where forb = 1/Porb is the
orbital frequency, for each significant frequency f extracted
from the residual light curve, we were able to distinguish
between the TEOs and other periodic variabilities. The formal
error of f / forb was estimated using simple error-propagation for-
mula, σ2

f / forb
= P2

orbσ
2
f + f 2σ2

Porb
, where Porb and σPorb were taken

from our MCMC analysis.
For several HBSs, namely QX Car, p Vel, θ1 Cru, and

ζ1 UMa, we found it difficult to successfully match Kumar’s
model with the observed heartbeat, especially at the times of
the fastest brightness changes. Therefore, one can still see rem-
nants of a heartbeat in the residuals. These remnants can some-
times mimic TEOs because a narrow heartbeat gives rise to the
high orbital harmonics. This is, for example, seen in the resid-
uals in Fig. 8. In order to mitigate this problem, for the stars
listed above, we cut out regions located in the vicinity of the
subtracted heartbeat and then re-run Fourier analysis. This pro-
cedure widens gaps in data, however, and therefore higher aliases
in the frequency spectrum occur. Since this may make the detec-
tion of TEOs more difficult, we analysed data both before and
after cutting out the near-heartbeat data.

3. Discussion of heartbeat stars

In the full sample of 109 spectroscopic binaries selected in
Sect. 2.1, we found 20 stars that we classified as HBSs. They
are listed in Table 1. This section is organised as follows. The
unusual and the most massive of all 20 HBSs, HD 5980, is
discussed in Sect. 3.1. The next two sections present seven
stars in which we detected TEOs (Sect. 3.2) and the remain-
ing 12 objects (Sect. 3.3). The majority of these 20 systems are
poorly-studied spectroscopic binaries with rather ‘old’ radial-
velocity curves. Six stars in our sample of HBSs are eclips-
ing. In most cases, however, the photometric variability was not
known or not studied. In HD 24623, the heartbeat was known,
but was attributed to effects other than tidal deformation. Three
stars, HD 158013, 26 Vul, and 14 Peg, were recently classified as
HBSs using TESS data; details are given below.

3.1. HD 5980 – The most massive heartbeat star

HD 5980 (SMC AB 5, Azzopardi & Breysacher 1979) is a mul-
tiple massive system in the Small Magellanic Cloud (SMC),
one of the most luminous stars in this galaxy (Pasemann et al.
2011). It might have contributed to triggering star formation
in the nearby open cluster NGC 346 and H II region N66
(Gouliermis et al. 2008). The system consists of three stars
with comparable luminosities (Perrier et al. 2009). Two com-
ponents of this system, star A and B according to the des-
ignation introduced by Barba et al. (1996), are Wolf-Rayet
stars with masses of 61± 10 M� and 66± 10 M�, respectively
(Koenigsberger et al. 2014). They form an eclipsing binary
in an eccentric (e = 0.27) 19.3 day orbit. The eclipses in
this system were discovered by Hoffmann et al. (1978), but
the correct orbital period was derived by Breysacher & Perrier
(1980). In August 1994 star A underwent a 3 mag outburst
(Bateson & Jones 1994; Sterken & Breysacher 1997), preceded
by a smaller one in late 1993. The 1994 outburst was typical
of luminous blue variables (LBV). The star presents also spec-
tacular changes of its spectrum, showing mostly Wolf-Rayet
WN-type characteristics changing between WN3 and WN11

(Breysacher 1997; Heydari-Malayeri et al. 1997; Niemela et al.
1999).

The component B is also a Wolf-Rayet star and is classified
as WN4 (Breysacher et al. 1982; Niemela 1988; Niemela et al.
1997). Although it is not clear if the component is intrinsically
variable, the interaction of the stellar winds in the A–B system
(e.g., Koenigsberger et al. 2006), especially in view of the highly
variable component A, must induce some variability of star B.

The third luminous star in the system, star C, is a late O-
type supergiant (Breysacher et al. 1982). It is itself a binary in a
highly eccentric (e = 0.82) 96.6 day orbit (Schweickhardt 2000;
Foellmi et al. 2008; Koenigsberger et al. 2014). Hence, HD 5980
seems to be a hierarchical quadruple system with a total mass of
150 M� or even higher. The most recent summaries of the pho-
tometric and spectral evolution of the star have been presented
by Koenigsberger et al. (2014) and Hillier et al. (2019).

HD 5980 shows also short-term photometric variabil-
ity with a period of about 0.25 d (Breysacher 1997;
Sterken & Breysacher 1997). Two possible explanations of this
variability were proposed: pulsations and binarity of the unseen,
fourth companion (let us call it star D). Hillier et al. (2019) sug-
gested even that the variability might be caused by TEO.

TESS light curve of HD 5980 (Fig. 2) shows three consecu-
tive eclipses in the A–B system. In addition, there are some out-
of-eclipse brightenings and dimmings and a clear short-period
variability. The latter has a period of 0.252527± 0.000015 d and
is non-sinusoidal (Fig. 3). The period and shape are consistent
with the 1995 light curves in Strömgren b and y shown by
Breysacher (1997) and Sterken & Breysacher (1997). The sig-
nal, although it has lower amplitude in TESS passband than in
Strömgren filters, is present in HD 5980 over at least 24 years.
This prompts for two possible explanations: p-mode pulsation
and binarity. Strong light dilution in this multiple system leads
to the conclusion that the intrinsic amplitude has to be much
higher than observed. This makes the explanation by binarity
more likely, also because of the shape of the light curve. If this is
the case, the orbital period would be twice longer than observed,
that is, equal to 0.505 d. The best candidate for the binary is star
D, but another unresolved star, which is physically associated
with HD 5980 (or not) is also a possibility.

From the point of view of the goals of the present paper, it
is important to know whether one of the out-of-eclipse brighten-
ings in the TESS light curve of HD 5980 can be interpreted as
a heartbeat. Given the complex intrinsic variability of this star,
the answer is not obvious. The best candidate for a heartbeat is
the brightening that follows the second eclipse marked with blue
band in Fig. 2, because it is located close to the periastron pas-
sage in the A–B system, extrapolated from the ephemeris given
by Koenigsberger et al. (2014). In order to verify this possibility,
we calculated synthetic light curve of the A–B system using stel-
lar and orbital parameters given by Koenigsberger et al. (2014).
For modeling, we used the PHOEBE 2 package4 (Prša et al.
2016) assuming black body atmospheres because stellar param-
eters of both components fall outside the range covered by
the ATLAS9 (Castelli & Kurucz 2003) and PHOENIX (Allard
2016) stellar atmospheres incorporated in PHOEBE 2. As a
rough estimate, quadratic law limb darkening coefficients were
used after Reeve & Howarth (2016). In order to reproduce the
observed depths of the eclipses, 80% contribution of the third
light was assumed.

The effect of modelling is shown in the middle and bot-
tom panels of Fig. 2. The model successfully predicts times,

4 http://phoebe-project.org/
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Fig. 2. Top: TESS light curve of HD 5980. The continuous and dashed
vertical lines mark times of the periastron passage of the A–B and C–D
systems, respectively, both calculated from the ephemerides given by
Koenigsberger et al. (2014). For the latter system, shaded band stands
for ±1σ error. Middle: PHOEBE 2 model of the TESS light curve of
HD 5980. Details of modelling are given in the text. Bottom: zoom of
the model shown in the middle panel. For comparison, Kumar’s model
generated with the same orbital parameters is shown with the light red
line.

widths and depths of the eclipses as well as the location of the
heartbeat. The Kumar’s model calculated for the same parame-
ters, which were used in PHOEBE 2, shows that the two mod-
els agree satisfactorily. It seems therefore that the brightening
at TBJD≡BJD− 2 457 000≈ 1342 in the TESS light curve is
indeed a heartbeat in the A–B system.

We verified this conclusion using ground-based V-filter data
from the All-Sky Automated Survey (ASAS, Pojmański 1997,
2009). The ASAS-3 data of HD 5980, downloaded from the
web page of the project5, are spread over nearly nine years
(2000−2009) and are quite numerous (1339 data points). This
allows efficiently average non-periodic long-term variability and
verify the presence of the heartbeat. The result is shown in Fig. 4:
there is a clear heartbeat at phase ∼0.05, exactly the same as pre-
dicted by the model. We therefore conclude that the A–B pair of
HD 5980 is presently the most massive known HBS, two-three
times more massive than the Large Magellanic Cloud (LMC)
system presented by Jayasinghe et al. (2019).

Since HD 5980 consists of two eccentric systems, we also
checked the epoch of the periastron passage in the C–D sys-
tem. It falls shortly after the first TESS eclipse (Fig. 2), at
TBJD∼ 1330. It is therefore likely that the increase of brightness
after the first TESS eclipse is at least partly due to the heartbeat
in the C–D system. This would make HD 5980 a double heart-
beat star.

5 http://www.astrouw.edu.pl/asas/?page=aasc
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Fig. 3. TESS data of HD 5980 freed from eclipses and long-period vari-
ability and phased with the period of 0.252527 d (top) and twice longer,
0.505055 d (bottom). Phase 0.0 corresponds to TBJD = 0.0. Red dots
are averages in 0.05 (top) and 0.02 (bottom) intervals of phase.

Fig. 4. ASAS-3 V-filter light curve of HD 5980 phased with the orbital
period of 19.2656 d. The time of the periastron passage corresponds
to phase 0.0. Red circles denote averages of brightness calculated in
the 0.03 phase bins. The heartbeat is clearly visible at the same phase
(∼0.05) as in the TESS data (Fig. 2).

3.2. Heartbeat stars with detected TEOs

Out of twenty HBSs detected in this paper, TEOs were
found in seven stars, QX Car, p Vel A, θ1 Cru, ζ1 UMa (Mizar),
V1294 Sco, HD 158013, and 14 Peg. These seven systems are
presented in this subsection. Details of the detected TEOs are
given in Table 2.

3.2.1. HD 86118 (QX Car)

The star was discovered as variable by Strohmeier et al. (1964)
and independently by Cousins et al. (1969), who also found
its eclipsing nature and derived an orbital period of 4.4772 d.
From four spectra obtained in 1967, Thackeray et al. (1973)
found QX Car to be a double-lined spectroscopic binary. The
most thorough photometric and spectroscopic analysis was pub-
lished by Andersen et al. (1983). In addition to precise orbital
parameters, masses, and radii, which are presented in Table A.1,
Andersen et al. (1983) found that both components have sim-
ilar masses and estimated their spectral types for B2 V. They
also detected apsidal motion, which was subsequently studied by
Giménez et al. (1986) and Wolf et al. (2008). The system seems
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Table 2. Parameters of detected TEOs.

Star Frequency Amplitude n ∆n (a)

f (d−1) (ppt) (10−3)

QX Car 1.1162(9) 0.156(14) 5 −0.3(9)
1.5630(7) 0.221(14) 7 −0.2(7)
2.2295(10) 0.131(14) 10 −3.6(10)∗
2.6784(10) 0.137(14) 12 −1.3(10)

p Vel A 0.49897(22) 0.1346(23) 5 +94.7(23)∗
0.7909(6) 0.0458(22) 8 +76(6)∗
1.0798(4) 0.0562(20) 11 +25(4)∗
1.7553(10) 0.0235(20) 18 −77(10)∗

θ1 Cru 0.16530(18) 0.1184(19) 4 +1.92(18)∗
0.28623(16) 0.1999(25) 7 +0.32(16)
0.3667(3) 0.0836(22) 9 −0.1(3)
0.40722(16) 0.1536(21) 10 −1.23(16)∗
0.53127(19) 0.1255(22) 13 +0.29(20)
0.56975(23) 0.1029(23) 14 −2.08(23)∗
0.6117(4) 0.0593(22) 15 −1.0(4)

ζ1 UMa 0.14628(4) 0.0394(10) 3 +0.21(4)∗
0.24339(13) 0.0140(10) 5 −0.06(13)
0.29193(10) 0.0181(11) 6 −0.20(10)
0.38923(15) 0.0111(10) 8 −0.28(15)
0.48701(16) 0.0101(10) 10 +0.12(16)
0.82794(16) 0.0103(10) 17 +0.23(16)
1.31475(26) 0.0063(10) 27 +0.15(26)
1.75388(21) 0.0078(9) 36 +1.07(21)∗

V1294 Sco 1.2529(16) 1.14(9) 7 +3.9(16)
HD 158013 0.85199(4) 0.0468(8) 7 −0.02(4)

1.095404(7) 0.2078(8) 9 −0.033(7)∗
2.19074(6) 0.0229(8) 18 −0.14(6)

14 Peg 1.5066(18) 0.040(4) 8 −1.5(18)
3.2062(18) 0.041(4) 17 +1.5(18)

Notes. (a)∆n = f / forb−n, where f is the detected frequency (second col-
umn). Frequencies with |∆n| exceeding 3σ∆n are marked with an asterisk
in the fifth column.

to be relatively young; the average age estimated for the compo-
nents amounts to about 9 Myr (Schneider et al. 2014).

TESS light curve of QX Car phased with the orbital period is
shown in Fig. 5a. In addition to the eclipses and a heartbeat with
peak-to-peak amplitude of ∼10 ppt (Fig. 5b), clear variability at
phases far from the heartbeat can be seen. Residuals from the
fit of Kumar’s model are dominated by harmonics of the orbital
frequency, likely TEOs, but we also detected intrinsic variabil-
ity, both in the low (<3 d−1) and high (&4 d−1) frequency range.
Since both components are early B-type stars, this variability can
be attributed to g-mode (SPB-type) and p-mode (βCep-type)
pulsations of one or both components. Frequency spectrum of
the residuals, freed from the contribution of harmonics, is shown
in Fig. 6. It is dominated by g modes, of which the strongest has
frequency of 0.413 d−1 and amplitude of about 0.56 ppt, but we
also detect at least nine modes with frequencies between 3.89
and 10.20 d−1 and amplitudes below 0.12 ppt. These are likely to
be p modes. The presence of gmodes makes intrinsic variability,
as discussed in Sect. 2.5, important for QX Car.

In order to illustrate better the presence of TEOs, the
strongest intrinsic variability discussed above was subtracted
from the light curve. The residual light curves, with the heartbeat
(Fig. 5b) and after subtracting the heartbeat by fitting Kumar’s

Fig. 5. TESS light curves and frequency spectra of QX Car: (a) TESS
light curve phased with the orbital period. Phase 0.5 corresponds to the
epoch of the periastron passage. (b) Zoom of the light curve after cut-
ting out the eclipses and removing intrinsic variability (see text). Con-
tinuous dark blue line is the fitted Kumar’s model. For comparison, the
dashed line shows the fit of Kumar’s model with inclination fixed at
the value derived by Andersen et al. (1983). (c) Residuals from the fit
of Kumar’s model. The red dots are median values in 0.01 phase bins.
Grey stripe marks phases in the vicinity of the heartbeat. (d) Frequency
spectrum of the light curve shown in panel b. Panels d–f: orbital har-
monics are marked with red vertical dashed lines (except for TEOs,
which are marked with blue) and labeled with n. (e) Frequency spec-
trum of the light curve shown in panel c. (f ) Frequency spectrum of the
light curve shown in panel c with data at phases marked by the grey
stripe removed.
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Fig. 6. Frequency spectra of three O and early B-type HBSs (upper
panels) and four A and F-type HBSs (lower panels) showing their
intrinsic variability other than TEOs. Frequency spectra were calculated
after subtracting fitted Kumar’s models and TEOs (if present).

model (Fig. 5c), clearly reveal the presence of TEOs. This can
be even better seen in the frequency spectra. Figure 5d shows fre-
quency spectrum of the data shown in Fig. 5b. The spectrum is
dominated by low harmonics of the orbital frequency originating
from the strong heartbeat, but some indication of the presence of
TEOs, especially for n = 5 and 12, can be seen. TEOs can be
seen much better in Fig. 5e, which shows frequency spectrum of
the data with subtracted Kumars’s model (Fig. 5c). While there
is some remnant signal at low (n ≤ 3) harmonics, likely due to
factors (i) and (iii) discussed in Sect. 2.5, we can also see a sig-
nificant signal at n = 5, 7, 10, and 12, we attribute to TEOs. The
parameters of TEOs are listed in Table 2.

Since Kumar’s model does not reproduce all proximity
effects, the residuals from fitting this model may introduce spuri-
ous signal at orbital harmonics, mimicking TEOs. Therefore, we
checked the results of rejecting data at phases close to the heart-
beat (marked with grey stripe in Fig. 5c). The resulting spectrum
is shown in Fig. 5f. There are two consequences of this rejection.
Firstly, the orbital aliases of TEOs occur because the light curve
now exhibits regular gaps due to the rejection of the eclipses6

and the near-heartbeat data. For example, high n = 8 and 11 har-
monics seen in Fig. 5f are aliases. Secondly, less data results in
a higher noise in the spectrum. While in the case of QX Car the
removal of data close to the heartbeat did not lead to the detec-
tion of new TEOs, this can be an efficient way to find them, espe-
cially if a heartbeat covers narrow range of phases. Examples are
shown below.

3.2.2. HD 92139/92140 (p Vel)

Two visual components of p Vel, HD 92139 (p Vel A) and
HD 92140 (p Vel B), were first resolved by See (1898). They
orbit each other on a highly eccentric (e ≈ 0.73) orbit with
a semimajor axis of about 0.34 arcsec and orbital period of
about 16.5 yr (van den Bos 1950; Finsen 1964; Evans 1969).
The component B is about 1.6 mag fainter than component A
(Horch et al. 2001). Over the last two decades, the A−B sys-
tem (designated see 119) was frequently observed by means of
speckle interferometry, which is expected to allow for a better
determination of its visual orbit.

The brighter component (A) of the visual binary is itself an
SB2 binary, as was discovered by Wright (1905). The first spec-
troscopic orbit of this 10.2 day close pair was derived by Sanford
(1918) and later improved by Evans (1956, 1969). Based on the
analysis of the magnitudes and colours of the components, Evans
(1969) estimated spectral types of the Aa, Ab, and B components
for F3 IV, F0 V, and A6 V, respectively, which indicates that com-
ponent B can be underluminous. The analysis based on estimated
masses, led Docobo & Andrade (2006) to propose F5 IV, F1 V,
and F6 V spectral types and the most probable inclination of
the orbit of the close pair for about 37◦. In addition, component
Aa was classified as a chemically peculiar Am star, A3m F0-F2
(Houk 1978), and kA5hF0 Vp Sr (Gray et al. 2006).

TESS light curve of p Vel (Fig. 7a) shows a small heartbeat,
but also an additional variability, which makes the phased light
curve noisy. Part of this variability phases well with the orbital
period (Fig. 7b) indicating the presence of TEOs. However, a
contribution of an intrinsic variability other than TEOs is obvi-
ous. This is even better seen in Fig. 7c, which reveals a dense
spectrum of low-frequency terms, presumably gmodes, of which
some may be TEOs. Due to the poor frequency resolution, these
two types of variability are not easily separable. After removing
the near-heartbeat data and detrending (the latter reduces signal
at the lowest frequencies), we obtained the spectrum shown in
Fig. 7d. It reveals peaks at n = 5, 8, 11, and 18 orbital harmon-
ics. Their frequencies (Table 2) are relatively far from the exact
harmonics, but this can the effect of the presence of the rich spec-
trum of g modes. We therefore regard them as candidate TEOs.
The intrinsic variability, if attributed to g modes, make the star
γDor-type variable.

6 The orbital aliases caused by the rejection of the eclipses were
already present in the frequency spectrum (Fig. 5e), but the additional
rejection of the near-heartbeat data makes them much stronger (Fig. 5f).

A12, page 8 of 22
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Fig. 7. TESS light curves and frequency spectra of p Vel A: (a) TESS
light curve phased with the orbital period. Phase 0.5 corresponds to the
epoch of the periastron passage. (b) Residuals from the fit of Kumar’s
model. Red dots are median values in 0.01 phase bins. Grey stripe
marks phases in the vicinity of the heartbeat. (c) Frequency spectrum
of the light curve shown in panel b. Panels c and d: orbital harmonics
are marked with red vertical dashed lines (except for TEOs, which are
marked with blue) and labeled with n. (d) Frequency spectrum of the
light curve shown in panel b with data at phases marked by the grey
stripe removed. A small trend in the light curve was also removed.

3.2.3. HD 104671 (θ1 Cru)

The variability of radial velocities of θ1 Cru was discovered by
Fredrica C. Moore (Moore 1910). The first spectroscopic SB1
solution for the 24.5 day orbit of θ1 Cru was provided by Lunt
(1924), who derived its high eccentricity, e ≈ 0.6. Improved SB2
orbital parameters (Table A.2) were given by Moore (1931a,b),
although she did note that the lines of secondary were dif-
ficult to measure. The star has a moderate projected rota-
tional velocity of 45 km s−1 (Levato 1975) and was classified
as a possible Am star by de Vaucouleurs (1957). Other clas-
sifications, namely, kA3hA7mA8 II (Jaschek & Jaschek 1960),
A5m (Brandi & Claría 1973), A3(m)A8-A8 (Houk & Cowley
1975), and F0 (V)kA5mA7 (Gray & Garrison 1989) confirm the
metallic-line classification of the primary, although the latter
authors noted that metal-weak classification may be due to the
composite nature of the spectrum. The secondary’s spectral type

Fig. 8. TESS light curves and frequency spectra of θ1 Cru: (a) TESS
light curve phased with the orbital period. Phase 0.5 corresponds to the
epoch of the periastron passage. (b) Residuals from the fit of Kumar’s
model. Red dots are median values in 0.0075 phase bins. Grey stripe
marks phases in the vicinity of the heartbeat. (c) Frequency spectrum
of the light curve shown in panel b. Panels c–e: orbital harmonics are
marked with red vertical dashed lines (except for TEOs, which are
marked with blue) and labeled with n. (d) Frequency spectrum of the
light curve shown in panel b with data at phases marked by the grey
stripe removed. (e) Same as in panel d, but after prewhitening TEOs
with n = 7 and 10.

(A8) occurs only in the classification of Houk & Cowley (1975)
and is consistent with the mass ratio of ∼0.8. No photometric
variability of the star was detected (Stagg 1987; Adelman 2001).

TESS phased light curve of θ1 Cru is shown in Fig. 8. It
reveals a large-amplitude (∼8 ppt) heartbeat at phases 0.4−0.6
and a strong non-sinusoidal variability at other phases, an indi-
cation of multiple TEOs. Frequency spectrum in Fig. 8d shows
two dominant TEOS, for n = 7 and 10. Having prewhitened
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these two TEOs, we obtained the next ones, corresponding to
n = 4, 9, 13, 14, and 15 (Figs. 8d and e). Frequency spectra
of the residuals from the Kumar’s model with data at heartbeat
phases included (Fig. 8c) and excluded (Fig. 8d) differ signif-
icantly. The former shows a richer spectrum of TEOs than the
latter. Given factor (i) discussed in Sect. 2.5, however, these
additional TEOs might be spurious. Therefore, we adopted only
those TEOs (Table 2), which were detected after removing the
near-heartbeat data.

The low-frequency region of the frequency spectra contains
also a weak signal from possible intrinsic variability due to g
modes, but the most pronounced intrinsic variability can be seen
at higher frequencies. Two groups of frequencies, characteristic
for δSct-type p-mode variability can be seen in two frequency
ranges, 5.4−7.6 d−1 and 12.1−14.2 d−1 (Fig. 6). Therefore, in
addition to the HBS nature, θ1 Cru can be regarded as a hybrid
δSct/γDor pulsator.

3.2.4. HD 116656 (ζ1 UMa, Mizar A)

Mizar is a visual binary (ADS 8891) in which both compo-
nents, separated by about 14 arcsec, are SB2 binaries themselves.
Together with Alcor (80 UMa, HD 116842), which is also a
binary (Mamajek et al. 2010; Hamers & Portegies Zwart 2016),
it may form a hierarchical sextuple or even septuple if the fifth,
astrometric component of Mizar (Gontcharov & Kiyaeva 2010)
is to be confirmed. The brighter component of Mizar – Mizar
A (ζ1 UMa) – is the first spectroscopic binary ever detected. Its
line doubling was found in the late 1880s by Antonia C. Maury
and reported by Pickering (1889). The line doubling occurred
every 52 days, which led them to propose that the orbital period
is equal to 104 d. In the next paper (Pickering 1890), a half-
shorter period of 52 d and an eccentric orbit were suggested.
The first spectroscopic orbit and the correct value of the orbital
period, 20.6 d, were derived by Vogel (1901a,b). The eccentric
(e ≈ 0.5) spectroscopic orbit was improved thanks to a num-
ber of subsequent studies (Ludendorff 1909; Hadley 1916; Cesco
1946; de Strobel 1951; Kranjc 1960; Fehrenbach & Prevot 1961;
Budovicová et al. 2004).

The two components of Mizar A were resolved by means
of interferometry carried out by Pease (1925a,b). The orbital
parameters of its visual orbit were derived by Henry N. Rus-
sell and communicated by Pease (1927). With the advent of
precise optical interferometers, new interferometric observations
of the system were carried out in the 1990s (Hummel et al.
1995, 1998; Benson et al. 1997). A combination of spectro-
scopic and visual orbits allowed for a precise determination of
parameters of the system and the masses of the components
(Hummel et al. 1998; Behr et al. 2011; Schulze-Hartung et al.
2012). These are reported in Table A.1. The system consists of
two slowly rotating, similar (mass ∼2.2 M�) components of type
A2 V (Slettebak 1954; Cowley et al. 1969; Levato & Abt 1978).
The whole Mizar – Alcor system, including the 176 day spec-
troscopic binary Mizar B (HD 116657, ζ2 UMa), is a member of
Ursa Major group or cluster (Roman 1949; Harris 1958; Loden
1983), a part of Sirius Supercluster (Eggen 1960, 1983, 1998;
Palouš & Hauck 1986; King et al. 2003).

Because of the relatively high eccentricity and wide orbit,
the heartbeat in the Mizar A system is confined to a narrow
phase range between 0.45 and 0.55 (Fig. 9a). The heartbeat
has a peak-to-peak amplitude of 0.75 ppt only. Residuals from
Kumar’s model (Fig. 9b) show presence of TEOs and a peculiar
flux ‘bump’ centred at phase ∼0.07, that is, close to the apoas-
tron at phase 0.0. The location of the bump in phase excludes

Fig. 9. TESS light curves and frequency spectra of ζ1 UMa: (a) TESS
light curve phased with the orbital period. Phase 0.5 corresponds to the
epoch of the periastron passage. (b) Residuals from the fit of Kumar’s
model. Red dots are median values in 0.01 phase bins. Grey stripe marks
phases in the vicinity of the heartbeat. (c) Frequency spectrum of the
light curve shown in panel b. Panels c–e: orbital harmonics are marked
with red vertical dashed lines (except for TEOs, which are marked with
blue) and labeled with n. (d) Frequency spectrum of the light curve
shown in panel b with data at phases marked by the grey stripe removed.
(e) Same as in panel d, but after prewhitening TEOs with n = 3, 5,
and 6.

proximity effects as the origin, especially because the orbit is
highly eccentric. As a result, relatively high-amplitude low-n
orbital harmonics occur in the frequency spectrum of the residu-
als (Fig. 9c). After cutting out the near-heartbeat part of the light
curve, the strongest TEOs occurred at relatively low n = 3, 5, and
6 (Fig. 9d). Subsequent prewhitening allowed for a detection of
five more TEOs (Fig. 9e) with the highest at n = 36 (Table 2).
No evident intrinsic variability other than TEOs was found in
this star.
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3.2.5. HD 152218 (V1294 Sco)

HD 152218 (NSV 8020, V1294 Sco, V = 7.6 mag) is a mas-
sive system consisting of two O-type components, O9 IV and
O9.7 V (Sana et al. 2008a). The star is located at the outskirts
of the young open cluster NGC 6231, known to host at least six
βCep stars (Meingast et al. 2013, and references therein). The
double-lined spectroscopic (SB2) nature of the star was discov-
ered by Struve (1944). The system has a relatively long record
of the radial-velocity measurements (Struve 1944; Hill et al.
1974; Conti et al. 1977; Stickland et al. 1997). The orbital period
(5.40± 0.10 d) was first derived by Hill et al. (1974), but was
slightly shorter than the true value of 5.604 d, which was derived
by Stickland et al. (1997) and confirmed by subsequent stud-
ies (Mayer et al. 2008; Sana et al. 2008b; Rauw et al. 2016). The
star exhibits apsidal motion (Sana et al. 2008b) with a period of
176 yr (Rauw et al. 2016).

The photometric variability of V1294 Sco with a range of
∆V ∼ 0.06 mag was detected by Perry et al. and Morris et al.
(unpublished), as reported by Hill et al. (1974). The star was
found to be eclipsing by Otero & Wils (2005) based on data from
The Northern Sky Variability Survey (NSVS, Woźniak et al.
2004) and the All Sky Automated Survey (ASAS, Pojmański
2001). The photometry was used to derive inclination and sub-
sequently masses of the components (Mayer et al. 2008). The
most recent modelling gives masses equal to 19.8± 1.5 and
15.0± 1.1 M� (Rauw et al. 2016).

The TESS light curve of V1294 Sco is shown in Fig. 10a.
A single n = 7 TEO (Table 2) can be seen directly in the light
curve (Fig. 10b), in the residuals from the fit (Fig. 10c), and in
the frequency spectrum of residuals (Fig. 10d). The star seems
to shows also low-amplitude intrinsic variability in the low-
frequency range, occurring as the increase of amplitude towards
low frequencies in Figs. 6 and 10d. Therefore, the star can be
also regarded as showing SPB-type variability.

3.2.6. HD 158013

Radial velocities of HD 158013 (BD+57◦1758, V = 6.5 mag)
were found to vary from five spectra obtained at the David
Dunlap Observatory (DDO) in the years 1939−1941 (Young
1942). Follow-up observations at DDO (34 spectra in
1946−1947) made it possible to derive the orbital period of
8.25 d as well as the spectroscopic elements for this SB1 system
(Norris 1949, Table A.2). The star was found to be chemically
peculiar metallic (Am) star by Bidelman (1988), which was later
confirmed by Abt (2009), who classified it as kA2.5hF1mF2.
The star may have an infrared excess (McDonald et al. 2017).

The TESS light curve of HD 158013 phased with the orbital
period is shown in Fig. 11a. The strongest TEO can be easily
seen in the light curve and in the residuals from the fit of the
Kumar’s model (Fig. 11b). An analysis of the residuals revealed
that this is a n = 9 TEO (Fig. 11c), but two weaker TEOs, at
n = 7 and 18 (Table 2, Fig. 11d), were also found. The strongest
TEO was independently found by M. Pyatnytskyy, who marked
the star as HBS in The International Variable Star Index (VSX)7.
A careful reader will easily notice that the n = 18 TEO is a
harmonic of the one with n = 9. However, these may also turn
out to be separate TEOs as well.

There are three maxima in the residual frequency spec-
trum (Fig. 11c) that do not correspond to TEOs. The first one,
at 0.1596 d−1, has significant first harmonic. After subtracting

7 https://www.aavso.org/vsx/

Fig. 10. TESS light curves and frequency spectrum of V1294 Sco: (a)
TESS light curve phased with the orbital period. Phase 0.5 corresponds
to the epoch of the periastron passage. (b) Zoom of the light curve
after cutting out the eclipses. The continuous dark blue line is the fit-
ted Kumar’s model. For comparison, the dashed line shows the fit of
Kumar’s model with inclination fixed at the value derived by Rauw et al.
(2016). (c) Residuals from the fit of Kumar’s model. The red dots are
median values in 0.02 phase bins. Grey stripe marks phases in the vicin-
ity of the heartbeat. (d) Frequency spectrum of the light curve shown in
panel b. Orbital harmonics are marked with red vertical dashed lines
(except for the TEO at n = 7, which is marked with blue). Orbital har-
monics and labeled with n.

them, another term, at 0.1503 d−1 was detected. This may prompt
us to consider that g-mode pulsations may be the origin the more
that after subtracting these three terms, the frequency spectrum
still exhibited a broad ‘bump’ in the range between 0.05 and
0.30 d−1. This makes the star γDor-type pulsator.

3.2.7. HD 207650 (14 Peg)

14 Pegasi (V = 5.1 mag) was found to be SB2 binary by
Paul W. Merrill (Campbell et al. 1911), and later confirmed by
Lee (1914). Orbital elements of the system, including orbital
period of about 5.3 d, were derived by Petrie (1940) using 36
spectra obtained mostly in Victoria Observatory in the years
1937−1940. The spectra were used by the same author (Petrie
1939) to estimate magnitude difference between the components
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Fig. 11. TESS light curves and frequency spectra of HD 158013: (a)
TESS light curve phased with the orbital period. Phase 0.5 corresponds
to the epoch of the periastron passage. (b) Residuals from the fit of
Kumar’s model. Red dots are median values in 0.01 phase bins. (c) Fre-
quency spectrum of the light curve shown in panel b. Panels c and d:
orbital harmonics are marked with red vertical dashed lines (except for
TEOs, which are marked with blue) and labeled with n. (d) Same as in
panel c, but after removing trends in the residuals and low-frequency
terms.

(∆m = 0.23 ± 0.04 mag), their masses, radii, and the inclination,
which was found to be low (17◦). The secondary is only slightly
fainter than the primary and has a similar spectral type. MK spec-
tral type of 14 Peg was estimated as A0 V (Osawa 1959), A1 Vs
(Cowley et al. 1969; Levato 1975), and A1 IV (Abt & Morrell
1995).

The light curve of 14 Peg (Fig. 12a) shows a 10 ppt heart-
beat and weak evidence for TEOs in the residuals of Kumar’s
model (Fig. 12b). The periodogram of the residual light curve
(Figs. 12c and d) reveals two frequencies which are good candi-
dates for TEOs, at n = 8 and 17 (Table 2). No clear evidence for
intrinsic variability was found. Recently, using also TESS data,
Pyatnytskyy & Andronov (2020) classified 14 Peg as HBS in the
VSX. These authors incorrectly attributed the heartbeat to the
pure reflection effect, however.

3.3. The remaining stars

In addition to HD 5980 (Sect. 3.1) and seven stars with detected
TEOs (Sect. 3.2), we found 12 other massive systems showing

Fig. 12. TESS light curves and frequency spectra of 14 Peg: (a) TESS
light curve phased with the orbital period. Phase 0.5 corresponds to the
epoch of the periastron passage. (b) Residuals from the fit of Kumar’s
model. Red dots are median values in 0.01 phase bins. (c) Frequency
spectrum of the light curve shown in panel b. Panels c and d: orbital
harmonics are marked with red vertical dashed lines (except for TEOs,
which are marked with blue) and labeled with n. (d) Same as in panel c
but after removing instrumental trend.

heartbeats. Here, we present their light curves and comment on
the intrinsic variability. A literature review of their characteris-
tics is presented in Appendix A.

Six stars in our sample of HBSs are eclipsing (Table 1).
Amongst these, we have already presented HD 5980 (Sect. 3.1),
QX Car (Sect. 3.2.1), and V1294 Sco (Sect. 3.2.5). The TESS
light curves of the remaining three eclipsing stars with heart-
beats, SW CMa, V1647 Sgr, and V477 Cyg, are shown in Fig. 13.
All eclipsing stars, except HD 5980, have inclinations derived
via light-curve modelling. In addition, some orbital parame-
ters are known for ζ1 UMa because it is a visual binary. The
knowledge of the precise values of the orbital parameters from
modelling the light curve or visual orbit allows for a direct ver-
ification of the reliability of these parameters derived from fit-
ting Kumar’s model; in particular, the inclination. A compari-
son of the data given in Tables 3 and A.1 clearly shows that
Kumar’s model gives much lower inclinations than light-curve
modelling. For three systems, SW CMa, QX Car, and V1647 Sgr,
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Fig. 13. TESS light curves of SW CMa (top), V1647 Sgr (middle), and V477 Cyg (bottom). Left: TESS light curves phased with the orbital periods.
Phase 0.5 corresponds to the epoch of the periastron passage. Right: zoom of the light curve after cutting out the eclipses. Continuous dark blue line
is the fitted Kumar’s model. For comparison, the dashed line shows the fit of Kumar’s model with inclination fixed at the value given in Table A.1.

the differences amount to about 50◦. We rejected eclipses from
the data used to fit Kumar’s model, which might have affected
the result, but even for non-eclipsing ζ1 UMa, the inclination
from Kumar’s model is about 16◦ lower than that when mod-
elling the visual orbit (Hummel et al. 1998).

Smaller, but still significant discrepancies also occur for ω
and e. The most likely explanation of these discrepancies is a sig-
nificant contribution of effects that are not included in Kumar’s
model, such as the reflection effect, in particular. Therefore,
for all stars with independently derived inclinations, we fitted
Kumar’s model once again, this time fixing the inclinations at the
values presented in Table A.1. The results of these fits are shown
with dashed lines in Figs. 5, 10, and 13. In all these cases, a fit
with an assumed inclination in the vicinity of a heartbeat goes
below a fit with this parameter set free. This clearly shows that
there is a missing flux in Kumar’s model close to the heartbeat.
We interpret this as a proof that irradiation effect has a signif-
icant contribution to heartbeats and must be taken into account
when modelling these phenomena.

The TESS light curves of the remaining nine HBSs with-
out detected TEOs are presented in Fig. 14. However, as dis-
cussed above, as Kumar’s model does not fully account for the
observed heartbeats and the fitted parameters are not reliable, it
can be used to subtract heartbeats and search for another variabil-
ity. Of the nine stars, four show intrinsic variability. In particu-
lar, ζ Cen, a system consisting of two early B-type components,
shows an increase of amplitude towards low frequencies below
∼3 d−1 (Fig. 6). This increase can be partly due to instrumen-
tal effects, but low-amplitude g modes seem to be also present.
In addition, there are several good candidates for p-mode pulsa-
tions, the highest at frequency 6.298 d−1. Consequently, the star

can be regarded as a hybrid βCep/SPB-type variable with the
reservation that it is not known which component (maybe both)
pulsates. The same reservation holds for all systems discussed in
the present paper.

The A/F-type systems HD 126983 and 26 Vul show some
variability at low frequencies and therefore are likely γDor stars.
In the former, the strongest signal occurs at 2.050 d−1, in the
latter, at 2.568 d−1 (Fig. 6). The same figure shows that low
frequencies are also present in the frequency spectrum of the
A/F-type system HD 181470 (Fig. 6). In addition, at least sev-
eral frequencies in the p-mode frequency range between 14 and
22 d−1 can be seen. This makes this star a hybrid δSct/γDor-type
pulsator.

4. Discussion and conclusions

As pointed out in the introduction, the present project is aimed
at increasing the number of known massive HBSs. The analysis
of TESS data for 323 early-type binaries selected from the SB9
catalogue led to the discovery of 20 HBSs presented in Sect. 3.
In order to put this sample of HBSs in the context of the other
binaries showing heartbeat phenomenon, we prepared a diagram
showing the gravitational potential energy accumulated in tidal
bulges of both components as a function of the estimated total
mass of HBSs (Fig. 15).

The order of magnitude of the gravitational potential energy
accumulated in tidal bulges of components of a close binary at
the periastron can be approximated by the following equation:

ε ≈ k2G
2

1
a6(1 − e)5

(
M2

AR5
B + M2

BR5
A

)
(3)
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Table 3. Parameters of the fits of Kumar’s model (Eq. (1)) to TESS light curves of 19 HBSs (without HD 5980).

HD Porb e i ω T0 – BJD 2 457 000 S C
[d] [◦] [◦] [d] ×10−3

HD 24623 19.721(6) 0.4872(14) 52.30(23) 198.3(5) 1440.462(9) 0.1691(12) 0.999997(3)
SW CMa 10.105(7) 0.3451(24) 36.85(19) 159.6(8) 1495.960(10) 0.852(9) 0.999684(7)
QX Car 4.47948(28) 0.2677(14) 34.77(10) 174.7(4) 1547.0630(27) 4.63(3) 0.997853(20)
HD 87810 12.881(19) 0.440(9) 40.5(6) 147.4(21) 1551.009(27) 0.0673(24) 0.9999596(26)
ET UMa 11.5697(5) 0.409(7) 17.75(28) 126.1(24) 1694.631(8) 0.332(9) 0.999656(8)
p Vel A 10.2437(13) 0.3528(20) 32.72(11) 169.4(5) 1548.596(6) 0.347(3) 0.9998015(18)
θCar 2.20401(12) 0.0995(9) 26.21(9) 37.37(23) 1570.1820(15) 2.785(20) 0.997966(20)
θ1 Cru 24.5314(9) 0.70708(26) 26.17(3) 119.96(10) 1575.9551(8) 0.2908(6) 0.9998486(9)
ζ1 UMa 20.5351(6) 0.6210(12) 44.66(11) 114.5(5) 1726.888(7) 0.0381(4) 0.9999874(6)
ζ Cen 8.0416(22) 0.5327(25) 27.69(14) 241.7(5) 1603.112(5) 1.296(14) 0.998764(10)
HD 126983 11.556(9) 0.0905(19) 46.5(6) 29.3(10) 1607.928(28) 0.350(6) 0.999917(6)
V1294 Sco 5.6010(17) 0.2578(22) 46.2(4) 130.8(6) 1633.508(8) 6.10(6) 0.99808(7)
HD 158013 8.21675(4) 0.33277(28) 50.97(5) 129.57(10) 1689.6791(15) 0.4731(8) 0.9999393(9)
V1647 Sgr 3.28309(25) 0.4216(15) 39.58(18) 224.7(6) 1652.3631(23) 2.018(18) 0.999124(20)
HD 181470 10.380(9) 0.460(4) 36.31(20) 137.8(9) 1691.555(13) 0.674(12) 0.999555(9)
V477 Cyg 2.34620(16) 0.3416(16) 50.42(21) 173.7(5) 1684.6272(15) 2.366(17) 0.999288(16)
26 Vul 11.0751(26) 0.3105(8) 67.2(4) 35.16(27) 1716.399(5) 0.698(5) 1.000143(5)
HD 203439 20.30 (∗) 0.4588(10) 55.11(19) 225.5(5) 1717.575(9) 0.2566(17) 1.000037(3)
14 Peg 5.30824(21) 0.5333(12) 17.32(10) 310.9(6) 1712.0897(7) 1.090(6) 0.998227(5)

Notes. The uncertainties were taken from the MCMC simulations. (∗)Assumed.

(Kumar et al. 1995, their Sect. 2.2), where k2 is the apsidal
motion constant, G stands for gravitational constant, MA and
RA, for the mass and radius of component A, and MB, and RB
for mass and radius of component B. We can eliminate a from
this equation using generalised Kepler’s third law:

a =

[
G(MA + MB)

(Porb

2π

)2]1/3

. (4)

In order to make values of ε comparable for systems containing
both low-mass and massive stars, we normalised ε dividing it by
the sum of gravitational binding energy of both components:

Ω = −αG


M2
A

RA
+

M2
B

RB

 , (5)

where α is a dimensionless factor depending on the mass con-
centration towards the centre of a star, assumed here to be the
same for both components. After a simple algebra, we obtained
a normalised tidal potential energy:

ε̃ ≡ ε

|Ω| =
8π4k2

αG2

1
P4

orb(1 − e)5

RARB(M2
AR5
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ARB + M2

BRA)
·

(6)

The value of ε̃ is an indicator of the amount of tidal potential
energy collected in tidal bulges at the periastron, relative to the
gravitational binding energy of both components. This quantity
reflects the overall ‘significance’ of the tidal deformation.

The calculation of ε̃ requires masses and radii of both com-
ponents. These parameters are either known or well-estimated
for all five known massive HBSs: MACHO 80.7443.1718, ιOri,
εLup A, τLib, and τOri. Similarly, we know masses for the
six eclipsing HBSs and visual binary ζ1 UMa. For the remain-
ing stars, masses were estimated from MK spectral types. For
SB2 systems, the information on mass ratio was also incorpo-
rated. For SB1 systems, we assumed mass ratio equal to 0.5.

For eclipsing binaries radii are known too (Table A.1). For non-
eclipsing stars, radii were estimated by placing the stars on
MIST8 isochrones (Dotter 2016; Choi et al. 2016) with solar
metallicity.

A similar calculation has been carried out for HBSs known
from Kepler. Although the number of all HBSs detected in
Kepler observations amounts to about 180 (Kirk et al. 2016),
only a small fraction have radial-velocity measurements and
consequently masses derived. To compare the sample of massive
HBSs with low-mass systems, we calculated ε̃ for 19 HBSs pre-
sented by Shporer et al. (2016) and 14 red giant HBSs described
by Beck et al. (2014). In all cases where the radii were not
provided explicitly, we estimated them using the aforemen-
tioned isochrones. The apsidal motion constant k2 was recently
re-calculated by Claret (2019). For a wide range of masses
(2−30 M�) at the main sequence log(k2) ranges between −3.2
and −1.7. Since, in general, we do not know the exact position
of a component at the main sequence, in order to calculate ε̃, we
assumed an average value of log(k2) = −2.4 for all HBSs with
main-sequence components. Similarly, for Kepler red giants, we
assumed log(k2) = −2.1. This is an average of the values calcu-
lated by Claret (2019) for low-mass red giants, ranging between
−3.0 and −1.2. Finally, although α varies for main-sequence
stars between 1.3 and 2.0 (Claret & Giménez 1989), we adopted
a single value of α = 1.5. All these assumptions make values of
ε̃ rather uncertain; uncertainties of up to 1 dex may occur.

All known and newly discovered HBSs with reliable esti-
mates of the total mass and ε̃ are plotted in Fig. 15. The peak-to-
peak amplitude of heartbeats seems to be correlated with ε̃, but
the sample of HBSs is still too low to be conclusive (part of the
scatter is due to passband-dependent and inclination-dependent
nature of heartbeat amplitude). The statistics is also too poor
to discuss the occurrence of TEOs in this diagram, the more
that detectability of TEOs depends strongly on the detection
level, which is different for different stars plotted in Fig. 15.

8 http://waps.cfa.harvard.edu/MIST/index.html
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Fig. 14. TESS light curves of nine non-eclipsing HBSs without TEOs. Continuous dark blue lines are the fitted Kumar’s models.

However, the present study fills the ‘mass gap’ between τOri
and Kepler HBSs, that is, the area of mainly early A-type and
late B-type stars. In addition, the collection of the most massive
(log(Mtotal/M�) > 1.0) HBSs has been doubled. The next papers
of the series will be aimed at further increase of these numbers.
Particularly important is the discovery that HD 5980 is also an
HBS, possibly even double HBS, which makes the star the most
massive HBS presently known.

We found that seven HBSs from our sample show likely
TEOs. Surprisingly, these TEOs occur at relatively low orbital
harmonics. A median value of n for TEOs in Table 2 is equal to
9. For comparison, a similar number for Kepler HBSs with TEOs

(calculated basing on Welsh et al. 2011; Hambleton et al. 2013,
2016; Schmid et al. 2015; Kirk et al. 2016; Fuller et al. 2017;
Guo et al. 2017, 2019) amounts to 28.

Nine stars from our sample of new HBSs show intrinsic vari-
ability due to pulsations. This is not a surprise given that the
components are located mostly at the main sequence where both
g and p-mode variability is common in stars with spectral types
O, B, A, and F. In particular, three O and B-type HBSs, QX Car,
ζ Cen and V1294 Sco, show low-frequency terms, which can
be attributed to SPB-type pulsations. The first two show also
the evidence of p modes and therefore βCep-type variability.
In the A and F-type domain, δSct-type variability was found
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Fig. 15. Relation between normalised
tidal potential energy, ε̃, and total mass,
Mtotal, of heartbeat systems. Red cir-
cles stand for a sample of 14 Kepler
HBSs that are red giants (Beck et al.
2014). Green circles are 19 Kepler
HBSs with radial-velocity measured by
Shporer et al. (2016). Known massive
HBSs are marked by dark blue circles
and labeled. Our sample of 20 massive
HBSs is plotted with light blue circles.
The eclipsing systems are encircled;
those with detected TEOs are addition-
ally marked with plus signs. See text
for further details. The size of symbols
depends on the peak-to-peak amplitude
of heartbeats; the higher the amplitude,
the larger the symbol.

in θ1 Cru and HD 181470, and likely g modes attributable to
γDor-type variability in the former star and four others, p Vel A,
HD 126983, HD 158013, and 26 Vul. A detailed investigation
whether one or both component in these systems pulsates is
beyond the scope of this paper. However, this sample of objects
can be used in future studies of the behaviour of pulsations in
highly distorted stars as well as the mutual interaction among
TEOs and self-excited pulsations.

It can be noted that the eccentricity of θCar in Table A.2,
0.129± 0.002 (Hubrig et al. 2008), is lower than the limit we
used for the selection (Sect. 2.1), e > 0.2. This is because making
selection we used all entries in the SB9, which contains multiple
solutions. For θCar, one of the two published solutions (Walborn
1979) have e > 0.2. We recall the case of θCar also because it
shows that even with the eccentricity considerably smaller than
0.2, an effect attributed to the tidal distortion of components that
is measurable; the peak-to-peak amplitude of the heartbeat in
θCar amounts to about 3 ppt (Fig. 14). We can therefore ask a
general question about the specific characterisation of a heart-
beat star? HBSs were usually ‘classified’ using the morphology
of the light curve, which would be rapid and relatively narrow
in phase change of flux near the periastron and almost constant
brightness elsewhere. However, in principle, all eccentric bina-
ries show non-zero ellipsoidal effect. With the precision of pho-
tometry offered by Kepler or TESS, a variability due to distortion
of components can be detected even in systems with very small
eccentricities. Therefore, it has to be considered, as suggested by
the referee’s reference to Andrej Prša’s notion of using the term
eccentric ellipsoidal variables – instead of heartbeat stars.

Another interesting question considers whether there is any
low limit for eccentricity to excite TEOs. From the theoretical
point of view, there is no such limit (Fuller 2017, Eq. (2)). More-
over, TEOs may occur even when orbit is circular, but at least
one component rotates asynchronously. In our sample of seven
stars with TEOs, the lowest eccentricities (of about 0.28) belong
to QX Car and V1294 Sco. Both are among the most massive
HBSs. Of all the low-mass stars with TEOs, the lowest eccen-
tricity equal to 0.288 belongs to KIC 11403032 (Shporer et al.
2016). It seems, therefore, that it could prove valuable to also
search for TEOs in low-eccentricity systems.

The results presented in this work demonstrate that Kumar’s
model does not provide reliable orbital parameters and in order

to obtain them, a detailed modelling of light curves, which
includes all non-negligible proximity effects, has to be carried
out. Such modelling may become a powerful tool, allowing for
an efficient and precise derivation of orbital parameters from the
photometry alone. However, spectroscopic observations are also
highly desirable, which can be seen, in particular, in Tables A.1
and A.2. For some stars, the most recent radial-velocity measure-
ments were taken several decades ago.
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Appendix A: Notes on individual stars

Table A.1. Orbital parameters and masses of HBSs discussed in the present work with known inclinations.

Star Porb a (a) e i ω T0 [HJD− M1
(a) M2

(a) Ref.
[d] [R�] [◦] [◦] 2 400 000] [M�] [M�]

HD 5980 19.2656(9) 152(4) 0.27(2) 86 (b) 134(4) 51424.97(25) 62(5) 66(5) (1)
SW CMa 10.091988(5) 32.09(8) 0.3157(4) (c) 88.59(20) 163.76(29) (c) Not given 2.243(15) 2.108(19) (2)
QX Car 4.4781293(13) 29.80(14) 0.278(3) (c) 85.7(2) 123.6(3) (c) 43343.23143 9.25(13) 8.46(12) (3)
ζ1 UMa 20.5385 (d) 51.96(20) 0.5415(16) 60.5(3) (e) 105.27(23) 54536.990(11) 2.223(25) 2.238(24) (4)
V1294 Sco 5.60445(5) 43.1(12) 0.280(10) 66.3(33) 105.0(20) 53130.005(36) 19.6(16) 14.8(12) (5)
V1647 Sgr 3.2828491(5) 14.94(8) 0.4130(5) (c) 90.0(5) 203.81(10) 41829.2562(4) 2.18(4) 1.97(4) (6)
V477 Cyg 2.347013(1) 11.09(14) ( f ) 0.331(1) (c) 85.66(3) 162.8(1) (c) 50988.232(2) (c) 1.92(9) ( f ) 1.40(6) ( f ) (7)

Notes. (a)Values of a, M1, and M2 were re-calculated using coefficients given by Torres et al. (2010). (b)Adopted from Perrier et al. (2009).
(c)Adopted from photometric solution. (d)Adopted from Pourbaix (2000). (e)Adopted from Hummel et al. (1998). ( f )Values of K1 and K2 were
taken from Popper (1968).
References. References to orbital solutions: (1) Koenigsberger et al. (2014), (2) Torres et al. (2012), (3) Andersen et al. (1983), (4) Behr et al.
(2011), (5) Rauw et al. (2016), (6) Andersen & Giménez (1985), (7) Deǧirmenci et al. (2003).

Table A.2. Orbital and mass-related parameters of non-eclipsing HBSs discussed here.

Star Porb a sin i or e ω T0 [HJD− M1 sin3 i M2 sin3 i SB Ref.
[d] a1 sin i [R�] (a) [◦] 2 400 000] or f (M) [M�] (a)

HD 24623 19.663042(14) 43.78(3) 0.48873(38) 130.18(6) 52934.5350(25) 1.4692(26) 1.4423(27) SB2 (1)
HD 87810 12.94724(12) 25.57(8) 0.439(2) 48.6(3) 47442.274(8) 0.670(6) 0.668(6) SB2 (2)
ET UMa 11.57907(19) 22.9(6) 0.26(4) 171.0(16) 18468.18(6) 0.75(5) 0.45(3) SB2 (3)
p Vel A 10.210406(15) 16.0(4) 0.508(12) 185.0(15) 16461.18(4) 0.287(20) 0.243(12) SB2 (4)
θCar 2.20288(1) 0.8174(22) 0.129(2) 81.8(17) 54302.898(9) 0.001510(12) SB1 (5)
θ1 Cru 24.4828 39.2(10) 0.609(8) 358.9(14) 19453.35(5) 0.74(6) 0.61(4) SB2 (6)
ζ Cen 8.02352 37.1(25) 0.5 (b) 290 (b) 29798.46 6.3(7) 4.4(7) SB2 (7)
HD 126983 11.8(4) 33(4) 0.33(15) 42(7) 41440.4(26) 1.72(27) 1.59(27) SB2 (8)
HD 158013 8.2159 5.20(7) 0.333(9) 132.1(21) 31979.003(49) 0.0279(9) SB1 (9)
HD 181470 10.3932 25.3(10) 0.520(19) 199(3) 23570.62(5) 1.17(12) 0.84(7) SB2 (10)
26 Vul 11.088 12.33(13) 0.284(9) 50.1(19) 26492.61(5) 0.205(6) SB1 (11)
HD 203439 20.30 44.9(12) 0.441(17) 220(4) 24363.56(11) 1.87(12) 1.08(7) SB2 (12)
14 Peg 5.30465(3) 6.89(12) 0.528(10) 302.7(17) 29117.474(13) 0.0813(30) 0.0746(29) SB2 (13)

Notes. (a)Values of a sin i, M1 sin3 i, and M1 sin3 i for SB2 systems and a1 sin i and f (M) for SB1 systems were re-calculated using coefficients
given by Torres et al. (2010). Therefore, they may slightly differ from those given in the cited papers. (b)Adopted from Maury (1922a).
References. References to orbital solutions: (1) Fekel et al. (2011), (2) Nordström et al. (1997), (3) Nariai (1970), (4) Evans (1969), (5)
Hubrig et al. (2008), (6) Moore (1931b), (7) Popper (1943), (8) Kaufmann & Klippel (1973), (9) Norris (1949), (10) Harper (1928), (11) Shajn
(1933), (12) Harper (1926), (13) Petrie (1940).

The appendix includes a literature review for the 12 stars pre-
sented in Sect. 3.3. It focuses on the spectroscopic and photo-
metric variability of the stars. Tables A.1 and A.2 summarise the
best – usually the newest – orbital solutions for eclipsing and
non-eclipsing stars, respectively, from our sample of 20 HBSs
discussed in the present paper.

A.1. HD 24623

HD 24623 was discovered as an eccentric (e ≈ 0.49) SB2 binary
with an orbital period of 19.7 d by Nordström et al. (1997) dur-
ing their spectroscopic survey of early F-type stars. The spectro-
scopic orbit of the star, given in Table A.2, has been improved
by Fekel et al. (2011), who independently discovered its binary
nature. These authors also carried out time-series photometry of
the star, finding no eclipses and only a short brightening close
to the periastron passage. They attributed the brightening to the
reflection effect, but it was in fact the first detection of the heart-

beat in this system. Using analysed spectra, they classified the
components as F2 V and F4 V. In addition, assuming that orbital
and rotational axes are parallel, they concluded that the compo-
nents rotate with rotational velocities equal to about a half of
their pseudosynchronous rotation.

A.2. HD 54520 (SW CMa)

SW CMa was discovered as an Algol-type eclipsing binary by
Hoffmeister (1931). The orbital period of about 10.1 d was
derived by Floria (1937), although some controversy as to its true
value, 10.1 or 20.2 d, remained until the first spectroscopic orbit
was derived by Struve (1945). He gave preference to the period
of 10.1 d, which was later confirmed. Struve (1945) detected
lines of both components in the spectra, but the orbit he derived
was uncertain. In particular, the eccentricity he derived (e ≈ 0.5)
was much higher than the true value of 0.316 (Torres et al.
2012). Subsequent spectroscopic and photometric investigations
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of the system (Lacy 1997; Clausen et al. 2008; Torres et al.
2012) allowed for a precise determination of the orbital ele-
ments. According to the most recent study (Torres et al. 2012),
the masses and radii of the components (Table A.1) are now
known with a precision on the order of 1%. Deriving chemical
abundances, these authors concluded that both components of
SW CMa are Am stars. The system shows marginally detected
apsidal motion (Clausen et al. 2008; Kim et al. 2018).

A.3. HD 87810

HD 87810 was discovered as an SB2 eccentric (e = 0.44)
binary with an orbital period of 12.9 d from 23 spectra made
in the years 1986−1991 in the same survey as HD 24623
(Nordström et al. 1997). The components of HD 87810 have
very similar masses (Table A.2). Their spectral type (F3 V) was
estimated from a composite spectrum by Houk & Smith-Moore
(1988). The system was re-observed in 2015 by Kozłowski et al.
(2016), who obtained 14 new spectra and derived a set of spec-
troscopic parameters consistent with Nordström et al. (1997).
Several radial velocities of HD 87810 derived from the High
Accuracy Radial Velocity Planet Searcher (HARPS) spectra
obtained in 2011 are also available (Trifonov et al. 2020).
Finally, the star was observed within the Kilodegree Extremely
Little Telescope (KELT) survey, but this photometry was not
precise enough (Oelkers et al. 2018) to reveal the low-amplitude
heartbeat, which we found in the TESS photometry (Fig. 14).

A.4. HD 89822 (ET UMa)

The variability of radial velocities of ET UMa was discovered
by Schlesinger (1910), who determined the orbital period in
this system for 11.6 d. Spectroscopic orbit was first determined
by Baker (1912) and then recalculated by Schlesinger (1912).
The lines of secondary component were found by Guthrie
(1967). Subsequent determinations of spectroscopic parameters
(Nariai 1970; Oetken & Orwert 1973) included radial velocities
of both components; the system was found to have mass ratio of
about 0.5.

Photometric variability of HD 89822 was suggested by
Catalano & Leone (1991), who using UBV observations made in
the years 1969−1975 found variability with a period of 7.5586 d
and peak-to-peak amplitude of about 0.03 mag. As a conse-
quence, the star has been named ET UMa in the General Cata-
logue of Variable Stars (Samus’ et al. 2017). This variability was
refuted by Adelman (1993), who did not find significant signals
neither in their own uvby photometry, nor the data published by
Catalano & Leone (1991). A similar conclusion, that is, no sig-
nificant variability, was drawn from the other photometric stud-
ies (Zboril & Budaj 1993; Zboril 1994). Apparently, the photom-
etry of the star was not precise enough to detect ∼1 ppt heartbeat
seen in the TESS data (Fig. 14).

The peculiarity of the spectrum of ET UMa with features
characteristic of manganese stars was found by Slettebak (1954).
Later on, Babcock (1958) noticed strong Si ii and Sr ii lines
in its spectrum and found a magnetic field of about 300 Gs.
The detailed abundance analysis was made by Adelman (1994),
who concluded that primary component is a mercury-manganese
(HgMn) star with Pt ii, Au ii, and Hg ii lines, rich also in Ca
and Y lines, whilst the secondary component is a metallic (Am)
star. Despite several attempts to detect magnetic field in ET UMa
(Conti 1970; Borra & Landstreet 1980; Bohlender et al. 1993),
the results were negative.

A.5. HD 93030 (θCar)

θCar is the brightest member of the open cluster IC 2602,
a small group of stars embedded in the Sco-Cen associa-
tion (Whiteoak 1961; Braes 1961, 1962; Abt & Morgan 1972;
Hoogerwerf & Aguilar 1999; Silaj & Landstreet 2014). The star
is usually classified as B0 Vp (Woods 1955; Abt & Morgan
1972) or B0.5 Vp Hiltner et al. (1969). The peculiarities are
rather atypical: the star has enhanced N and depleted C (e.g.,
Hubrig et al. 2008), which makes it related to OBN stars
(Walborn 1976; Schönberner et al. 1988). An analysis of the
XMM-Newton X-ray spectra of θCar (Nazé & Rauw 2008) con-
firmed N and C abundance anomalies, but X-ray emission
occurred to be very soft and weaker than expected.

The variability of the radial velocities of θCar was dis-
covered by Wilson & Sanford (1915), but the orbital period,
1.7788 d, was first derived by Walborn (1979). Unfortunately,
due to the scarcity of the data, this orbital period and the
two other derived by the subsequent investigators (1.88016 d,
Walker & Hill 1985), (2.139437 d, García et al. 1988) occurred
to be aliases of the true value, which was eventually found by
Lloyd et al. (1995). In contrast to previous spectroscopic solu-
tions, Lloyd et al. (1995) assumed circular orbit. The most recent
spectroscopic solution of the SB1 orbit of θCar was published
by Hubrig et al. (2008) using a set of 84 high-resolution spec-
tra. It is given in Table A.2. The orbit is not circular, but the
system has the lowest eccentricity (e ≈ 0.13) of all stars dis-
cussed in the present paper. The attempts to detect secondary’s
lines failed (Hubrig et al. 2008; Gullikson & Dodson-Robinson
2013), which led Hubrig et al. (2008) to conclude that the con-
tribution of the secondary to the total flux of the system is
smaller than 0.1%. The nature of secondary remains unknown;
it was suggested that it can be a ∼1 M� main-sequence star
(Hubrig et al. 2008) or a white dwarf (Iben 1986).

Next, we have θCar, which is much brighter than the other
members of IC 2602. In the Hertzsprung-Russell diagram of
the cluster, it is located at the main sequence, which is impos-
sible to agree with the cluster age, estimated for 36± 4 Myr
by (Silaj & Landstreet 2014) and 46± 6 Myr by Dobbie et al.
(2010). This makes θCar a blue straggler, one of very few known
in young open clusters. In this scenario, which has been dis-
cussed in many papers (Eggen 1972; Mermilliod 1982; Iben
1986; Pols & Marinus 1994; Hubrig et al. 2008), θCar would be
a post-Roche lobe overflow system. This interpretation is sup-
ported by its binarity and peculiarity of its spectrum, difficult to
explain in terms of a single star evolution (Walborn 1979).

A.6. HD 121263 (ζ Cen)

As indicated in the first two editions of the catalogue of spectro-
scopic binaries (Campbell & Curtis 1905; Campbell 1910) and
noted by Maury (1922a), the SB2 nature of ζ Cen was discov-
ered by Williamina Fleming in 1898 and the orbital period of
8.024 d was found by Solon I. Bailey in the following year.
Some additional spectra were taken by Wilson & Sanford (1915)
and the first relative spectroscopic orbit indicating high eccen-
tricity (e = 0.5) was published by Maury (1922a,b). The most
recent solution of the spectroscopic orbit was given by Popper
(1943); see also Table A.2. The primary of the system is an
early B-type star with a relatively high projected rotational
velocity of 235 km s−1 (Levato & Malaroda 1970). The less mas-
sive secondary has slightly later spectral type (Maury 1922a;
Popper 1943). Some photometry of the star was reported by
Rufener (1981), but the results as to the variability of ζ Cen were
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inconclusive due to the scarcity of the data (Waelkens & Rufener
1983). Rimoldini et al. (2012) derived a period of 2.29 d from
Hipparcos data, but our independent analysis of these data does
not show any significant variability.

A.7. HD 126983

HD 126983 (HR 5413, V = 5.4 mag) was discovered as an SB2
binary by Curtis (1909) from four spectra, which were later
re-measured by Campbell & Moore (1928). An additional five
spectra were taken by Buscombe (1962), but the orbital period
and other spectroscopic elements (listed in Table A.2) were, for
the first time, obtained by Kaufmann & Klippel (1973) from
11 spectra acquired in 1972. The system consists of two sim-
ilar stars of spectral type A2 V (Kaufmann & Klippel 1973;
Abt & Morrell 1995) with sharp spectral lines; the upper limit
for V sin i has been estimated for 15 km s−1 and 20 km s−1

by Kaufmann & Klippel (1973) and Buscombe (1969),
respectively.

Sterken & Jerzykiewicz (1983) included the star in their pho-
tometric variability survey. They classified it as ‘cst?’, which
means that the scatter of measurements was slightly higher than
expected. The star was subsequently included in the list of stars
suspected for variability as NSV 20119, but no definite variabil-
ity was concluded.

A.8. HD 163708 (V1647 Sgr)

The star was found eclipsing by Jaap Ponsen of Leiden Obser-
vatory using Franklin-Adams photographic plates. The detected
minima were separated by about 0.82 d. This prompted de Kort
(1955) to carry out photometry with the Riverview Observatory
(Australia) plates. He found that the orbit is highly eccentric and
the true orbital period amounts to about 3.28 d. This finding was
confirmed by Ponsen (1956). In a survey of spectra of southern
eclipsing binaries at Mount Stromlo Observatory, the star was
found to be SB2 by Popper (1966). Subsequently, Clausen et al.
(1977) carried out Strömgren uvby photometry of the star in
1973 and 1974 deriving orbital elements of this system and the
eccentricity of about 0.41. They also detected apsidal motion in
the system. A thorough spectroscopic and photometric study of
the star was carried out by Andersen & Giménez (1985). They
classified the components as A1 V and A2 V with projected
rotational velocities of 80± 5 and 70± 5 km s−1, respectively.
They also confirmed apsidal motion, deriving its period for
593± 7 yr, which was later revised by Wolf (2000) for 531± 5 yr.
Using Hipparcos data, Dubath et al. (2011) reported a period of
0.918 d. We analysed these data and found that this period was
an artefact due to the scarcity of the data.

V1647 Sgr is also the brighter component of a visual
binary h 5000 (or HJ 5000) discovered in 1830s by John Her-
schel (Herschel 1847). The tertiary is about 2 mag fainter than
V1647 Sgr and is separated by about 7′′. Andersen & Giménez
(1985) made two spectra of tertiary and classified it as F0-1 V
with V sin i ≈ 60 km s−1. Its radial velocity agrees well with sys-
temic velocity of V1647 Sgr, indicating that the three stars form
a hierarchical triple.

A.9. HD 181470

The variability of radial velocity of HD 181470 was discov-
ered by Reynold K. Young, based on two spectra made in 1923

and 1924 as reported by Harper (1928), who derived orbital
elements of the system, including its orbital period of about
10.4 d and eccentricity of 0.52; see Table A.2. However, the
lines of secondary were detected in only several spectra taken
at phases of the maximum separation of the lines. Petrie (1950)
estimated magnitude difference between the components for
1.25± 0.30 mag. Although some radial velocities of HD 181470
were derived later by Wolff (1978) and Royer et al. (2002), no
new orbital solution was published by now. Abundance analysis
of the spectrum of HD 181470 by Sadakane (1981) showed that
almost all metals, Fe in particular, are underabundant. The star
was included in the list of candidate λBoo stars (King 1994), but
the analysis of Murphy et al. (2015) showed that its spectrum
is consistent with a mild Am star. Mason et al. (2001) mistak-
enly identified HD 181470 as eclipsing binary U Sge, which was
repeated by Murphy et al. (2015).

Miura et al. (1993) claimed that they resolved the binary
with speckle interferometry at a separation of about 0.1′′. This
was later confirmed by Hartkopf et al. (2000). The visual com-
panion cannot be, however, the same as spectroscopic, because
for the latter the separation should be roughly two orders of
magnitude smaller (Halbwachs 1981). If the visual companion
is physically bound with HD 181470, the system is triple.

A.10. HD 190786 (V477 Cyg)

V477 Cyg was discovered as eclipsing variable by Tamm (1948),
who derived the orbital period of about 2.35 d. The follow-up
study of Wallenquist (1950) revealed that the system is eccen-
tric. The early studies included also the discovery of apsi-
dal motion by Gaposchkin (1951) and the first spectroscopic
study of the system (Pearce 1952, 1959), in which masses and
radii of the components were derived. Pearce (1959) found
the secondary about 2 mag fainter than the primary and esti-
mated spectral types of the components for A3 and F5. The
most recent radial velocities were obtained by Popper (1968).
The star was then frequently observed photometrically, mainly
with the purpose of light-curve modelling and study of apsidal
motion (Chisari & Saitta 1963; Rodonò 1967; O’Connell 1970;
Budding 1974; Scarfe et al. 1976; Todoran 1977; Al-Naimiy
1978; Lacy et al. 1987; Giménez & Quintana 1992). A large
number of photometric times of minimum, obtained also by
amateurs, provided a good database for this kind of a study.

From the analysis of the times of eclipses, Deǧirmenci et al.
(2003) derived new parameters for apsidal motion and claimed
the presence of a third body in the system. This work has
been updated by Bozkurt & Deǧirmenci (2007) and recently by
Bulut et al. (2017). The latter authors derived apsidal motion
and tertiary’s orbit periods equal to 417± 21 yr and 154± 34 yr,
respectively. The tertiary was not resolved by speckle interfer-
ometry (Mason et al. 2009). The primary of V477 Cyg falls into
δSct instability strip, however, attempts to find pulsations in the
system (Dvorak 2009; Liakos et al. 2012) have failed.

A.11. HD 196362 (26 Vul)

In this case, 26 Vul was discovered as an SB1 with orbital period
of about 11.1 d and an eccentricity of 0.29 by Shajn (1932).
The orbital elements (Table A.2) were then updated by Shajn
(1933). The primary is classified as A4 III (Osawa 1959) or
A5 III (Abt & Morrell 1995; Cowley et al. 1969). It is also a
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candidate Am star (Abt & Bidelman 1969). The system was
put in the list of binaries with a potential compact secondary
(Trimble & Thorne 1969), but no X-ray emission was detected
(den Boggende et al. 1979; Helfand 1980).

Recently, using TESS data M. Pyatnytskyy marked the star
as HBS in the VSX indicating also that TEO corresponding to
6th harmonic is present in the light curve, but we did not notice
any significant peak in the frequency spectrum of the residuals
near this frequency.

A.12. HD 203439

The star was discovered as SB2 by Harper (1926), who could
measure secondary’s lines in 10 out of the 25 spectra that he
gathered. This is the only existing spectroscopic study of the star,
although Royer et al. (2002) showed part of its spectrum (their
Fig. 7e) with a clear line doubling. The primary was classified
as A1 V (Cowley et al. 1969; Dworetsky 1974), A2 V (Osawa
1959), or A1 IV (Abt & Morrell 1995). No photometric variabil-
ity of the star was known.
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Abstract

We present a collection of 991 heartbeat star (HBS) candidates found in the Optical Gravitational Lensing
Experiment (OGLE) project data archive. We discuss the selection process of the HBS candidates and the structure
of the catalog itself. It consists of 512 stars located toward the Galactic bulge, 439 stars located in the Large
Magellanic Cloud, and 40 in the Small Magellanic Cloud. The collection contains two large groups of HBSs with
different physical properties. The main distinction between the two groups is the evolutionary status of the primary
star. The first group of about 100 systems contains a hot main-sequence or a Hertzsprung-gap primary star, while
the second group of about 900 systems includes a red giant. For each star, we provide two-decade-long time-series
photometry, in the Cousins I- and Johnson V-band filters, obtained by the OGLE project. We also present basic
observational information as well as orbital parameters derived from the light-curve modeling.

Unified Astronomy Thesaurus concepts: Binary stars (154); Tidal distortion (1697); Time domain astronomy
(2109); Celestial objects catalogs (212); Elliptical orbits (457); Galactic bulge (2041); Magellanic Clouds (990);
Periodic variable stars (1213); Stellar oscillations (1617)

Supporting material: machine-readable tables

1. Introduction

Heartbeat stars (hereafter HBSs) are a subclass of ellipsoidal
binaries on eccentric orbits. In these systems, the brightness
variations are caused by a tidal deformation of the components
and by other proximity effects. The strongest changes of the
total flux occur during the periastron passage. The name of this
type of variable stars refers to a characteristic shape of the light
curve, which is similar to an electrocardiogram signature.

The HBSs were introduced as a new class of variables by
Thompson et al. (2012). They described the discovery of 17
HBSs in the Kepler space mission data archive (Koch et al.
2010). For each system, the primary is the main-sequence (MS)
star of spectral type from A to G, while the secondary is not
visible or barely visible in spectral lines.

Before the publication of the catalog of HBSs by Thompson
et al. (2012), only few such systems had been discovered and
comprehensively described (e.g., among B-type stars; De Cat
et al. 2000; Willems & Aerts 2002; Maceroni et al. 2009; and
among A-type stars; Handler et al. 2002). One of the most
studied HBSs is KOI-54, which is considered as the archetype
of this class (e.g., Welsh et al. 2011; Fuller & Lai 2012). KOI-
54 consists of two very similar A-type near-MS stars, on a
highly eccentric orbit (e≈ 0.83). The observed radial-velocity
curve for this system proves that the most prominent bright-
ening takes place when the stars are close to the periastron.

The first large catalog of the Kepler HBSs was created by
Kirk et al. (2016). They presented, among other variable stars, a
sample of 173 HBSs with short orbital periods (a median value
of about 14 days) and very small amplitudes of brightness
variations (mostly less than one millimagnitude). The classi-
fication of these systems as HBSs was mainly based on the
shape of their light curves. Only a few of these objects have
been studied in detail. The majority of the Kepler HBSs are
low- and intermediate-mass MS stars of type A or F.
Recently, Kołaczek-Szymański et al. (2021) presented a

collection of 20 new massive HBSs found in the Transiting
Exoplanet Survey Satellite (TESS) data. Their sample of HBSs
includes objects of spectral types from O to F (mainly A type),
with orbital periods from a few days to about 25 days.
The phenomenon of heartbeat variability has been also found

in systems with red-giant (RG) stars. In the Optical Gravita-
tional Lensing Experiment (OGLE) catalog of ellipsoidal
variables (Soszyński et al. 2004b), the authors distinguished a
sample of more than 100 stars with asymmetric light curves,
contrary to sinusoidal-like shapes for “classical” ellipsoidal
binaries. Soszyński et al. (2004b) proposed that such deviations
are the result of tidal distortions and large eccentricity of the
systems. A sample of 22 of these objects was examined in more
detail by Nie et al. (2017). They carried out simultaneous
modeling of the light and radial-velocity curves using the
Wilson–Devinney code (Wilson & Devinney 1971). Further, a
group of 18 RG HBSs from the Kepler data were described by
Beck et al. (2014).
In this work, we present a catalog of 991 candidates for

HBSs, found in the OGLE database. The catalog consists of
512 systems located toward the Galactic bulge (GB), 439
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systems located in the Large Magellanic Cloud (LMC), and 40
in the Small Magellanic Cloud (SMC). In Section 2, we
describe the photometric data which were used in the analysis.
In Section 3, we present the method of selecting candidates for
HBSs. In Section 4, we discuss the results of the basic analysis
of our HBS sample and show example light curves. In
Section 5, we describe the structure of the catalog itself and
how to access the data. In Section 6, we conclude our work.

2. Photometric Data

In this work, we use data collected mainly during the fourth
phase of the OGLE project (OGLE-IV), which lasted from
2010 March until 2020 March, when the COVID-19 pandemic
forced the OGLE operations to stop. All the observations were
taken using the 1.3 m Warsaw telescope, which is located at
Las Campanas Observatory, Chile (the facility site is operated
by the Carnegie Institution for Science). During the OGLE-IV
phase, the telescope was equipped with a mosaic camera
consisting of 32 2K× 4K CCD sensors. The total field of view
was about 1.4 square degrees and the pixel scale was 0 26.

The vast majority of photometric data were collected in a
Cousins I-band filter. The magnitude range achievable with the
Warsaw telescope for this passband is from 13 mag up to
21.5 mag. Fields located in the GB were observed with an
exposure time of 100 seconds. The number of observations
strongly depends on the individual field: the least-sampled
HBS light curve presented in the catalog contains 166 data
points, while the largest number is over 16,500 (with mean and
median values equal to about 5600 and 2700, respectively). For
the LMC and SMC, the exposure time of each field was 150 s.
There are only a few light curves that contain less than 550 data
points, while the maximum number is about 950 (the mean and
median values are about 820). To provide color information of
the sources, about 10% of observations were taken through a
Johnson V-band filter with 150 s of exposure time. The typical
uncertainty of a single photometric measurement for stars with
I∼ 14 mag and I∼ 18 mag is approximately 5 mmag and
30 mmag, respectively.

The photometry of the OGLE data was obtained with
difference image analysis (DIA; e.g., Alard & Lupton 1998;
Woźniak 2000). For more technical details about processing
data from raw images to standard photometric-system light
curves, we refer the reader to Udalski et al. (2015). The
corrections of photometric uncertainties were carried out based
on the work of Skowron et al. (2016).
In the catalog, we also provide data from earlier phases of the

OGLE project—OGLE-II and OGLE-III, which took place from
1997 to 2000 and from 2001 to 2009, respectively. About 90% of
our sample of HBSs were observed during the OGLE-III (the
mean number of epochs is about 720) and 30% during the OGLE-
II (350 epochs on average). For more information about the
observation strategy, data processing, and Warsaw telescope
equipment during the OGLE-II, we refer to Udalski et al. (1997),
and during the OGLE-III we refer to Udalski (2003).

3. Searching for Heartbeat Stars

The presence of ellipsoidal binary systems with high
eccentric orbits in the OGLE database was already highlighted
in the work of Soszyński et al. (2004b). However, these stars
and the ones discovered during subsequent surveys for variable
stars in the OGLE data were cataloged as ellipsoidal variables,

without any specific remarks. With this in consideration, we
began searching for HBSs in the published OGLE catalogs of
ellipsoidal variables. In the next step, we decided to inspect the
catalogs of eclipsing binaries located in the Magellanic Clouds
(MCs) and toward the GB. Finally, we searched for HBSs in
the proprietary OGLE data. In the following three subsections,
we present the details and results of the searching process. In
Table 1, we present the numbers of found HBS candidates in
each specific location and catalog.

3.1. Catalog of Ellipsoidal and Eclipsing Systems

The OGLE Collection of Variable Stars (OCVS) contains
450,598 eclipsing binaries found toward the GB (Soszyński
et al. 2016) and among them 25,405 ellipsoidal variables. The
OCVS also contains 48,605 eclipsing binaries located in the
MCs (40,204 in the LMC and 8401 in the SMC), which include
1159 and 316 ellipsoidal variables in the LMC and SMC,
respectively (Pawlak et al. 2016). In order to distinguish HBSs
from classical ellipsoidal variables, we visually inspected each
light curve from the OGLE catalogs of these stars, looking for
any deviations from a standard sinusoidal-like shape. We used
the periods provided in the catalog. As a result, we found 486
candidates for HBSs among ellipsoidal variables in the GB. In
the sample of ellipsoidal variables from the MCs, we found 34
candidates for HBSs in the LMC and three in the SMC.
We also looked for HBS candidates in the sample of 1546

ellipsoidal RGs presented by Soszyński et al. (2004b). During the
visual inspection of light curves, we selected 112 HBS candidates.
After cross-matching this catalog with the one described in the
previous paragraph, we found that 38 objects overlap between
those catalogs, including four HBS candidates.
To summarize, out of the total number of 28,353 ellipsoidal

variables cataloged in the OCVS (in all locations), we found
631 candidates for HBSs, which is only 2.2% of the whole
sample of the ellipsoidal systems.
In the next stage, we searched for the HBSs among the

OGLE eclipsing binaries. We decided to visually inspect the
light curves of all eclipsing systems from the MCs and systems
with orbital periods longer than 10 days in the GB (a cut was
made to limit the size of the sample that will be visually
inspected). As a result, we found 22 candidates for HBSs in the
GB, 66 in the LMC, and 24 in the SMC.

3.2. Catalog of Miscellaneous Objects

When searching for stars of specific variability type and
creating the OCVS, objects with an unknown or unsure type
are accordingly marked as miscellaneous or other type. These

Table 1
Numbers of HBS Candidates Found in the Searching Process

Location ELL ECL MISC NP&PEC

GB 486 22 4 L
LMC 142 66 26 205
SMC 3 24 13 L
GB+LMC+SMC 631 112 43 205

Note. Columns: (Location) The location of the object (GB, LMC, or SMC);
(ELL) The OGLE catalogs of ellipsoidal variables; (ECL) The OGLE catalogs
of eclipsing binaries; (MISC) The nonpublic OGLE catalog of miscellaneous
objects; (NP&PEC) The denotation of stars found during the OGLE subproject
for nonperiodic and peculiar objects.
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objects usually do not appear in the final catalog until their
variability type is known with a high confidence level. In total,
we searched through more than 13,000 such objects located
toward the GB and about 20,000 in the MCs. The
miscellaneous stars’ catalog may include objects with light
curves very similar to the given variability class, but having
different parameters (e.g., period, amplitude, or color). On the
other hand, the light curves of the HBSs may mimic those of
other types of variable stars, such as eclipsing binaries, Be
stars, Ap or other spotted stars, or even some pulsating
variables; thus, the catalog of miscellaneous objects seemed to
be the right place to search for HBSs.

We inspected the whole sample twice, using two different
methods of period determination. In the first inspection we used
the FNPEAKS4 code (created by Z. Kołaczkowski, W. Hebisch,
and G. Kopacki), which calculates the Fourier frequency spectrum
for a single-object light curve. In the second inspection we
obtained periods using the TATRY code (Schwarzenberg-
Czerny 1996), based on the analysis of variance method. The
period with the highest signal-to-noise ratio (S/N) frequently was
equal to half or one-third of the actual value. We noticed that a
HBS light curve phase-folded with a wrong period can be easily
misclassified, e.g., as a classical ellipsoidal system or spotted star,
and thus caution is needed. We found four new candidates for
HBSs in the GB, 26 in the LMC, and 13 in the SMC.

3.3. Catalog of Nonperiodic and Peculiar Objects

The last part of the whole set of HBSs was found during an
ongoing project, which is devoted to searching for nonperiodic
or peculiar variable stars located in the LMC, using the OGLE-
IV data. HBSs often have very sharp and asymmetric light
curves, which usually exhibit clear maxima and/or minima.
Such properties cause a lot of difficulties in the searching
process because typical methods, which rely on Fourier
analysis (e.g., FNPEAKS and Lomb–Scargle periodograms)
or the ones which have been created to find specific types of
variability (e.g., box least-squares periodograms), could show
very low S/N in the case of HBSs, what could lead to omitting
them during the filtering process.

In the mentioned project, we obtained periods using
FNPEAKS, but we did not use any kind of period-related cuts,
lowering the risk of omitting HBSs. During this stage of the
searching process, we found 205 new candidates for HBSs,
which is about half of the whole LMC HBS sample.

3.4. Cross-matching with Other Catalogs of Variable Stars

The whole sample of HBSs from the Kepler project is away
from the OGLE observing fields, thus there is no overlap
between these catalogs.

To find matches for our HBS collections in other databases
of variable stars, we used the multicone and CDS Upload
X-Match options in the TOPCAT5 program (Taylor 2005). We
used a 2″ search radius and the best-match output mode. In the
SIMBAD database (Wenger et al. 2000) we found 509 matches
for HBSs from the GB and 237 for the MCs. All the matches,
but one for the GB sample, turned out to be OGLE ellipsoidal
and eclipsing binaries. This one exception also came from the
OCVS, but, surprisingly, from the dwarf novae (DN) catalog

created by Mróz et al. (2015). The considered object is labeled
as OGLE-BLG-DN-100 in the DN catalog and as OGLE-BLG-
HB-0048 in ours. The misclassification in the DN catalog was
caused probably by the low number of epochs available for this
star back in 2015.
In the International Variable Star Index (VSX) catalog of

variable stars (Watson et al. 2006), we found 509 matches in
the GB. All of them refer to the OCVS. In the MCs, we found
three matches, as follows:

1. ASASSN-V J054319.59-690954.3 (OGLE-LMC-HB-
0392), flagged as a rotating variable star (Jayasinghe
et al. 2018)

2. WISE J054601.5-673554 (OGLE-LMC-HB-0404),
flagged as a Cepheid star (Chen et al. 2018)

3. 2MASS J05474088-7048169 (OGLE-LMC-HB-0412),
flagged as a semiregular variable star (Jayasinghe et al.
2019b)

We also cross-matched our catalog with the ASAS-SN
Variable Stars Database (Shappee et al. 2014; Jayasinghe et al.
2018, 2019b, 2019c), and we identified five new matches for
the GB and the same number for MCs. The results are
presented in Table 2.
Our classification of HBSs was based on visual inspection of

the phase-folded light curve followed by fitting a theoretical
model of the heartbeat variation (discussed in more detail in
Section 4). It appears that objects mentioned in this section
were misclassified (except for OGLE-LMC-HB-0254), which
could be the result of, for instance, an insufficient number of
light-curve epochs.

4. Discussion

In Figure 1, we present phase-folded light curves for two
dozen HBSs from our collection. In the top and bottom panels,
we show examples of HBSs which contain a MS/post-MS or
RG star as a primary component, respectively.
To decide whether the object is a potential candidate for a

HBS or not, we focused on the shape of the light curve. Each
light curve was visually inspected by at least two experienced
researchers, who decided if a given star exhibits a heartbeat
feature. We excluded each star if at least one of the researchers
decided that it is not an HBS candidate. After the initial
selection, we performed modeling of the light curves using a

Table 2
Results of Cross-matching Our Catalog of HBSs with the ASAS-SN Variable

Stars Database

OCVS ID ASAS-SN ID ASAS-SN
Variability Type

OGLE-BLG-HB-0082 J174737.87-232501.7 Semiregular
OGLE-BLG-HB-0161 J175225.44-300702.9 Red irregular
OGLE-BLG-HB-0164 J175238.80-293008.2 Semiregular
OGLE-BLG-HB-0372 J180106.60-300247.1 Rotating
OGLE-BLG-HB-0379 J180119.30-285933.8 Unspecified
OGLE-LMC-HB-0020 J045223.82-682153.9 Semiregular
OGLE-LMC-HB-0254 J052624.38-684705.6 HBSa

OGLE-LMC-HB-0312 J053226.44-693122.1 Semiregular
OGLE-LMC-HB-0340 J053516.81-690255.7 EB
OGLE-LMC-HB-0412 J054741.02-704815.4 Semiregular

Note.
a Described in Jayasinghe et al. (2019a, 2021).

4 http://helas.astro.uni.wroc.pl/deliverables.php?active=fnpeaks
5 http://www.star.bris.ac.uk/~mbt/topcat/
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convenient analytical model of the flux variations in eccentric
binary systems, presented by Kumar et al. (1995; their
Equation (44)). Kumar et al.’s model neglects proximity effects
other than ellipsoidal variability, such as irradiation/reflection
effect and Doppler beaming/boosting. Thus, even a well-fitted
model to the light curve derives only an approximation of the
orbital parameters. The modeling process of the OGLE HBSs is
presented in detail in Section 3 of the related work of Wrona
et al. (2021). Hereafter, we will refer to this work as Paper II.
According to their work, the fractional flux changes (δF/F) as a
function of time (t) can be expressed by a corrected version of
the Equation (1) presented by Thompson et al. (2012):
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where C is the zero-point offset, S is the scaling factor of the
amplitude, ω is the argument of the periastron, i is the
inclination angle of the orbit, j(t) represents the true anomaly
as a function of time, R(t) describes the distance between
components of the system as a function of time, and a is the
semimajor axis.

Kumar et al.’s model of brightness variations predicts a large
variety of the possible light-curve shapes. Synthetic models of
the light curves generated from the model are shown in Figure
5 in the paper of Thompson et al. (2012). The authors presented

a grid of the heartbeats depending on e, i, and ω parameters.
The wealth of the OGLE collection of HBSs allows us to create
a similar figure, but for the actual light curves. We present these
light curves in Figure 2. In each plot, we show a phase-folded
light curve with an orbital period, P. Each row contains HBSs
with i equal to circa 40°, 60°, and 80°, from top to bottom. The
ω parameter increases horizontally, from 0° to 180°. The range
of ω is only a half of the full angle because the stellar distortion
due to tidal deformation is symmetric along the elongation axis.
Note, that the right and left halves of Figure 2 are symmetric
reflections of each other.
While the shape of the heartbeat depends mainly on the i

and ω parameters, its duration relative to the orbital period is
strongly anticorrelated with the eccentricity. In Figure 3, we
present normalized (in the brightness amplitude) light curves
of the HBSs with different eccentricities, which increase
downwards. For low eccentric orbits (e 0.1), the light
curve has a nearly sinusoidal shape, similar to the classical
ellipsoidal variables. With increasing eccentricity, the phase
range of the heartbeat gets narrower. For e 0.4, the light
curve starts to exhibit two distinct phases: a narrow heartbeat
and a phase of constant brightness. For e≈ 0.4, the duration
of the heartbeat is about 40% of the orbital period, while for
e≈ 0.8, the heartbeat durations decrease to about 10% of the
orbital period.

Figure 1. Examples of phase-folded light curves of HBSs from our collection. Here and throughout the paper, the orbital phase equal to 1.0 corresponds to the
periastron passage, and P denotes the orbital period.
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4.1. Sample of the HBSs in the Galactic Bulge

The sample of HBS candidates located toward the GB
consists of 509 stars previously cataloged in the OCVS and
four stars which are new discoveries. The position of the GB
sample of the HBSs in the sky is presented in the left panel of
Figure 4. This sample is dominated by stars lying on or
between the red-giant branch (RGB) and the asymptotic giant
branch (AGB).

Our sample, contrary to HBSs from the Kepler catalog,
consists of long-period systems (mostly a few hundred days)
with high-amplitude brightness variations (a few hundredths of
a magnitude and larger). In Figure 5, for a better picture in the
observational context, we present histograms of the basic
observational and orbital parameters. These parameters are as
follows: I- and V-band mean magnitudes, V− I color indices,
orbital periods and eccentricities, and Kumar et al.’s model
peak-to-peak I-band amplitudes expressed in magnitudes. We
can see that the peak of the I-band mean magnitude distribution
(panel (a)) for the GB sample of HBSs is about 2 mag brighter
than the MCs sample. If we assume the distance to the Galactic
center is about 8 kpc (Pietrukowicz et al. 2015) and to the LMC
is about 50 kpc (Pietrzyński et al. 2019), we get a distance
modulus difference of about 4 mag. The GB and MC HBSs are
dominated by systems consisting of RG stars, thus the
distribution of the mean brightness in a given filter should be
shifted by that distance modulus difference. This 2 mag
difference between the observed peak of the distribution and
the distance modulus is the result of high interstellar extinction
toward the GB.

In the V band, the impact of the extinction is higher than in
the I band, thus the peak of the distribution of the mean V-band
magnitude (panel (b)) in the GB is similar to the MCs. The

effect of heterogeneity of the extinction depending on the
direction toward the GB and different distances between HBSs
explain the high scatter of the V− I color index (panel (c)) for
the GB sample.
In contrast to the MCs, the GB sample of HBSs includes

almost exclusively long-period binaries, which is shown in
panel (d) of Figure 5. The I-band amplitudes of brightness
variations (panel (e)) are similar to the GB and MCs, and they
mostly spread in the range between 0.001 and 0.01 mag. For
the GB sample of HBSs, however, the eccentricity distribution
(panel (f)) is slightly shifted toward lower values and it has a
lower scatter. The peak of the eccentricity distribution is about
e≈ 0.15, and it spreads even to e≈ 0.8.

4.2. Sample of HBSs in the Magellanic Clouds

Our collection of HBS candidates from the LMC and SMC is
much richer in new discoveries than the one from the GB. Out
of 479 HBSs, a sample of 237 objects has been cataloged in the
SIMBAD database, and in the majority overlaps with the
sample of 235 stars cataloged in the OCVS. In total, 190 HBS
candidates (189 from the LMC and one from the SMC) are new
discoveries.
From the analysis of the color–magnitude and Hertzsprung–

Russell diagrams presented in Paper II (Figures 8–9 therein),
we conclude that the MCs sample of the HBSs can be divided
into at least two large groups. The first one consists of hot MS
or Hertzsprung-gap stars. This group is also noticeable in panel
(c) in Figure 5 as a little “hill” near V− I= 0 mag and (d) as
bins for period less than 100 days (see Paper II, their Figure
10). The second (much more numerous) group consists of
systems with an RG star, which is similar to the results for
the GB.

Figure 2. Phase-folded light curves of the sample of OGLE HBSs with different shapes. The orbital inclination, i, and the argument of the periastron, ω, were obtained
by fitting Kumar et al.’s model to the phase-folded light curves. In the rows, we present HBSs with i equal to circa 40°, 60°, and 80°, respectively. The obtained ω
parameter increases horizontally from 0° to 180°. The HBSs with ω equal to about 0° or 180° during the heartbeat show two minima and one maximum of brightness,
while for ω ≈ 90° we can see two maxima and one minimum. With increasing i parameter, the minima become deeper. Note, that the right- and left-hand sides in this
figure are almost symmetrical reflections of each other.
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4.3. HBS with Additional Variations

Both light curves of ellipsoidal variables with circular orbits
and of HBSs may be affected by additional variations,
including intrinsic changes, such as spots or stellar pulsations,
and extrinsic events, e.g., eclipses. Noticeable additional
variations are present in about 380 HBSs. In many cases,
these changes hampered or even prevented finding a proper
Kumar et al.’s model during the fitting process. Such
troublesome HBSs have been accordingly flagged in the last

column of Table A2. Orbital parameters for models marked
with a zero flag should be used with caution. These parameters
may not reflect the true values, so their use in statistical
analyses may lead to biased or false conclusions.

4.3.1. Eclipses or Spots

In about 140 objects, besides heartbeat variation, we observe
additional dimmings in the systems’ brightnesses. For most
stars, these dimmings are most probably the results of eclipses.
However, in some cases, such dimmings could be the result of
a spot on the star’s surface (e.g., Iwanek et al. 2019). HBSs
with noticeable eclipses are also present in the catalog of Kirk
et al. (2016). Heartbeat variation in the eclipsing system was
also noticed recently by Paunzen et al. (2021) and Kochukhov
et al. (2021).
The probability of an eclipse rises with a decreasing distance

between stars, and so increasing chances to catch the eclipse
near the periastron passage, even if the orbital inclination is not
near 90°. However, to observe an eclipse, the orbit should be
properly oriented to the observer. Simulations of the heartbeat
variation show that dimmings in the light curve occur when the
tidal bulge is oriented toward or outward relative to the
observer. Written differently, for a HBS, the minima of the
light curve appear near the superior and inferior conjunction.
Therefore, if the inclination is high enough that the components
form an eclipsing system, at least one of the eclipses will
always occur near the minimum of the heartbeat, while the
second eclipse may occur in any orbital phase.
In Figure 6, we present light curves of 15 HBSs in eclipsing

systems. We can see that for many systems both eclipses
appear near the heartbeat, which occurs near the periastron
passage (e.g., OGLE-LMC-HB-0045, 0110, 0230, 0340,
OGLE-SMC-HB-0007, 0015), but there are also objects for
which one of the eclipses appears at different orbital phase
(e.g., OGLE-BLG-HB-0489, OGLE-LMC-HB-0330). For a
subsample of HBSs, we can see both primary and secondary
eclipses (e.g., OGLE-BLG-HB-0218, OGLE-LMC-HB-0012,
0413, OGLE-SMC-HB-0025), while for others only the
primary ones (e.g., OGLE-LMC-HB-0157, 0256, 0286). In
Figure 7, we show a close-up view on the light curves of six
systems, where we can see only one eclipse near the heartbeat’s
minimum.
In the object assigned as OGLE-LMC-HB-0287, we noticed

dimmings which can hardly be explained by eclipses. We
present the phase-folded light curve of this object in the top
panel of Figure 8. During one orbital phase we can see three
distinct minima and two of them occur outside the heartbeat.
One of the possible explanation of such variability is the
presence of a dark spot on the primary’s surface. In the middle
panel of Figure 8, we present a phase-folded light curve with
orbital period, Porb, after subtracting dimmings caused by the
spot. Assuming a pseudo-synchronous rotation of the primary
with an one-third orbital period, the observer will see three
dimmings caused by the spot and a heartbeat variation near the
periastron passage. The observed light curve is then a
combination of these two effects. With the red line, we plot
the fitted Kumar et al.’s model. In the bottom panel we preset a
phase-folded light curve with rotation period, Prot= Porb/3
without the heartbeat variation.

Figure 3. Shape of the HBS light curve as a function of eccentricity, e. We
used the phase-folded and normalized light curves of the OGLE HBSs. The
light curves are shifted in magnitude to avoid overlaps. The e parameter
(numbers on the right-hand side) were obtained using Kumar et al.’s model.
For low eccentric orbits, the light curves have sinusoidal-like shapes, similar to
the classical ellipsoidal variables (top). With increasing e, the phase range of
the heartbeat becomes narrower (bottom). For e ≈ 0.8, the duration of the
heartbeat is about 10% of the orbital period.
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4.3.2. OGLE Small Amplitude Red Giants

OGLE small-amplitude red giants (OSARGs) are a
subclass of long-period variables. They are RGB or AGB
stars that show multiperiodic light variations with periods
from 10 to about 100 days (e.g., Wray et al. 2004; Soszyński
et al. 2004a). As shown in Paper II, in the period–luminosity
diagram (their Figure 11), HBSs occupy the space near the
long secondary period and ellipsoidal variables, which often

exhibit OSARG-like pulsations; thus, this kind of variability
among the HBSs is not unexpected. The presence of
OSARG-like oscillations among HBSs is also valuable for
asteroseismology, because it confirms that the periodic tidal
force does not completely suppress intrinsic oscillations. In
Figure 9, we present three HBSs with clearly visible OSARG
variations. We noticed such changes in 176 HBSs (≈20% of
the RG HBSs).

Figure 4. Distribution of the HBSs in the sky toward the GB (left panel) and in the MCs (right panel). Black contours correspond to the OGLE-IV footprint. Dotted
and dashed black lines denote the galactic and equatorial coordinates, respectively. The blue and red points represent the OGLE ellipsoidal variables and HBSs,
respectively. Note that the HBSs from the LMC align along the central bar.

Figure 5. Histograms of basic observational and orbital parameters of the HBSs located toward the GB (red boxes) and in the MCs (blue boxes). With the solid black
line, we denote a histogram of the combined samples of the HBSs from all locations. In the panels, we present histograms of (a) the mean I-band magnitude; (b) the
mean V-band magnitude; (c) V − I color index; (d) orbital period, P; (e) I-band peak-to-peak amplitude (based on the fitted model of Kumar et al.), A; (f) orbital
eccentricity, e.
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4.3.3. Tidally Excited Oscillations

The gravitational interactions between components of a binary
system can induce tidally excited oscillations (TEOs; e.g.,
Zahn 1975; Hut 1980; Kumar et al. 1995; Eggleton et al.
1998; Fuller 2017). These oscillations, contrary to self-excited
pulsations of the star, appear at frequencies exactly equal to
integer multiples of the orbital frequency, therefore they phase
well with the orbital period. In our sample of the HBSs, we found
52 systems exhibiting TEOs (see Paper II, their Section 5), which
is 5% of the whole sample. This percentage, however, is the
lower limit of HBSs exhibiting TEOs, because the detection
threshold in the Fourier frequency spectra is between 0.2 and
3mmag. In Figure 10, we present phase-folded light curves of
four OGLE HBSs exhibiting noticeable TEOs. They are visible
as pulsations outside the heartbeat phase.

4.3.4. Miscellaneous Variations

In two HBSs, designated as OGLE-LMC-HB-0408 and
OGLE-SMC-HB-0001, we detected unusual changes which
occur right after the heartbeat variation. We present the light
curves of these stars in Figure 11. In the left panel, we show the
entire light curves, and in the right panel, the phase-folded ones.

To highlight the time evolution of these atypical changes, we
marked the data from the first three and the last three seasons
(∼20 yr time span) with different colors. We can see that in

OGLE-LMC-HB-0408 these changes are rather stable for the
entire time span, while in OGLE-SMC-HB-0001 they almost
completely disappeared. In the light curve of OGLE-SMC-HB-
0001, besides the change of the heartbeat shape, we also see a
slight decrease in the depth of the eclipse.
The change of the shape of OGLE-SMC-HB-0001’s light

curve could be a result of a high apsidal motion rate. A rotation
of the line of apsides can be observed in a system consisting of
two components (e.g., Zasche et al. 2014), as well as in a
binary system with a tertiary component (e.g., among eclipsing
binaries, Zasche et al. 2015; and in HBS, KIC 3749404,
Hambleton et al. 2016). Since there is no noticeable change in
the shape of the OGLE-LMC-HB-0408 light curve during all
observational seasons, the unusual changes of brightness are
unlikely caused by apsidal motion. A more likely explanation is
a mass transfer between components because the unusual
changes happen right after the heartbeat, which occur near the
periastron passage.

5. The Catalog Content and Data Availability

The OGLE collection of HBSs found toward the GB and
MCs contains 512 and 479 candidates (439 in the LMC and 40

Figure 6. Examples of phase-folded light curves of the eclipsing HBSs from
our collection.

Figure 7. Phase-folded light curves (left panels) and a close-up view on the
heartbeat (part of the phase-folded light curve between dashed red lines; right
panels) of six eclipsing HBSs, where the eclipse appears very close to the
minimum brightness of the heartbeat.
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in the SMC), respectively. The data for all these stars are
available at the OGLE websites:

1. http://www.astrouw.edu.pl/ogle/ogle4/OCVS/blg/hb/
for the GB.

2. http://www.astrouw.edu.pl/ogle/ogle4/OCVS/lmc/
hb/ for the LMC.

3. http://www.astrouw.edu.pl/ogle/ogle4/OCVS/smc/
hb/ for the SMC.

Each object has an individual identifier according to the
location (GB, LMC, SMC): OGLE-BLG-HB-NNNN, OGLE-
LMC-HB-NNNN, OGLE-SMC-HB-NNNN (where NNNN is a
four-digit number). The numbers are assigned in an ascending
R.A. order. In Table A1, we present the sky coordinates, the
OGLE database identifiers, and also the cross-matched IDs
with OCVS and (if not found) with other surveys. To simplify
the finding of an object in the sky, we also provide 1′× 1′
finding charts cropped from OGLE template images, which are

available at the OGLE websites. In Table A2, we collected all
basic observational information and derived orbital parameters
from the light-curve modeling using an analytical model of
brightness variations (Kumar et al. 1995). In Table A3, we
present the derived parameters and their uncertainties from the
light-curve modeling. To fit Kumar et al.’s model to the I-band
light curve, we used a Markov Chain Monte Carlo (MCMC)
method. For more details about the modeling process, we
encourage the reader to acquaint themselves with Paper II.
The catalog also includes all available I- and V-band time-

series photometry obtained during the OGLE-II, OGLE-III, and
OGLE-IV surveys. The data for both passbands and all of the
OGLE phases were separately calibrated to the standard
Cousins I- and Johnson V- photometric systems. For each
light curve obvious outliers were removed. For individual stars,
the light curves in different phases of the project may be shifted
in magnitude. The offset between light curves is most probably
the result of different instrumental configurations of filters and
CCD detectors or problems with the DIA photometry pipeline.
This should be taken into consideration in the light-curve
merging process (if needed).

6. Conclusions and Future Work

We presented a collection of almost one thousand HBS
candidates found in the OGLE project database. The collection
includes 512 objects located toward the GB, 439 in the LMC,
and 40 in the SMC. Our sample of HBSs consists of objects of
various spectral types and luminosity classes.
The largest group contains evolved binaries with a primary

star located on or between the RGB and AGB. The second
numerous group consists of systems in an early evolutionary
stage, where the primary star is mostly a hot MS/post-MS star.
We provide time-series photometry in the I- and V-bandpass

obtained during the OGLE-II, OGLE-III, and OGLE-IV
projects (up to 25 yr of coverage), a finding chart for each
object, and numerous information about individual objects,
such as coordinates, orbital period, I-band amplitude, mean
brightness, eccentricity, orbital inclination, and argument of
periastron. All the data are available on the OGLE website.
In Paper II, we described in more detail the physical

properties of our sample of the HBSs, mainly derived from the
light-curve modeling using Kumar et al.’s model.
The presented catalog increases the number of known HBSs

fivefold. The existence of binary systems with eccentric orbits
and containing a massive MS star, on the one hand, and less
massive but more evolved primary, on the other hand,
challenges theories of the binaries’ evolution, with emphasis
on the orbit circularization mechanisms.
Our sample may be also used as a testbed for a detailed study

of TEOs, especially using high-cadence time-series photo-
metry, provided, for instance by TESS, at present, or by The
Nancy Grace Roman Space Telescope (formerly known as
WFIRST), in the future.
Last but not least, the OGLE HBSs are valuable targets for

spectroscopic observations. First, the radial-velocity curves will
allow for confirmation of the binary nature of candidates.
Second, high-resolution spectra will lead to a better estimation
of the physical parameters of the primary and may also provide
information about the secondary component. Third, the
simultaneous modeling of radial-velocity changes and light
curves will allow for both independent determination of orbital
parameters and verification of the correctness and limitations of

Figure 8. Phase-folded light curve of the OGLE-LMC-HB-0287 (top panel).
The light curve is a combination of the heartbeat variation with an orbital
period, Porb = 274.93 days (middle panel) and dimmings, which are probably
caused by a dark spot on the primary’s surface, with a rotational period,
Prot = Porb/3 = 91.64 days (bottom panel). In the middle panel, we present the
light curve from the top panel after subtracting the dimming caused by the spot.
With the red line we plot the fitted Kumar et al.’s model. In the bottom panel,
we show a phase-folded light curve with Prot after subtracting the heartbeat
variation. With green dots we mark the median I−band magnitude in the 0.1
phase bins. Green bars represent a standard deviation of the magnitude in
the bin.

9

The Astrophysical Journal Supplement Series, 259:16 (13pp), 2022 March Wrona et al.



Figure 9. Examples of time-domain (left panels) and phase-folded light curves (right panels) of HBSs exhibiting OSARG pulsations. Colors of the points denote the
observation time. The color scale is the same in all panels.

Figure 10. Phase-folded light curves of the sample of HBSs exhibiting high-amplitude TEOs. The TEOs are visible as oscillations outside periastron.

Figure 11. Light curves of two HBSs showing unusual brightness variations. Time-domain (left panel) and phase-folded light curves (right panel) are presented. We
marked the first and last three observational seasons with red and blue colors, respectively.
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Kumar et al.’s model. Fourth, the time-series of spectra may be
used to verify if any varying emission is present due to, e.g., the
surrounding disk, periastron Roche-lobe overflow, colliding or
tidally enhanced stellar winds.

In the future, we plan to extend our catalog for new
candidates. We seek to find them mainly during the search for
peculiar variable stars toward the MCs, which is a part of one
of the OGLE subprojects. We assess to find a few hundred such
objects.
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Appendix
Data Tables

In this section, we present all basic identification (Table A1),
observation (Table A2) and modeling (Table A3) data of the
OGLE HBS sample.

Table A1
Identification and Coordinates of HBSs

Loc ID Type R.A. Decl. OGLE-IV ID OGLE-III ID OGLE-
II ID

Other IDs
(h:m:s) (°:′:″)

LMC OGLE-LMC-HB-0001 RG 4:45:19.56 −67:03:14.3 LMC540.27.63 LMC145.1.4667 L L
LMC OGLE-LMC-HB-0002 RG 4:46:24.84 −72:47:57.8 LMC528.21.4791 L L OGLE-LMC-ECL-26648
LMC OGLE-LMC-HB-0003 MS 4:47:02.42 −68:55:01.7 LMC539.08.103 LMC141.8.8773 L OGLE-LMC-ECL-26688
LMC OGLE-LMC-HB-0004 RG 4:47:16.11 −68:58:24.9 LMC539.08.27 LMC142.4.50 L L
LMC OGLE-LMC-HB-0005 RG 4:47:18.62 −70:04:44.6 LMC530.31.2375 LMC143.1.18 L L
LMC OGLE-LMC-HB-0006 RG 4:47:24.27 −70:40:39.1 LMC530.14.7330 LMC144.1.7335 L L
LMC OGLE-LMC-HB-0007 RG 4:47:27.76 −69:29:08.2 LMC531.15.2912 LMC142.1.21 L L
LMC OGLE-LMC-HB-0008 RG 4:47:46.00 −69:17:25.5 LMC531.24.4 LMC142.2.45 L L
LMC OGLE-LMC-HB-0009 RG 4:49:39.18 −68:30:55.4 LMC532.06.25753 LMC141.3.13731 L EROS2-star-lm015-5k-26494
LMC OGLE-LMC-HB-0010 RG 4:50:08.58 −70:01:04.8 LMC530.29.22963 LMC136.8.64 L L

Note. Here we present the first 10 rows of the table. The full version of this table in a machine-readable format is provided. It is also available on the OGLE websites.
Columns: (Loc) location indicator (GB—Galactic bulge, LMC—Large Magellanic Cloud, SMC—Small Magellanic Cloud); (ID) ID in the catalog which is OGLE-
MMM-HB-NNNN, where MMM is a location indicator (BLG—Galactic bulge, LMC and SMC as above), and NNNN is a 4 digit number; (Type) Evolutionary status
of the primary star, MS stands for stars evolving on the MS or post-MS and RG stands for stars evolving on the RGB/AGB or stars in the He-core-burning phase; R.
A. on J2000.0 epoch, in format (h:m:s); decl. on J2000.0 epoch, in format (°:′:″); (OGLE-IV ID) OGLE-IV identifier of the star; (OGLE-III) OGLE-III identifier of the
star; (OGLE-II) OGLE-II identifier of the star; (Others IDs) Catalog ID from OCVS or (if does not exist) the best match with SIMBAD/AAVSO/ASAS-SN database.

(This table is available in its entirety in machine-readable form.)
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Table A2
Basic Observational and Orbital Information about Each HBS System

Loc ID I V P T0 A e i ω VAR model
(mag) (mag) (days) (HJD−2,450,000) (mag) (deg) (deg)

LMC OGLE-LMC-HB-0001 15.905 17.291 376.4172 9231.2363 0.030 0.3144 54.09 132.27 L 1
LMC OGLE-LMC-HB-0002 16.520 17.900 207.3538 9015.7180 0.039 0.3138 79.73 24.28 L 1
LMC OGLE-LMC-HB-0003 15.886 15.848 4.186218 9002.5750 0.030 0.1357 41.70 168.15 L 1
LMC OGLE-LMC-HB-0004 15.574 17.283 243.9647 9112.6377 0.028 0.2913 30.71 173.36 ECL 0
LMC OGLE-LMC-HB-0005 14.225 15.753 494.5224 9437.2775 0.037 0.3109 61.98 120.44 L 1
LMC OGLE-LMC-HB-0006 15.853 17.360 202.3257 9000.2190 0.029 0.1833 51.69 92.69 TEO 1
LMC OGLE-LMC-HB-0007 14.506 15.943 662.8316 9164.6504 0.021 0.5191 69.81 14.44 L 1
LMC OGLE-LMC-HB-0008 14.271 15.623 404.1963 9264.7313 0.031 0.2117 50.54 2.64 L 1
LMC OGLE-LMC-HB-0009 15.161 16.968 592.5599 9482.8130 0.061 0.4466 59.90 79.23 L 1
LMC OGLE-LMC-HB-0010 15.094 16.287 177.1610 9062.7517 0.023 0.4071 36.65 65.79 L 1

Note. Here we present the first 10 rows of the table. The full version of this table in a machine-readable format is provided. It is also available on the OGLE websites.
Columns: (Loc) location indicator (GB—Galactic bulge, LMC—Large Magellanic Cloud, SMC—Small Magellanic Cloud); (ID) Catalog ID of HBS in the OCVS,
description like for Table A1; (I) Cousins I-band mean magnitude; (V ) Johnson V-band mean magnitude; (P) orbital period, in days; (T0) the time of the periastron
passage, in HJD−2,450,000; (A) the peak-to-peak amplitude of the I-band brightness variations, based on the fitted Kumar et al.’s model, in magnitude; (e) orbital
eccentricity; (i) orbital inclination, in degrees; (ω) argument of the periastron, in degrees; (VAR) additional variability; (model) flag indicating whether the HBS light
curve exhibits proper Kumar et al.’s model (“1” is for proper model and “0” is for improper model).

(This table is available in its entirety in machine-readable form.)

Table A3
Kumar et al.’s Model Parameters from the MCMC Fitting Procedure (see Wrona et al. 2021)

Loc ID P e i ω T0 S C
(days) (deg) (deg) (HJD−2,450,000)

LMC OGLE-LMC-HB-0001 376.41 2.6E 1
2.7E 1

- -
+ - 0.314 1.8E 2

1.8E 2
- -
+ - 54.1 2.9

3.6
-
+ 132.3 5.2

5.2
-
+ 9231.23 4.38

4.19
-
+ 0.005 5.1E 4

5.2E 4
- -
+ - 0.0013 5.4E 4

5.5E 4
- -
+ -

LMC OGLE-LMC-HB-0002 207.353 1.2E 1
1.2E 1

- -
+ - 0.314 2.0E 2

2.0E 2
- -
+ - 79.7 9.2

8.5
-
+ 24.3 5.5

5.5
-
+ 9015.72 1.95

1.96
-
+ 0.005 4.8E 4

5.5E 4
- -
+ - 0.0020 7.4E 4

6.8E 4
- -
+ -

LMC OGLE-LMC-HB-0003 4.18622 3.1E 5
2.8E 5

- -
+ - 0.136 1.3E 2

1.4E 2
- -
+ - 41.7 2.4

2.7
-
+ 168.1 6.4

6.3
-
+ 9002.58 0.07

0.07
-
+ 0.015 1.5E 3

1.5E 3
- -
+ - 0.0045 1.5E 3

1.5E 3- - -
+ -

LMC OGLE-LMC-HB-0004 243.96 9.4E 2
9.5E 2

- -
+ - 0.291 2.4E 2

2.7E 2
- -
+ - 30.7 1.4

1.4
-
+ 173.4 8.6

8.6
-
+ 9112.64 2.68

2.46
-
+ 0.010 1.2E 3

1.2E 3
- -
+ - 0.0066 8.7E 4

7.9E 4- - -
+ -

LMC OGLE-LMC-HB-0005 494.52 2.8E 1
2.7E 1

- -
+ - 0.311 9.7E 3

9.7E 3
- -
+ - 62.0 2.8

3.4
-
+ 120.4 3.2

3.2
-
+ 9437.28 2.74

2.74
-
+ 0.006 4.3E 4

4.4E 4
- -
+ - 0.0005 4.7E 4

4.6E 4
- -
+ -

LMC OGLE-LMC-HB-0006 202.32 6.2E 2
6.3E 2

- -
+ - 0.183 1.1E 2

1.2E 2
- -
+ - 51.7 2.5

3.0
-
+ 92.7 4.0

4.1
-
+ 9000.22 2.01

2.04
-
+ 0.010 8.6E 4

8.9E 4
- -
+ - 0.0017 8.0E 4

7.9E 4- - -
+ -

LMC OGLE-LMC-HB-0007 662.83 6.7E 1
6.8E 1

- -
+ - 0.519 2.2E 2

2.2E 2
- -
+ - 69.8 8.6

9.6
-
+ 14.4 6.4

6.7
-
+ 9164.65 5.04

5.18
-
+ 0.001 1.7E 4

1.9E 4
- -
+ - 0.0006 3.4E 4

3.2E 4
- -
+ -

LMC OGLE-LMC-HB-0008 404.19 2.4E 1
2.4E 1

- -
+ - 0.212 1.2E 2

1.2E 2
- -
+ - 50.5 2.0

2.3
-
+ 2.6 3.7

3.7
-
+ 9264.73 3.67

3.72
-
+ 0.010 6.3E 4

6.3E 4
- -
+ - 0.0004 6.8E 4

7.0E 4- - -
+ -

LMC OGLE-LMC-HB-0009 592.55 1.7E 1
1.7E 1

- -
+ - 0.447 7.6E 3

7.6E 3
- -
+ - 59.9 1.7

2.0
-
+ 79.2 2.3

2.4
-
+ 9482.81 1.67

1.66
-
+ 0.006 3.8E 4

3.8E 4
- -
+ - 0.0007 4.0E 4

4.0E 4- - -
+ -

LMC OGLE-LMC-HB-0010 177.16 4.5E 2
4.5E 2

- -
+ - 0.407 1.7E 2

1.6E 2
- -
+ - 36.7 0.9

0.9
-
+ 65.8 3.6

3.5
-
+ 9062.75 1.11

1.12
-
+ 0.006 5.0E 4

5.3E 4
- -
+ - 0.0028 4.5E 4

4.4E 4- - -
+ -

Note. Here we present the first 10 rows of the table. The full version of this table in a machine-readable format is provided. Note that in the machine-readable format
the uncertainties are written in separate columns, which are located next to the given parameter. Lower and upper indices denote the parameter uncertainties. They are
50th–16th and 84th–50th percentile of parameter distribution from the MCMC modeling, respectively. Columns: (Loc) location indicator (GB—Galactic bulge, LMC
—Large Magellanic Cloud, SMC—Small Magellanic Cloud); (ID) Catalog ID of HBS in OCVS, description like for Table A1; (P, Ps

-, Ps
+) orbital period, its left- and

right-side uncertainties, in days; (e, es
-, es

+) orbital eccentricity, its left- and right-side uncertainties; (i, is
-, is

+) orbital inclination, its left- and right-side uncertainties,
in degrees; (ω0, sw

-, sw
+) argument of periastron, its left- and right-side uncertainties, in degrees; (T0, T0

s- , T0
s+ ) epoch of the periastron passage, its left- and right-side

uncertainties, in HJD−2,450,000; (S, Ss
-, Ss

+), amplitude scaling factor, its left- and right-side uncertainties; (C, Cs
-, Cs

+) zero-point offset, its left- and right-side
uncertainties.

(This table is available in its entirety in machine-readable form.)
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Abstract

We present an analysis of 991 heartbeat stars (HBSs) from the OGLE Collection of Variable Stars. The sample
consists of 512 objects located toward the Galactic bulge, 439 in the Large Magellanic Cloud, and 40 in the Small
Magellanic Cloud. We model the I-band OGLE light curves using an analytical model of flux variations reflecting
tidal deformations between stars. We present distributions of the model parameters that include the eccentricity,
orbital inclination, and argument of the periastron but also the period–amplitude diagrams. On the Hertzsprung–
Russell diagram, our HBS sample forms two separate groups of different evolutionary status. The first group,
including about 90 systems with short orbital periods (P 50 days), consists of an early-type primary star lying on
(or close to) the main sequence. The second group, including about 900 systems with long orbital periods (P 100
days), contains a red giant (RG). The position of the RG HBSs on the period–luminosity diagram strongly indicates
their binary nature. They appear to be a natural extension of confirmed binary systems that include the OGLE
ellipsoidal and long secondary period variables. We also present a time-series analysis leading to detection of
tidally excited oscillations (TEOs). We identify such pulsations in about 5% of stars in the sample with a total of 78
different modes. This first relatively large homogeneous sample of TEOs allowed us to construct a diagram
revealing the correlation between the TEO’s orbital harmonic number and the eccentricity of the host binary
system.

Unified Astronomy Thesaurus concepts: Binary stars (154); Tidal distortion (1697); Time domain astronomy
(2109); Elliptical orbits (457); Galactic bulge (2041); Magellanic Clouds (990); Stellar oscillations (1617);
Astronomy data modeling (1859); Periodic variable stars (1213); Astronomical simulations (1857)

1. Introduction

Heartbeat stars (HBSs) are a subclass of ellipsoidal variable
stars with eccentric orbits. The ellipsoidal variable stars are
close binary systems whose components are deformed due to
gravitational tidal forces. For a “classical” ellipsoidal variable,
which typically has a circular orbit, the light curve is
characterized by a sinusoidal shape with two maxima and
two minima per orbital period. This is a result of observing
different sides of the stellar surface, which is distorted into a
rotational ellipsoid (Morris 1985).

If the orbit of the system is eccentric, the deformation
strength depends on the orbital phase, and the strongest effect
appears during the periastron passage. This variation of the
tidal force affects the shape of the light curve, which starts to
deviate from the typical sinusoidal shape. The response of the
stellar surface and volume to the presence of varying tidal
potential can be expressed as a sum of two effects (Zahn 1975).

The first one is an equilibrium tide, which refers to the
instantaneous deformation of a star due to tides. It is the only
component of the tidal response provided that the system is a
circular and synchronized binary. The equilibrium tide is
responsible for the presence of the “heartbeat” feature in the
light curves of HBSs. This prominent characteristic resembles a
single electrocardiogram pulse, hence the name of this group of
variables.

The second type of stellar tidal response is the dynamical
tide, which may manifest itself as tidally excited oscillations

(TEOs; e.g., Zahn 1970; Kumar et al. 1995; Fuller 2017). The
periodically changing tidal potential may act as a driving force
and induce even naturally damped pulsations, which would not
be visible in the absence of a nearby companion. Most of the
TEOs observed in main-sequence (MS) stars are high radial
order gravity modes (Guo 2021).
Kumar et al. (1995) provided a convenient analytical model

of the flux variations driven by tidal interactions (we will refer
to it as the K95 model). The K95 model allows for
determination of the orbital parameters of the system based
only on the shape of the single-passband light curve. For
instance, this model was successfully applied to derive orbital
parameters for a sample of HBSs discovered by Thompson
et al. (2012). The K95 model accounts for the ellipsoidal
variability only. It neglects other proximity effects, such as the
irradiation/reflection effect and Doppler beaming/boosting.
While the latter should not be pronounced in our sample of
HBSs because of their long orbital periods and hence low radial
velocities, the former may play a potentially significant role
(see, e.g., Welsh et al. 2011, their Figure 7).
The prototype of the entire HBS class is KOI-54

(HD 187091), studied in detail by many authors, e.g., Welsh
et al. (2011), Burkart et al. (2012), and Fuller & Lai (2012). For
the first time, the HBS was reported as a separate class of
variable stars in the work of Thompson et al. (2012), but such
objects were known in the literature much earlier (e.g., Handler
et al. 2002; Maceroni et al. 2009). A group of more than 100
ellipsoidal variables with an eccentric orbit was highlighted in
the work of Soszyński et al. (2004). A subsample of them were
analyzed later by Nicholls et al. (2010), Nicholls & Wood
(2012), and Nie et al. (2017). Their studies showed that HBSs
containing a red giant (RG) typically have longer periods than
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classical ellipsoidal variables. The vast majority of HBSs in our
sample belong to this group; therefore, we could verify that
HBSs are indeed an extension of the classical ellipsoidal
systems to longer periods for a given brightness.

The majority of papers on HBSs published so far have
focused on individual objects, e.g., KOI-54 (Welsh et al. 2011),
KIC 3749404 (Hambleton et al. 2016), KIC 8164262 (Ham-
bleton et al. 2018), and MACHO 80.7443.1717 (OGLE-LMC-
HB-0254; Jayasinghe et al. 2019, 2021; Kołaczek-Szymański
et al. 2022). Due to the limited number of known HBSs, a
detailed quantitative analysis has been challenging to carry out.
A sketchy analysis of HBSs containing RG stars was
introduced in the work of Soszyński et al. (2004), where the
authors explained the reason for the unusual shape of the light
curves of the ellipsoidal variables. Later, a subset of those
systems were analyzed by Nicholls & Wood (2012) and then
by Nie & Wood (2014). In both works, the authors measured
changes in radial velocities confirming the binary nature of
those stars and showing that the strongest brightness changes
occur near the periastron passage. Afterward, Nie et al. (2017)
presented an analysis of 81 ellipsoidal RG stars, including 22
HBSs. They mainly focused on the evolutionary status of those
stars and the primary/secondary mass distributions. In turn,
Beck et al. (2014) studied the asteroseismic properties of 18
RG HBSs found in the data obtained by NASA’s Kepler Space
Telescope (Borucki et al. 2010).

Another set of HBSs, but consisting of stars located on or
close to the MS, was found in the Kepler database (17 objects
were the subject of an analysis by Thompson et al. 2012). The
catalog, including HBSs, among other variable stars, was
released by Kirk et al. (2016). Those HBSs are mainly low- and
intermediate-mass A–F-type stars. They are characterized by a
short orbital period (days to tens of days) and very small
amplitudes of brightness variations (a few millimagnitudes),
contrary to the HBSs with an RG star, which have much longer
periods (hundreds of days) and an order of magnitude higher
amplitudes.

Recently, using the 9th Catalogue of Spectroscopic Binary
Orbits (Pourbaix et al. 2004), Kołaczek-Szymański et al.
(2021) selected HBS candidates and examined their light
curves delivered by the Transiting Exoplanet Survey Satellite
mission from sectors 1–16 (mostly the southern ecliptic
hemisphere). The authors discovered 20 massive and inter-
mediate-mass HBSs, seven of which exhibit several TEOs
lying at low harmonics of the orbital frequency.

In this work, we conduct a general analysis of 991 HBSs
cataloged in the OGLE Collection of Variable Stars (OCVS;
Wrona et al. 2022, hereafter Paper I). In parallel to the analysis
of the heartbeat phenomenon itself, we search for TEOs in the
presented collection of OGLE HBSs. The derived sample of
binaries exhibiting TEOs may be a valuable test bed for future
studies on the influence of dynamical tides on the orbital
evolution in binary systems, including those with evolved
companions.

The structure of this paper is as follows. In Section 2, we
describe the origin of the photometric data of the HBSs and the
way we prepare them for the examination. In Section 3, we
describe the modeling process of the light curves using the K95
model. In Section 4, we study the impact of irradiation and the
reflection effect on the light curve of an HBS. In Section 5, we
introduce the method used to search for TEOs and present the
results of the search. The core of our work is presented in

Section 6, where we discuss the results of the analysis. In
Section 7, we summarize and conclude our work.

2. Photometric Data

In this work, we analyze the sample of HBSs found in the
OGLE project database. The detailed specifications of the data
are presented in Section 2 of Paper I.
The time-series data used in the analysis were obtained using

the 1.3 m Warsaw Telescope located at Las Campanas
Observatory, Chile. The majority of the data come from the
fourth phase of the OGLE project, in operation since 2010
(Udalski et al. 2015). The observations were conducted using
Cousins I-band and Johnson V-band filters. The photometry
was obtained using differential image analysis (DIA; e.g.,
Alard & Lupton 1998; Woźniak 2000). All of the data for each
filter were calibrated separately to the standard photometric
system using the scheme presented by Udalski et al. (2015).
We also corrected the photometric uncertainties based on the
work of Skowron et al. (2016).
In the analysis and modeling of the light curves, we used

mainly the I-band data. The V-band photometry was used to
determine the (V− I) color information for all HBSs from our
sample. To prepare the data for modeling and analysis, we have
taken the following steps.
First, we cleared the light curves from outliers by rejecting

all of the data that lay outside the 3σ level from the average
flux, where σ is the standard deviation of the flux in the entire
range of time. This step was taken separately for all of the
available data obtained by different OGLE phases (OGLE-II,
OGLE-III, and OGLE-IV) because in some cases, there was a
significant shift in the mean flux between those data. During
this step, we also removed sets of data consisting of clearly
improperly determined photometry, which could be caused, for
instance, by bad weather conditions during the observing night
or some failure in the DIA pipeline (this is a very common case
for sources with high proper motions).
The second step was to remove trends in the data sets. This

procedure was done separately for data obtained during OGLE-
II, OGLE-III, and OGLE-IV. To each part of the light curve,
we fitted cubic splines. Then, the obtained sets of splines were
subtracted from the data.
In the third step, we shifted the detrended data in the fluxes

from OGLE-II and OGLE-III to OGLE-IV (or to OGLE-III if
there were no data from OGLE-IV). For this purpose, we
calculated the mean flux for each phase and shifted the data to
the latest phase by the difference between these averages.
Finally, we used additional cleaning procedures. Using the

combined data from all phases, we prepared light curves phase-
folded with the orbital period and divided them into bins, the
width of which was set on 0.1 of the orbital phase. Then we
calculated a standard deviation in each bin and removed points
lying more than A · σ from the mean magnitude. The A
parameter was chosen individually for each star and mainly
depended on the number and positions of outlying points. The
A parameter was usually about 3.
To assess photometric temperatures for the HBSs containing

a hot primary, we used UBV photometry obtained by Massey
(2002). Data were taken with the Curtis Schmidt telescope at
Cerro Tololo Inter-American Observatory (CTIO), Chile, using
a Tektronix 2048× 2048 CCD with a 2 32 pixel−1 scale.
Observations were made at the beginning of 1999 and in 2001
March/April.
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For some objects, the aforementioned UBV data were
unavailable; therefore, we decided to use UBV photometry
obtained by Zaritsky et al. (2004). The authors used the 1 m
Swope Telescope, located at Las Campanas Observatory, right
next to the Warsaw Telescope. Observations were taken with
the Great Circle Camera with a 2 K CCD with a 0 7 pixel scale
between 1995 October and 1999 December, with additional
observations in 2001 December.

In this work, we also present, among others, period–
luminosity (PL) diagrams using the WJK Wesenheit index. To
calculate this quantity, we used JHKs photometry collected by
Kato et al. (2007) using the InfraRed Survey Facility (IRSF)
1.4 m telescope at Sutherland, the South African Astronomical
Observatory, with the SIRIUS camera, which is equipped with
three 1024× 1024 HgCdTe arrays. The pixel scale for this
camera is 0 45.

As complementary data, we utilized photometry collected
during the Two Micron All Sky Survey (2MASS; Skrutskie
et al. 2006, 2019). The 2MASS used two 1.3 m telescopes
located at Mount Hopkins, Arizona, and CTIO, Chile. The
telescopes were equipped with three NICMOS3 256× 256
HgCdTe arrays with a pixel scale of 2″. Observations were
taken between 1997 June and 2001 February.

3. Modeling

3.1. The K95 Model of a Light Curve

In this work, we decided to use the analytic model of tidally
induced stellar deformation presented in Kumar et al. (1995),
where the normalized flux variations are described by their
Equation (44). The K95 model was derived under certain
assumptions and simplifications, such as spin–orbit alignment,
inclusion of dominant modes only (spherical harmonics with
l= 2, m= 0,±2), and alignment of the tidal bulge with the line
connecting the mass centers of stars and without the irradiation
and Doppler beaming effects. Therefore, even a model
perfectly fitted to the light curve only gives an assessment of
the orbital parameters. The slightly modified version of the K95
formula was used by many authors (e.g., Thompson et al. 2012;
Jayasinghe et al. 2019; Kołaczek-Szymański et al. 2021) to
assess the basic orbital parameters of the system based on the
light curve. According to Thompson et al. (2012), the relative
change of the flux caused by tidal deformation as a function of
time, t, can be expressed as

d j w
=

- -
+( ) · ( ( ) )

( ( ) ) ( )F

F
t S

i t

R t a
C

1 3 sin sin
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2 2
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where S is the scaling factor of the amplitude, C is the zero-
point offset, i is the inclination of the orbit, ω is the argument of
the periastron, j(t) represents the true anomaly as a function of
time, R(t) describes the distance between the components of the
system as a function of time, and a is the semimajor axis.

Both time-dependent variables R(t) and j(t) can be rewritten
as functions of the eccentricity, e, and eccentric anomaly, E:
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The quantities E and t are connected by Kepler’s equation,
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where T0 is the time of periastron passage, and P is the orbital
period.
However, we believe that there is a mistake in Equation (1).

In the top panel of Figure 1, we present the light curve of the
HBS OGLE-BLG-HB-0081. In the modeling process, we used
Equation (1) and the Markov Chain Monte Carlo (MCMC)
fitting procedure (described in more detail in Section 3.2). We
obtained the following orbital parameters: eK= 0.803,
iK= 64°, and ωK= 17°. The fitted model is represented by
the red line in Figure 1. We also performed modeling of that
light curve using the PHysics Of Eclipsing BinariEs
(PHOEBE) Legacy program3 (Prša & Zwitter 2005), which is
based on the Wilson–Devinney (WD) code (Wilson &
Devinney 1971) and thus independent of the K95 model. The
resulting values of eWD= 0.78 and iWD= 55° are similar to the
ones obtained with the K95 model (within 3σ), but the
argument of periastron is far from that: ωWD= 152°. Setting
these values to Equation (1) and plotting the results in Figure 1,
we got the blue line. It is clearly seen that this model is far from
being proper, but one can notice that the blue line is a
symmetric reflection of the red one about the vertical axis.
We also compared light curves generated on the basis of

Equation (1) with synthetic light curves presented in Figure 5 of
Thompson et al. (2012). The results turned out to be very similar
to the ones described above. Our light curves were symmetric
reflections of the ones presented by Thompson et al. (2012).

Figure 1. Phase-folded light curve of OGLE-BLG-HB-0081 (black dots). In
the top panel, we plot lines based on the K95 model described by Equation (1),
while in the bottom panel, we used the corrected version shown in Equation (5).
We obtained the orbital parameters of the system using two independent
methods: the K95 model (red line, index K) and the PHOEBE Legacy program,
which is based on the WD code (blue line, index WD).

3 http://phoebe-project.org/
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We are certain that the fault is connected with the sign of the ω in
Equation (1) because by inverting this sign, we get proper
models. We were not able to track down the source of this
discrepancy. Nevertheless, the version of Equation (1) with the
plus sign before ωmakes the model fit properly to the data and is
in agreement with the synthetic light curves generated with
alternative methods; thus, we decided to use the following
equation instead of Equation (1):

d j w
=

- +
+( ) · ( ( ) )

( ( ) ) ( )F

F
t S

i t

R t a
C

1 3 sin sin
. 5

2 2

3

The default unit of a star’s brightness in our catalog is
magnitude, while during the modeling, we operated with a
fractional change of the flux. We can express the change of the
magnitude using Pogson’s equation,

d
d

d

= - =-
+

=- +

⎛⎝ ⎞⎠⎛⎝ ⎞⎠ ( )

m m m
F F

F
F

F

2.5 log

2.5 log 1 , 6

0

where we used the median magnitude as a zero-point, m0. Thus,
we can calculate the fractional change of the flux using
following formula:

d
= -- - ( )( )F
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where σf is an uncertainty of the flux change with a given
uncertainty of the magnitude change, σm.

3.2. Fitting the K95 Model to the Light Curve

In the fitting procedure, we decided to use the MCMC
method, first to search for a proper model and investigate
plausible degeneracies and then to estimate the uncertainties of
the model’s parameters. We used Python’s emcee v3.0.2
package, described in detail by Foreman-Mackey et al. (2013).

The time span of the OGLE HBS light curves often exceeds
a dozen years; therefore, in the case of a high apsidal motion
rate, the shape of the light curve can change significantly (e.g.,
Hambleton et al. 2016). That may degrade the quality of the
K95 model fit. To estimate the role of apsidal motion, we
visually compared phase-folded light curves from the first and
last three observational seasons. After the eye inspection, we
detected clearly visible changes in the shape of the light curve
in only six objects: OGLE-BLG-HB-0240, OGLE-BLG-HB-
0317, OGLE-BLG-HB-0358, OGLE-LMC-HB-0072, OGLE-
LMC-HB-0146, and OGLE-SMC-HB-0001. A light curve of
the last object and a brief description of the possible causes of
the light curve’s shape changes are presented in Section 4.3.4
in Paper I. We did not detect any significant changes in the rest
of the HBSs; thus, we decided to neglect the apsidal motion in
the fitting procedure.

3.2.1. Uniqueness of the Solution Found Using the K95 Model

To assess the risk of degeneracy of the K95 model, we
created 20,000 synthetic light curves using the K95 model with
randomly selected parameters from the entire hyperspace. We
also took into account the noise of the brightness and the
uneven time sampling for the typical OGLE light curve. We

assumed the normal distribution of the noise with the standard
deviation depending on the mean magnitude, which was also
randomly selected. The time sampling included the mid-season
gaps and typical cadence of the observations for the central
regions of the Magellanic Clouds (MCs) during the OGLE-IV
project.
In the fitting process, we used the MCMC method. In the

MCMC run, we used the K95 model, according to the formulae
introduced in Section 3.1. We adopted the flat prior distribution
for e, i, and ω. We limited their final values to the physically
reasonable range but with a small margin for angular variables
to avoid sharp cuts at the final distribution: 0< e< 1,
0° < i< 92°, and −10° < ω< 190°. The range of the argument
of periastron is only a half of the full angle because the stellar
distortion due to tidal deformation is symmetric along the
elongation axis. For the remaining parameters, we used the
normal prior distribution. The range limits for P and T0 were
connected to their estimated initial values Pe, T0,e:
0.95Pe< P< 1.05Pe, T0,e− 0.5Pe< T0< T0,e+ 0.5Pe. In the
modeling process, we used 50 walkers and 20,000 steps for a
single chain. As a result, we used parameters from the model
with the maximum likelihood.
We found that systems with low inclination angles (i 20°)

are difficult to model, and the obtained orbital parameters are
usually unreliable. This behavior is caused by the sin2i term in
the K95 model (Equation (5)). In our sample, however, there is
a very low number of HBSs with such a low inclination angle
(see Figure 8); thus, to assess the level of the degeneracy of the
K95 model, we will focus on the systems with i> 20°.
For 90% of simulated light curves with i> 20° (≈16,000

systems), the MCMC fitting procedure returned the correct
values of the parameters within the 3σ region. For the
remaining 10% of the simulated light curves, we did not
recover the initial parameters of the K95 model. In one of the
most common cases (4% of the sample), the program found
two equivalent solutions for ω, one about 0° and the second
about 180°. These two solutions are mathematically indis-
tinguishable due to the 180° ambiguity, which is the result of
the periodicity of the j w+( ( ) )tsin2 term of the K95 model.
We also noticed an excess in the number of systems (about
4.5% of the sample) for which the program found i≈ 90°,
despite the true value of inclination often being far from 90°.
The rest of the parameters obtained for these systems (except
for P and C) often differ significantly from the original values.
We found that such behavior is exhibited by systems in which
the mean scatter of the light curve is comparable with the
amplitude of the heartbeat. The third most common case (1.5%
of the sample) was observed for systems with low inclination
angles (i 30°) and the argument of the periastron about 0° or
180°. If we take a smaller i of about 10° and a larger e of about
0.3 for e≈ 0.2 or about 0.1 for e≈ 0.7 (the value of the
correction is inversely proportional to the eccentricity), and if
we change ω to the right angle and lower amplitude scaling
factor by a factor 3.5, the obtained model will be similar to the
initial one.

3.2.2. Modeling of the OGLE HBS Light Curves

We conducted fitting with the MCMC method for all 991
HBSs from our sample. We used light curves cleaned from
outliers, detrended, and shifted in average flux to the latest
OGLE phase, as described in Section 22. Stars with additional
brightness variations, such as eclipses or spots, were manually
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cleaned by removing the affected part of the light curve if it
could be easily separated from the heartbeat modulation.
Nevertheless, in some cases, this procedure could affect the
heartbeat shape; therefore, the final parameters may not be
reliable. Each OGLE HBS for which we did not find a proper
K95 model or the fitted model is unreliable has been
appropriately flagged (see the description of Table A2
in Paper I).

We ran the fitting process with similar prior distributions of
parameters and their limits as described in Section 3.2.1. We
calculated initial orbital periods, Pe, using the FNPEAKS4

program (created by Z. Kołaczkowski, W. Hebisch, and G.
Kopacki), which is based on Fourier frequency spectra. The
initial time of periastron passage, T0,e, was estimated based on
the local extrema in the light curves.

In the MCMC fitting process, for each star, we applied 50
walkers with 20,000 steps in a single chain. Only about 6% of
the HBSs showed signs of degeneracies. In most cases, the
problems were ω bouncing between 0° and 180° or the program
finding a different solution for the period. For those proble-
matic stars, we used another MCMC run with a larger number
of walkers and steps and narrower prior distributions. This
approach led to proper models for most of the troublesome
light curves. We could not find the satisfactory model for only
about 2% of our HBSs.

Finally, we once more used MCMC fitting to derive the
uncertainties of the K95 model’s parameters. The priors were
randomly selected using a normal distribution centered on the
value from the previous step, with the standard deviation being
one-hundredth of this value (for T0, we used P/100, and for C,
we used C/1000). We used 100 walkers and 25,000 steps in a
single chain.

As a final value of the given parameter, we used the
maximum value of the distribution, but we also considered
using the median value. In most cases, these two approaches
give similar values, but for the non-Gaussian distribution (e.g.,
when the i value is about 90°), we found that the first one
results in better-fitted models. As uncertainties σ− and σ+, we
assigned distances between the 50th and the 16th and 84th
percentiles of the distribution, respectively. In Figure 2, we
present a typical corner plot (top panel) and the corresponding
phase-folded light curve including the model (bottom panel).
Both corner plots and light curves with the fitted model for
each OGLE HBS are available on the OGLE websites.5 In most
cases, there are no clearly visible correlations between
parameters, except for the following pairs: i – S, i – C, ω – T0,
and less often P – T0.

The final values of the K95 model parameters for each
star with their uncertainties are presented in Paper I (their
Table A3).

4. The Impact of the Irradiation/Reflection Effect

In order to quantitatively estimate the impact of the irradiation/
reflection effect on the shape of the OGLE I-band light curves of
HBSs located in the Large Magellanic Cloud (LMC), we ran a set
of dedicated simulations. We used PHOEBE 2 modeling software
(version 2.3; Prša et al. 2016a; Horvat et al. 2018; Conroy et al.

2020; Jones et al. 2020) for this purpose and performed two
groups of simulations. The first one refers to HBSs with the
primary component being an RG. The majority of our HBSs fall
into this group. In the second group, we considered HBSs with a
massive primary component located on the MS or passing
through the Hertzsprung gap. We will refer to these two groups
of simulations as S-RG and S-MS, respectively.
The S-RG simulations were done as follows. We considered

three masses of RGs being a primary component, 1, 2, and
6Me with corresponding radii of 50, 75, and 100 Re (see right
panel of Figure 10). For each mass of the primary component,
we generated 10,000 binaries with mass ratios q, e, i, and ω and
periastron distances relative to the sum of the radii of
components rperi/(R1+ R2) drawn from uniform distributions

a b[ ], on the interval [α, β]. We comment on them below.

1. ~ [ ]q 0.2,0.9 —We did not consider q> 0.9 because we
realistically assumed that the secondary companions are
MS stars. Here q≈ 1 would suggest that the secondary is
also an RG, which in turn would result in very long
orbital periods, unobserved by us. On the other hand, the
overall strength of the tides is proportional to q; therefore,
we omitted systems with q< 0.2. The typical peak-to-
peak amplitude of the heartbeat in our sample of RGs is
relatively high, ∼0.05 mag; hence, it rather excludes the
possibility of low-q companions.

2. ~ [ ]e 0.15,0.70 —We adopted a representative range of
eccentricities observed in the analyzed collection of
OGLE HBSs.

3. ~ p[ )i 0, 2 , w ~ p[ )0,2 —Any possible values of i and ω
were allowed in the simulation.

4. + ~ ( ) [ ]r R Rperi 1 2 1,4 —The strength of the tidal forces
at periastron falls off rapidly as -rperi

3 . Therefore, we set a
maximum limit of rperi/(R1+ R2) to 4 in order to simulate
only the orbits with a chance to reproduce detectable
heartbeat signals.

The values of q, i, ω, and rperi/(R1+ R2) were generated
independently from each other. The drawn values of
rperi/(R1+ R2) were subsequently transformed were subse-
quently transformed to P, using Kepler’s third law. P using
Kepler’s third law. During the simulations, only those systems
were accepted that did not overflow at the periastron; i.e., the
detached geometry was always preserved. The remaining
physical parameters of the components, namely, their effective
temperatures and the radii of the secondaries, were taken from
the MIST isochrones of the age compatible with the parameters
of the primary RG star. We assumed [Fe/H]=−0.7 for
systems with 1 and 2Me primaries, while for 6Me, we
adopted a higher value of [Fe/H]=−0.4 in order to account
for the metallicity gradient observed in the LMC. The
bolometric albedos were set to 0.6 and 1.0 for components
with convective and radiative envelopes, respectively. The
surfaces of both components were simulated within PHOEBE 2
with 4000–6000 triangular elements, depending on the drawn
orbital parameters. The radiative properties of stars with
effective temperatures above 4000 K were obtained from
ATLAS9 model atmospheres (Castelli & Kurucz 2003).
Otherwise, the PHOENIX models (Hauschildt et al. 1997;
Husser et al. 2013) were used for cooler components. Both
grids of model atmospheres are incorporated into PHOEBE 2
with the accompanying limb-darkening tables. Finally, for each
system, two IC-band light curves were calculated in the full

4 http://helas.astro.uni.wroc.pl/deliverables.php?active=fnpeaks
5 https://www.astrouw.edu.pl/ogle/ogle4/OCVS/blg/hb/ for the GB sam-
ple of HBSs (instead of “blg,” use “lmc” or “smc” for the Large or Small
Magellanic Cloud sample of HBSs, respectively).
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Figure 2. In the top panel, we present a corner plot with the results of the MCMC fitting procedure for OGLE-LMC-HB-0018. Red lines indicate the median values of
the presented histograms for each parameter. Black dashed lines denote the positions of the 16th and 84th quantiles. The T0 unit HJD’ = HJD−2,450,000. In the
middle panel, we plot the K95 model (solid red line) fitted to the phase-folded light curve of OGLE-LMC-HB-0018 (black dots). The bottom panel shows residuals
from the fit. The dashed red line denotes a zero-point.
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range of orbital phases, f: one with the irradiation/reflection
effect being switched off, Firr−off(f), and one with the
aforementioned effect treated in the formalism developed by
Wilson (1990), Firr−on(f). Since our calculations in PHOEBE 2
were performed in the absolute scale, the following condition
was satisfied for every f, Firr−on(f)> Firr−off(f). This is due to
the fact that the irradiation/reflection effect can only add flux to
the beam. Next, we were searching for the largest difference
between these two synthetic light curves, which we denote as

D( )mmax irr . We defined this quantity in the following way:

f
f

D º
fÎ

-

-

⎧⎨⎩ ⎡⎣⎢ ⎤⎦⎥⎫⎬⎭( ) ( )
( ) ( )

( ]
m

F

F
max max 2.5 log . 9irr

0,1

irr on

irr off

The upper part of Figure 3 summarizes the effects of the
S-RG simulations. The first thing that draws attention is the
clear correlation between q, rperi, and D( )mmax irr (second
column in Figure 3). The larger the q and lower the rperi, the
more pronounced the impact of the irradiation/reflection effect.
Nevertheless, for systems with the primary’s mass 2Me,
the D( )mmax 1irr mmag. This fact allows us to state that the
K95 model should return trustworthy orbital parameters for the
majority of the OGLE HBSs containing an RG. This is because
most of them are low-mass stars, as indicated by their positions
on the Hertzsprung–Russell (H-R) diagram (Figure 10). The
situation is different for massive RGs, companions of which
may have high effective temperatures and luminosities; hence,
the irradiation/reflection effect is significant. In such a
scenario, the 95th percentile of D( )mmax irr is equal to circa
10 mmag, but systems with D( )mmax irr up to 40 mmag can
occur. Depending on the amplitude of the heartbeat observed in
HBSs that contain the massive RG, one should be aware that
the irradiation/reflection effect may become comparable to the
ellipsoidal variability. Therefore, the orbital parameters
obtained for such systems via fitting the K95 model to their
light curves should be treated as estimates (see Section 4.1).

The S-MS simulations were performed analogously to the
S-RG, but here we considered different masses of the primary
components, 4, 10, and 25Me (see left panel of Figure 10). To
realistically reflect the evolutionary phase of these components
visible in Figure 10, we assumed the 4Me primary to be in the
middle of its Hertzsprung gap, while the 10 and 25Me
primaries were located halfway between the zero-age MS
(ZAMS) and terminal-age MS (TAMS). All models were
assumed to have [Fe/H]=−0.4. The rest of the parameters
and methods necessary to run S-MS simulations were identical
to the S-RG setup described above.

Similarly to the upper part of Figure 3, the lower part shows
the results of the S-MS simulations. We found that for massive
HBSs that are still on the MS or near it, the irradiation/
reflection effect in the IC band is generally nonnegligible. The
95th percentile of D( )mmax irr is equal to around 9 mmag for all
variants in these simulations. However, still numerous systems
can have an amplitude of the irradiation/reflection effect in the
range of 10–30 mmag. Considering these facts, we would like
to emphasize that orbital parameters derived by us for massive
MS HBSs may deviate from actual values and should be treated
with caution (see Section 4.1).

4.1. K95 Model Fitted to the Synthetic Light Curves

In the previous subsection, we were interested in the overall
amplitudes of the irradiation/reflection effect among the HBSs

from our sample. However, how this phenomenon will affect
the derived orbital parameters is another question. Recalling
that the K95 model neglects the aforementioned effect, one can
expect that some systematic biases in the derived parameters
might occur. Moreover, in some circumstances, the morph-
ology of the model may not be able to effectively reproduce the
actual brightness changes. To explore both this issue and the
properties of the model, we performed two types of tests, which
were done on the synthetic irradiated IC-band light curves from
the S-RG and S-MS simulations.
First, we examined if the K95 model can successfully fit the

synthetic light curves provided that the orbital parameters are
fixed on the values injected into PHOEBE 2. In other words,
the only free parameters during the fitting procedure were S and
C (see Equation (5)). In order to quantitatively describe the
global effectiveness of the best fit in the entire range of orbital
phases, we constructed the following metric:

ò

ò
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f f f

f f
º
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, 100
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where f- ( )best fit denotes the K95 model that best fits the
f- ( )irr on , which stands for (Firr−on(f)/〈Firr−on〉− 1). The

quantity η is a ratio between the integral of the residuals from
the fit and the integral of the normalized synthetic light curve;
therefore, it is independent of the amplitude of the heartbeat.
The leftmost column in Figure 4 (titled “K95 fixed”) presents
the distribution of the mean value of η, 〈η〉 in the hex-binned i–
e plane, obtained for the S-RG and S-MS sets of simulations.
For both types of simulations, regardless of the primary’s mass,
it can be seen that the K95 model with fixed orbital parameters
is able to successfully fit the simulated variability when i 15°.
For greater values of i, the results are always worse because the
contribution of irradiation/reflection to the total light curve can
no longer mimic the ellipsoidal variability. This is especially
pronounced in the S-MS simulations (lower part of Figure 4)
for high-e binaries and i 40°. Another important feature is the
significant difference in 〈η〉 between the 4 and 10/25Me S-MS
binaries. The former are generally characterized by a much
better quality of the fit. The situation is notably different for the
S-RG simulations (upper part of Figure 4). The worst matches
lie in a vertical strip with inclinations in the ∼20°–50° range,
almost independent of the eccentricity of the system. This is in
contrast to the effects of the S-MS simulations discussed above.
In an obvious way, the models with the primary’s mass of 6Me

exhibit far larger departures from the K95 model when
compared to the less massive S-RG systems. This is due to
much greater amplitudes of the irradiation/reflection effect for
this kind of HBS (see Figure 3, upper part). Nevertheless, the
values of η are statistically significantly smaller for binaries
containing an RG as a primary component than those that
harbor two MS stars.
Our next test was analogous to the previous one, except for

one major difference. This time, the orbital parameters were
treated as free parameters in a least-squares fit together with S
and C. Thanks to this approach, we were able to track down
any systematic biases in the determination of the orbital
parameters. The results of our second test are summarized in
Figure 4. Similarly to the leftmost column in Figure 4, the
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Figure 3. Results of the S-RG (upper three rows) and S-MS (lower three rows) simulations described in Section 4 for different masses and evolutionary statuses of the
primary component. Left column: orbital period–eccentricity distributions of simulated binaries. The maximum contribution of the irradiation/reflection effect in the
IC passband, D( )mmax irr , is color-coded separately for the S-RG and S-MS simulations. The dashed red lines denote systems with rperi/(R1 + R2) = 2 or 4, assuming
that q = 0.5. Middle column: distributions of simulated binaries on the q– D( )mmax irr plane. The periastron distance scaled by the sum of the radii of the components
is color-coded. Right column: histograms of simulated D( )mmax irr values. The vertical red dashed lines indicate the position of the 95th percentile.
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Figure 4. Results of the S-RG (upper part) and S-MS (lower part) simulations described in Section 4.1. Each row corresponds to a different mass and metallicity of the
primary component, as indicated by the labels placed in the leftmost part of the figure. The series of hex-binned panels on the left shows the distributions of the
average value of η, 〈η〉 (color-coded), for simulated orbits with different eccentricities and inclinations. The column of panels denoted as “K95 fixed” presents the
results for the K95 model with fixed orbital parameters during the fitting procedure. In turn, the column denoted as “K95 free” corresponds to the fits with orbital
parameters being free during the optimization. On the right, we present the absolute errors of the orbital parameters, D , obtained from the “K95 free” simulations.
The value presented in the corner of each plot is equal to the median of the D∣ ∣. See the discussion in Section 4.1 for more details. Note the different range of 〈η〉 for
S-RG and S-MS.
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column denoted as “K95 free” shows the distributions of 〈η〉
across the i–e plane. It can be easily seen that the shape of these
distributions remained nearly the same as in the previous
experiment, but now the values of 〈η〉 are significantly smaller.
This is because the K95 model is trying to fit both the
ellipsoidal and irradiation/reflection variability. The price to
pay for “forcing” this fit is some systematic errors in the
optimized orbital parameters. Let us denote this error for a
given orbital parameter,  , as D = -  PHOEBE K95, where
PHOEBE is an orbital parameter used to generate a PHOEBE 2
synthetic light curve, and K95 corresponds to the parameter
obtained from fitting the K95 model to the synthetic data. We
note thatD > 0 means that is being underestimated by the
K95 model, while D < 0 suggests the opposite. The right-
hand part of Figure 4 presents quadriads of panels showing Δe,
Δi, Δω, and ΔT0/P for each primary’s mass in the S-RG and
S-MS simulations. They are plotted against i, which is the
parameter most strongly correlated with these D . The values
presented in the corners correspond to the medians of D∣ ∣.
There are several conclusions about the behavior of the K95
model that can be drawn from distributions ofD . We discuss
them briefly below.

1. The systematic errors in determining all four orbital
parameters for the S-RG simulations are much smaller
than those for the S-MS simulations. Since the majority
of our HBSs are systems with the primary being an RG,
we infer that the K95 model returns reliable parameters
for them.

2. The most accurately estimated parameters, regardless of
the strength of the irradiation/reflection effect, are e and
T0. In the set of S-RG simulations, |Δe|< 0.03 and
|ΔT0/P|< 0.03 in almost all cases. For the S-MS
simulations, the corresponding ranges are −0.04<Δe<
0.1 and |ΔT0/P|< 0.03.

3. In general, i is estimated with the lowest accuracy among
all four orbital parameters, and its systematic error, Δi,
depends in a nontrivial way on the actual i of the system.
For i 15°, the K95 model has a tendency to over-
estimate i. In turn, Δi for the orbits with relatively high
values of i can behave in two ways. If the orbit is only
slightly eccentric (e 0.2), it is very likely that the K95
model will return i≈ 90°. This can be seen from the
diagonal line of points at the bottom of each Δi
distribution. On the contrary, if the orbit is more
eccentric, the K95 model will certainly underestimate
the actual value of i. This is because the irradiation/
reflection effect fills the “dips” in the heartbeat signal, so
the light curve seems to originate from a binary with a
fictitious smaller i.

4. As expected, Δω shows a typical dependence on i. The
argument of periastron is well constrained for orbits with
relatively high i and e but becomes poorly constrained for
small values of i. Eventually, it is undefined for i= 0°.
Let us also emphasize at this point that the K95 model
allows for determining ω with a 180° ambiguity.

Although the above analysis was performed for HBSs
located in the LMC, its results should also remain valid for
systems from the Small Magellanic Cloud (SMC) and Galactic
bulge (GB). Thanks to the S-MS and S-RG simulations that we
performed, we are able to estimate the average accuracy of the
orbital parameters obtained by us via modeling the IC-band

light curves of OGLE HBSs. Combining the results of all
simulations, the median values of |Δe|, |Δi|, |Δω|, and
|ΔT0/P| are equal to about 0.01, 3.0, 2.5, and 0.002,
respectively. However, one should be aware that some
individual situations can still be characterized by relatively
large D , especially when it comes to the determined i. In
particular, the massive MS HBSs are vulnerable to such effects
in our modeling.

5. Detection of TEOs in the OGLE HBSs

5.1. General Properties of TEOs

The majority of TEOs known so far are forced damped
gravity (g) modes that may dissipate the total orbital energy and
make the system tighter with time. Therefore, TEOs may play a
significant role in the dynamical evolution of the binary system.
In general, TEOs come in two “varieties.” The first one occurs
when the frequency of the eigenmode temporarily coincides
with the harmonic, n, of the orbital frequency, forb. In such
circumstances, which are called a “chance resonance,” the
amplitude of a TEO does not exceed the parts per thousand
level and is most often significantly smaller. The other variety
is associated with the so-called “resonantly locked modes” (see
Fuller 2017; Hambleton et al. 2018). These are forced normal
modes with frequencies evolving due to the stellar evolution at
the same rate and direction as the nearest harmonic of the
orbital frequency. Therefore, resonantly locked TEOs have
enough time to gain relatively high amplitudes and hence
effectively dissipate the total orbital energy. High-amplitude
TEOs are expected to be quadrupole (l= 2) modes with a
mainly azimuthal order m= 0 or 2. Although the history of
theoretical studies of the dynamical tides dates back to the
1970s (Zahn 1970), the actual effectiveness of energy
dissipation due to TEOs and their impact on the binary’s
evolution are still a matter of large uncertainties. Studies of
large-amplitude TEOs offer a unique opportunity to make
progress in this subject.
The main observational difference between self-excited

pulsations and TEOs is that the latter have frequencies exactly
equal to the integer multiples6 of forb; therefore, they phase well
with the orbital period, P (see the top left panel in Figure 5).
Nevertheless, because of the resonant nonlinear mode
coupling (NLMC; described extensively by, for instance,
Dziembowski 1982; Dziembowski & Królikowska 1985;
Dziembowski et al. 1988), it is also possible to observe
nonharmonic TEOs that are “daughter” modes of the resonant
(harmonic) TEO, which is the “mother” mode (e.g., Guo 2020).
The simplest manifestation of this mechanism is the decay of
the resonant TEO into two modes, the sum of the frequencies
of which equal n · forb. However, one can also expect the
quintuplets, septuplets, etc. of frequencies formed via higher-
order NLMC and/or nonharmonic TEOs being e.g., a "grand-
daughter" modes (i.e. the "daughter" modes of some prior
"daughter" mode).
There are several other features that make TEOs unique

when compared to the self-excited oscillations. Therefore, the
whole branch of research on this subject is called “tidal
asteroseismology.” One of the most extensively studied HBSs
in terms of tidal asteroseismology is the aforementioned KOI-

6 Assuming the linear theory of tides. In turn, nonlinear tidal effects can lead
to a minor offset between the observed frequency of a TEO and its
corresponding harmonic of the orbital frequency.
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54, for which this type of analysis was performed by Burkart
et al. (2012). There are also other papers dedicated solely to this
topic, e.g., Guo et al. (2020).

While the TEOs observed in the MS stars are mostly g
modes, the situation is diametrically different for the RGs,
which make up the vast majority of our sample of HBSs. Both
the Brunt–Väisälä and Lamb frequencies are very large inside
the dense core of an RG; therefore, a nonradial oscillation
mode has a dual nature in its interior. It propagates as an
acoustic mode in the convective envelope of an RG but as a g
mode in its radiative core. This is the reason why these kinds of
modes are called mixed modes (Aerts et al. 2010). They were
detected in many RGs, mainly thanks to the ultraprecise
photometry delivered by the Kepler mission (see, e.g., Beck
et al. 2011; Hekker & Christensen-Dalsgaard 2017, and
references therein). The mixed modes are generally problematic
when it comes to their analysis and modeling, for several
reasons. Their wavelengths are extremely short in the core of
an RG; hence, the corresponding eigenfunctions are character-
ized by a large number of nodes in the radial direction
(typically of the order of 103). Next, they are expected to
undergo severe radiative damping when traveling through the
dense core (Dziembowski 1971) and be subject to significant
nonlinear effects in the upper part of the red giant branch
(RGB; Weinberg & Arras 2019). Dupret et al. (2009)
performed the theoretical investigation of amplitudes and
lifetimes of the self-excited radial and nonradial (l= 1, 2)
oscillations in the RGs (their “model C” is the closest to the RG
HBSs analyzed in our work). The authors found that the
aforementioned properties of mixed modes are a sensitive
function of the density contrast between the core and the

envelope (i.e., the position in the RGB). The amplitudes and
lifetimes of nonradial modes also depend on which part of an
RG the mode is trapped in. As expected, the modes trapped in
the core should have small amplitudes on the surface, in
contrast to the modes trapped in the extended envelope.
Considering these facts, one does not expect to observe many
nonradial modes in the RG stars, especially located high in the
RGB, provided that they are stochastically driven by the
turbulent convection. An interesting question arises, however:
how will this picture change for the mixed modes that are
excited by periodic and coherent variation in tidal forces (see,
e.g., Fuller et al. 2013)? More importantly, what is the impact
of tidally excited mixed modes on the dynamical evolution of
the HBSs with an evolved component(s)? In order to help
answer the questions raised above, we provide the community
with the compilation of high-amplitude TEOs detected in the
OGLE HBSs (see Appendix A, Tables A1 and A2).

5.2. Methodology of Search

We search for TEOs in our sample of HBSs by means of the
Fourier analysis. We performed a standard iterative prewhiten-
ing procedure on the residual light curves obtained after the
subtraction of the best-fitting K95 model. The vast majority of
the residual light curves reveal the presence of long-term
variability that, regardless of whether it is physical or not,
significantly enhances the signal in the frequency spectra at low
frequencies. In order to get rid of these long-term brightness
changes, prior to the prewhitening, it was modeled with Akima
cubic splines (Akima 1970) and subtracted from each residual
light curve. After calculating the error-weighted Fourier

Figure 5. Sample of TEOs detected in the OGLE HBSs. Top left: phase-folded light curve of OGLE-BLG-HB-0451. Zero phase corresponds to the periastron
passage. Both the heartbeat (around the periastron) and the high-amplitude TEOs (across the entire range of orbital phases) are clearly visible. Bottom left: Fourier
frequency spectrum of the light curve of OGLE-BLG-HB-0451 (shown in the top left panel) after subtraction of the best-fitting K95 model. The vertical dashed lines
mark the position of the consecutive harmonics of the orbital frequency. Multiple TEOs at n = 26, 30, and 45 are highlighted with vertical blue lines. Side peaks
around the TEOs at n = 26 and 30 are due to aliasing. Right: Fourier frequency spectra calculated analogously to the frequency spectrum presented in the bottom left
panel but for the OGLE-BLG-HB-0237, OGLE-LMC-HB-0151, and OGLE-LMC-HB-0416 systems.
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frequency spectra, only peaks with a signal-to-noise ratio (S/N)
�4 were considered statistically significant. The mean noise
level, N, was derived as the mean signal in the frequency
spectrum in the frequency range 0–10 day−1. The final
parameters characterizing the coherent variability were
obtained by means of the error-weighted nonlinear least-
squares fitting of the truncated Fourier series to the corrected
residual light curves. The formal errors of the extracted
frequencies and their amplitudes were estimated using the
covariance matrix.

The frequency f was considered a TEO if it was sufficiently
close to the nearest harmonic of the orbital frequency, i.e., if the
following condition was satisfied:  s-∣ ∣f f n 3 f forb orb

. We
estimated the error of f/forb, sf forb

using a standard error-
propagation formula, s s s= +( )P ff f f P

2 2 2 2 1 2
orb

, where σf and
σP stand for the error of f and P, respectively. Recalling that
TEOs can also have a nonharmonic nature (provided that they
formed via NLMC), we examined if any sum of two
nonresonant frequencies, f1 and f2, fulfills the inequality

 s+ - +∣( ) ∣ ( )f f f n 3 f f f1 2 orb 1 2 orb
, where s +( )f f f1 2 orb

was calcu-
lated analogously to sf forb

. We did not look for the presence of
nonharmonic TEOs resulting from higher-order NLMC due to
the insufficient precision of the fitted frequencies.

5.3. Results of Search

The results of our search are presented in Tables A1 and A2.
In total, we were able to find 52 systems (five on the MS and 47
containing a post-MS star) out of 991 (∼5%) that exhibit at
least a single TEO, while the total number of detected TEOs
amounts to 78.

Figure 5 shows the compilation of frequency spectra of four
sample OGLE HBSs with detected TEOs. The left-hand side of
Figure 5 refers to one of the most prominent TEOs detected by
us in OGLE-BLG-HB-0451. The out-of-periastron variability
of this object reveals the clear beating pattern between the
dominant n= 26 and 30 TEOs. We also found evidence that 12
nonresonant frequencies present in four systems, namely,
OGLE-BLG-HB-0066, OGLE-BLG-HB-0157, OGLE-BLG-
HB-0208, and OGLE-BLG-HB-0362, are possible nonharmo-
nic TEOs formed via the NLMC. We did not detect their
corresponding “mother” modes; however, this can be explained
with their amplitudes below the detection limit (typically
between 0.2 and 3.0 mmag in the analyzed OGLE light curves).

Additionally, we have marked the systems in Tables A1 and
A2 that, in parallel to the TEOs, also show a pronounced
intrinsic periodic variability.7 This may help in future research
about the interaction between tides and intrinsic pulsations. Do
tidal interactions suppress self-excited pulsations, or do they
not have a major impact on them (e.g., Springer & Shaviv 2013;
Fuller et al. 2020)? The cases in which we did not detect any
significant periodic variability are also interesting because of
the question raised above.

The presented sample of TEOs is the largest homogeneous
sample of this kind known so far, which allows us to
statistically investigate the dependence between parameters
like n, e, and the amplitude of a TEO. From a theoretical point
of view, the amplitude of a TEO depends on several factors that
were described in detail by Fuller (2017; his Equation (2) and
related equations). Nevertheless, one can estimate the range of

n, which favors excitation of a TEO, considering only the
product of the so-called overlap integral, Qkl, and the Hansen
coefficient, Xnm. The former describes the spatial coupling
between the tidal potential and a given oscillation mode of
radial order k and degree l. Thus, it generally has the greatest
values for small |k| and l. Under the assumption of spin–orbit
alignment in the system, Xnm=WlmFnm. Supplementary to Qkl,
Fnm describes the temporal coupling between the mode and
characteristic time of periastron passage. It is given by the
following expression (Fuller 2017, his Equation (5)):

òp
j

=
- -
-

p [ ( ) ( )]
( ) ( )F

n E e E m t

e E
E

1 cos sin

1 cos
d . 11nm l0

Here Wlm is a constant depending only on the geometry of a
given mode. Keeping the assumption about spin–orbit align-
ment, W20=−(π/5)1/2, while W22= (3π/10)1/2. Figure 6
(middle and bottom panels) shows the evolution of (∣ ∣)Xlog nm

with increasing eccentricity for quadrupole modes with m= 0
and 2. The maximum of |Xn0| is always located at n= 1,
regardless of the eccentricity, but the values of |Xn0| become
greater in the entire range of n for greater eccentricities. The
m= 2 modes are characterized by |Xn2|, which peaks at n> 1.
Moreover, the position of the maximum moves to higher n with
the increasing eccentricity. In principle, |Qkl| and |Xnm| peak at
different values of n; therefore, only their product and its
maximum inform about the most favorable n for the occurrence
of TEOs. Since Qkl does not depend on e, while Xnm does, the
maximum of |QklXnm| shifts toward greater n for increasing
eccentricity (see Burkart et al. 2012, their Figures 2 and 3).
Hence, we can expect that in binaries with greater eccentricity,
we will observe, on average, TEOs with higher values of n.
The empirical relation between the n of a TEO and the

eccentricity can be seen in the top panel of Figure 6. First of all,
theoretical predictions about the positive correlation between n
and e, which we described above, are reflected in the obtained
empirical distribution of TEOs. It seems plausible to claim that
the observed distribution of n and e resembles the shape of
|Xnm| distributions presented in the middle and bottom panels
of Figure 6. The direct comparison between the theoretical
distributions of |QklXnm| and the observed properties of TEOs
would require the calculation of the overlap integrals, which is
beyond the scope of this paper. Next, we did not find any clear
relation between the amplitude of a TEO, e, and n, but yet we
note that TEOs are not restricted to strongly eccentric binaries.
In our sample, we can still observe high-amplitude TEOs even
in the systems with e≈ 0.1. Some of these TEOs are related to
the surprisingly large harmonics of the orbital frequency,
despite the low value of e. Finally, we did not find any obvious
dependence between the location of the HBSs on the H-R
diagram and the presence of TEOs (see Figures 9 and 10).
The presented collection of evolved OGLE HBSs that

exhibit TEOs is a step forward in the application of tidal
asteroseismology to the RG stars and studies of the mixed-
mode TEOs.

6. Discussion

6.1. Comparison of Obtained e, i, and ω Parameters with
Previous Works

To verify if the resulting parameters are consistent with true
physical values, we have compared the solutions for the sample

7 Let us emphasize that we did not examine the coherence of these periodic
signals and their stability over time.
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of our HBSs to the ones obtained using different methods,
unrelated to the K95 model. For the comparison, we used the
results of the work by Nie et al. (2017). The authors studied 81
ellipsoidal RG binaries cataloged in the OCVS. In the modeling
process, based on the 2010 version of the WD code, they used
both light (mainly from OGLE-II and OGLE-III) and radial
velocity curves using data collected during their previous
works (Nicholls et al. 2010; Nicholls & Wood 2012; Nie &
Wood 2014). For the details of the modeling process using the
WD code, we refer the reader to Section 3 of Nie et al. (2017).
The total sample of 81 ellipsoidal variables consists of 59
systems with circular orbits and 22 with eccentric ones. Among
the latter group, 19 stars were present in our catalog. The three

remaining systems have a low eccentricity (0.069, 0.061, and
0.054), and we have considered them as classical ellipsoidal
variables.
The results of the comparison of the orbital parameters P, e,

i, and ω are presented in Figure 7. The horizontal and vertical
axes represent values obtained during our analysis and the one
presented by Nie et al. (2017), respectively. In the diagram
containing inclination, we did not include stars with a 90° flag
from Nie et al. (2017) because it was assigned to the model
when the WD code did not converge. Values of ω from Nie
et al. (2017) were reduced to the range 0°–180° that is
consistent with the range of ω used in our analysis. Periods in
both works are nearly identical. One can also see a strong
correlation for the e and ω values. Almost all pairs of points are
consistent within the 3σ region. This is also true for the i
parameter, but contrary to e and ω, it does not show a clearly
visible linear trend. This could be caused by the clumping of
the i parameter in the 50°–80° range. Moreover, both sets of
data usually have unreliable results for i 70°; values obtained
by Nie et al. (2017) often have large uncertainties for such high
inclination angles, and the K95 model used in our analysis
returns over- or underestimated values of i, depending on the
orbit’s eccentricity (see Section 4.1). The results shown in
Figure 7 confirmed that the K95 model is capable of finding
reliable orbital parameters for HBSs containing an RG. In
Section 4, we also discussed the reliability of the K95 model in
the dependence on the irradiation/reflection effect.

6.2. Distribution of the K95 Model Parameters

In Figure 8, we present histograms of e, i, and ω. Each chart
shows a distribution of a given orbital parameter, separately for
stars located toward the GB and MCs (colored lines) and
combined (black lines). An HBS must have an eccentric orbit
by definition, and the higher the value of e, the easier it is to
distinguish an HBS from a classical ellipsoidal variable; thus,

Figure 6. Top: empirical relation between the harmonic number of TEOs
detected in the OGLE HBSs (Tables A1 and A2) and their estimated
eccentricities. Directly detected TEOs are denoted with filled circles. The
higher the amplitude of a TEO, the bigger the circle. Open circles correspond to
the TEOs deduced from the presence of “daughter” nonharmonic TEOs. For
more details, see Section 5.3. Middle: contour plot of (∣ ∣)Xlog nm vs. n and e for
l = 2, m = 2 modes. Bottom: same as middle panel but for m = 0 modes.

Figure 7. Comparison of the orbital parameters (P, e, i, ω) obtained based on
the WD code (Nie et al. 2017; vertical axis) and using the K95 model (this
work; horizontal axis) for the overlapping sample of HBSs. The dashed gray
line represents the y = x line. We do not show error bars for P because their
sizes are comparable to the plotted dots.
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the low number of HBSs with e 0.1 is well understood. The
lack of stars with high eccentricity is the result of a natural
tendency of binaries to circularize their orbit (e.g., Zahn 1975;
Hut 1980). In the histogram of ω, we have not noticed any
specific features. The distribution of this parameter is nearly
uniform.

Distribution of the observed inclination angles of the HBSs
may be influenced by many factors. We discuss some of them
below.

1. The orbit of a binary system can be oriented in any
direction; however, the distribution of the observed
inclination angles would not be uniform and would favor
higher values of inclination. This is because the
probability of observing a system with an inclination
angle between i and i+ di is proportional to the area of
the spherical sector between these angles. The area of the
surface element on the unit sphere is proportional to the
sine of the inclination angle; therefore, the area of the
annular spherical sector bounded by angles i and i+ di
will be greater near the orbital plane than near the pole.
The resulting inclination angle distribution turns out to be
uniform in icos .

2. Kumar et al. (1995) mentioned that the amplitude of the
light curve depends mainly on the mass and structure of
the star, although if we view a system from different
angles, the contribution to the observed light curve from
various modes changes. For small i, the main contribution
to the light curve comes from the m= 0 mode, while for

higher i modes, m=±2 starts to dominate. The change of
the contribution between modes mainly impacts the shape
of the light curve, but it also affects the brightness. Thus,
if the observer sees only low-amplitude m= 0 modes, the
brightness changes could be too small for proper
classification of the star.

3. Another factor that may skew the i and ω distribution is
the misclassification of stars based on the shape of the
light curve. The HBSs, especially with low inclinations,
may mimic other types of variability, such as spotted stars
(mainly Ap-type variables; e.g., Iwanek et al. 2019) or
some kind of Be stars. On the other hand, for high i and
for ω near 90°, the light curve has a striking resemblance
to the eclipsing binary (in the case of high eccentricity) or
the classical ellipsoidal variable (for lower e).

4. In the histogram of i, most prominent is the peak for
i≈ 90°. First of all, it is observational bias, caused by the
fact that the majority of OGLE HBSs were found in the
catalogs of eclipsing and ellipsoidal variables, which
exhibit clear minima. Second, as we discussed in
Section 4.1, for low eccentric orbits due to the
irradiation/reflection effect, the K95 model tends to
overestimate the value of i and usually returns i≈ 90°,
while for more eccentric orbits, values of i are under-
estimated. This inaccuracy of the K95 model also
explains a dip in the i distribution between 70° and 90°.

6.3. Color–Magnitude Diagrams

The majority of the previously known HBSs have been
found in the Kepler mission database; therefore, those systems
are mainly F-, G-, and K-class objects located on the MS. There
is also a group of systems containing hotter and usually more
evolved stars of classes O, B, and A (e.g., Kołaczek-Szymański
et al. 2021, and references therein). About 10% of the OGLE
HBS sample represents that group of stars.
On the other hand, about 90% of our HBSs belong to the

RGB or asymptotic giant branch (AGB) and, less frequently, to
the horizontal branch. A large group of RG ellipsoidal variables
was described by Soszyński et al. (2004). The majority of those
systems have a circular orbit, but the authors also accentuated a
group of systems with high eccentric orbits. Until our work,
presented in Paper I, they were the largest collection of RG
HBSs (officially cataloged as ellipsoidal variables).

6.3.1. Color–Magnitude Diagram for the GB

The sample of our HBSs located toward the GB is dominated
by stars lying on the RGB and AGB, which are noticeable in
the color–magnitude diagram (CMD) in the left panel of
Figure 9. The background for the CMD has been created based
on the calibrated photometric maps for several OGLE-IV fields
located around the Galactic center. The I-band extinction
values AI and color excess of stars E(V− I) were determined
using extinction maps presented by Nataf et al. (2013).
Extinction toward the GB is very heterogeneous what causes
a widening of the color and magnitude distributions in the
CMD, which is clearly visible on the red clump (RC; a wide
group of points around [(V− I)0, I0]= [1.05, 14.3]). If there
was no extinction, most of the HBSs from our collection would
be saturated because the brightness limit for the Warsaw
telescope is about 13 mag in the I band. There are only two
systems on the MS. Such a small number of HBSs in this

Figure 8. Histograms of orbital parameters for the sample of our HBSs located
toward the GB (red boxes) and in the MCs (blue boxes). With the solid black
line, we denote the histogram of the combined samples of HBSs from all
locations. In panel (a), we present the histogram of the eccentricity, e; in panel
(b), we present the histogram of inclination, i; and in panel (c), we present the
histogram of the argument of the periastron, ω.
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region was very unexpected because most of the HBSs known
before were in this place in the CMD. The absence of such
HBSs in our catalog is probably the result of the data selection.

6.3.2. Color–Magnitude Diagram for the MCs

In the middle and right panels of Figure 9, we present the
positions of the HBS samples in the CMDs from the LMC and
SMC, respectively. Both CMDs have been created similarly to
the CMD for the GB. We took calibrated photometric maps for
several OGLE-IV fields and combined them, creating the
background for the HBS sample. The E(V− I) color excess was
calculated using the reddening map of the MCs (Skowron et al.
2021).

Contrary to the distribution of HBSs in the CMD for the GB,
here we can easily distinguish at least two large groups of
HBSs. The first one consists of hot MS and Hertzsprung-gap
stars of spectral type from late O to F, which is consistent with
HBSs from the Kepler sample. The second noticeable group
(especially for the LMC) is located on the RGB and AGB,
which is in agreement with the results for the GB. There are
also less numerous groups, e.g., one HBS near RC for each
location and a few stars on the horizontal branch.

6.4. Evolutionary Status of the OGLE HBSs

For a better picture of the evolutionary status of the OGLE
HBSs, we describe them in the following two subsections. The
first one refers to the stars located on or near the MS, and in the
second one, we discuss systems containing an RG star. Here we
analyze stars located in the LMC only. The SMC sample is too
small for such an analysis. In the GB, extinction is highly
nonuniformly distributed, which hampers a precise determina-
tion of the color and, in turn, results in very high uncertainties
in the effective temperature of stars. Moreover, for the LMC,
we can assume that all stars are located at the same distance
(the distances between stars are insignificant compared to the
distance to the LMC), which allows us to determine an absolute

magnitude for each star. In the GB, we do not know the
distance for the majority of stars; thus, we are not able to
calculate precise absolute magnitudes.

6.4.1. HBSs with an MS or Hertzsprung-gap Primary

The HBSs containing a hot star (Teff 8000 K) are located
mainly on or near the MS (perhaps the Hertzsprung gap). The
HBSs with cooler MS stars usually show very small brightness
changes (less than a few thousandths of magnitude; e.g., Kirk
et al. 2016), which makes them very difficult to identify in the
OGLE data. In panel (a) of Figure 10, we present the H-R
diagram for the bluest part of our HBSs located in the LMC. To
calculate the effective temperatures of stars, we used UBV
photometry obtained by Massey (2002) and Zaritsky et al.
(2004). We followed the prescription described in Massey et al.
(1989),
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where Q= (U− B)− 0.72(B− V ) is the reddening-free index,
and - = - - -( ) ( ) ( )B V B V E B V0 is the dereddened
color. The color excess E(B− V ) is calculated from E(V− I)
using E(B− V )= E(V− I)/1.318.
For two stars, the UBV photometry was unavailable. In order

to estimate photometric temperatures for these stars, we used
the Teff–(V− I)0 grid collected in the work of Bessell et al.
(1998) for early-type stars (their Table 1) and the surface
gravity =glog 4.5.
To calculate luminosity, we used a simple Pogson’s

equation,

= - -( ) ( ) L L M Mlog 0.4 , 13bol bol,

Figure 9. The CMDs for the stars (gray points) located toward the GB (left panel), LMC (middle panel), and SMC (right panel) and for the HBSs from the catalog
(colored stars and diamonds). The horizontal axis shows the dereddened color index, and the vertical axis is the mean magnitude with subtracted extinction. Stars
(flag = 1) represent HBSs with the well-fitted K95 model, while diamonds (flag = 0) denote stars without a proper model (mainly systems showing deep eclipses).
With red circles, we mark HBSs with detected TEOs.
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where Mbol=MI+ BCI and Mbol,e= 4.74 mag (Prša et al.
2016b) are the bolometric absolute magnitudes of a star and the
Sun, respectively. Assuming the distance to the LMC as
dLMC= 49.59 kpc (Pietrzyński et al. 2019) and calculating the
bolometric correction, BCI, for the I filter, we find Mbol as

= - + + ( )M I d BC5 log 5 . 14Ibol 0 LMC

Here I0 is the mean I-band magnitude with subtracted
extinction. We computed BCI values based on bolometric
correction tables available on the MIST project website.8 We
assumed a metallicity [Fe/H]=−0.5 and =glog 4.5.

In Figure 10, with colored solid lines, we mark the MIST
v1.2 evolutionary tracks by Choi et al. (2016) and Dotter
(2016), computed with the Modules for Experiments in Stellar
Astrophysics (MESA) code (e.g., Paxton et al. 2011, 2013). For
all tracks, we set an initial rotation of v/vcrit= 0.4 and
metallicity [Fe/H]= −0.4 (e.g., Harris & Zaritsky 2009). By
comparing the position of HBSs in the H-R diagram with the
evolutionary tracks of stars, we can see that HBSs have a wide
range of possible ZAMS masses, from about 3Me to as high as
40 Me.

There is also a noticeable trend: the cooler and less luminous
the star, the farther it lies from the MS. The MS is shown as the

shaded gray area in panel (a) of Figure 10. The lower and upper
edges of this region represent the lines of the ZAMS and
TAMS, respectively. The second notable observation is that the
HBSs form a group along the line that is parallel to the line of
constant radius. Moreover, we can see that the majority of
HBSs lie in the channel between 5 and 20 Re.
There are at least two possible explanations for the observed

departure of less luminous OGLE HBSs from the MS. The first
one is an observational bias caused by the dependence between
the stellar radius and the amplitude of the heartbeat. In theory,
the larger the stellar radius, the larger the tidal deformation of
the stellar surface, and thus the larger the amplitude of
brightness changes. Stars with MZAMS< 10 Me begin their
evolution on the MS with a radius not exceeding 4-5 Re; thus,
the heartbeat amplitudes may be too low for detection in
ground-based surveys like OGLE.
The second explanation is the increasing light contamination

from the companion for less luminous primaries, which may
cause a shift in the location on the H-R diagram. If we assume a
system where the primary and companion stars have similar
effective temperatures, the location of this system on the H-R
diagram will be shifted upward relative to the position occupied
by the primary itself. The dotted red line in panel (a) of
Figure 10 represents the position of systems consisting of two
TAMS stars with equal effective temperatures. On the other

Figure 10. The H-R diagram for the LMC subsample of the OGLE HBSs (panel (a)) and close-up view of the part of the H-R diagram containing the RG HBSs (panel
(b)). Large filled and open black circles represent HBSs with or without detected TEOs, respectively. The small gray dots in the left panel are RG HBSs. The shaded
gray area indicates the position of the MS. The dotted red line represents the shifted TAMS line. Colored solid lines denote evolutionary tracks generated with MIST
v1.2. In the left panel, we show evolution tracks only to the He core-burning phase, while in the right panel, for the masses below or equal to 1 Me, we show an
evolution track only to the RGB tip (solid lines). For higher masses, we also plot the evolution after this phase (dashed lines). In both panels, with dashed black lines,
we show lines of constant radius. See more details in the text.

8 http://waps.cfa.harvard.edu/MIST/index.html
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hand, if the companion has a lower effective temperature, the
position of the entire system on the H-R diagram will be shifted
to the right relative to the position of the primary. In Figure 10,
the markers show the location of the primaries with the
assumption that the light contamination from the companion is
negligible, which may not be correct. This is probably the case
for about half of the hot HBSs because they are also eclipsing
binaries with clearly visible primary and secondary eclipses. To
determine the amount of contamination from the companion,
further analysis is necessary, especially with the use of
spectroscopic observations, which would allow for a more
accurate estimation of the effective temperature of the main
component. However, such an analysis is beyond the scope of
this work.

6.4.2. HBSs with an RG Primary

The most numerous group of OGLE HBSs is located in the
RG part of the H-R diagram. Those systems generally consist
of a low-mass (MZAMS 2 Me) or intermediate-mass (2
MeMZAMS 8 Me) primary, which is evolving through the
RG region, and a less massive companion, which most likely
belongs to the MS.

Unlike the H-R diagram for the hot stars described in the
previous subsection, here we decided to obtain photometric
temperatures based on the (V− I)0 color derived directly from
the OGLE data. We used an empirical relation from Houdashelt
et al. (2000) for giant stars,

= - - + -· ( ) · ( )
( )

T V I V I8556.22 5235.57 1471.09 ,
15

eff 0 0
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which is reliable for a range 0.70< (V− I)0< 1.68. Luminos-
ities were calculated using Equations (13) and (14). We utilized
the bolometric correction from the YBC database,9 described
by Chen et al. (2019).

In panel (b) of Figure 10, we present the H-R diagram for the
RG part of the HBSs located in the LMC. Similarly to the blue
part of the HBSs, here we also generated MIST evolutionary
tracks. Solid lines represent stellar evolution until the RGB tip
phase, and dashed lines show the subsequent stages (shown
only for masses MZAMS> 1 Me) until the AGB tip. We used a
metallicity gradient depending on the initial mass (e.g., Harris
& Zaritsky 2009):
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For each track, we set the initial rotation v/vcrit= 0.0.
The obtained H-R diagram is fully consistent with the one

presented in Figure 4 of Nie et al. (2017), even though we used
a slightly different approach to construct it. Nie et al. (2017)
used an evolutionary track from Bertelli et al. (2008), the

L Llog and Teff parameters were obtained based on I- and K-
band photometry using the prescription from Nie et al. (2012),
and, last but not least, their H-R diagram refers mainly to the
classical ellipsoidal variables (only 22 systems have an
eccentric orbit), while our sample includes only HBSs. In both
works, the largest number of stars occupy the region for initial
masses of less than 1.85–2Me, which indicates that these
systems contain the RG star that is evolving through the RGB

(with a degenerate He core) or, in the case of stars more
massive than the Sun, on the AGB (with a degenerate C/
O core).
There is also a second group of HBSs, which is represented

by stars with a larger initial mass. These stars can be in any
medium stage of their life, from evolving on the RGB with a
nondegenerate He core, through the He core-burning phase, to
the evolution on the AGB. For stars with Teff 4250 K
( Tlog 3.63eff ), more favored is an option with AGB
evolution because the tip of the RGB and the He core-burning
phase for stars with MZAMS 6 Me do not exceed such
temperatures.

6.5. Period–Amplitude Diagrams

The orbital period and I-band amplitude distribution for the
OGLE HBSs are presented in Figure 11. Our sample, contrary
to HBSs from the Kepler data, mainly consists of systems with
a long orbital period (mostly a few hundred days) and high-
amplitude brightness variations as for the HBS (a few
hundredths of a magnitude and larger). The color scale reflects
the effective temperatures of the stars based on the dereddened
(V− I)0 color index. Black ((V− I)0> 3.0) is an indication of
stars located in the regions not included in the extinction maps.
The period and amplitude ranges for the cooler group of

HBSs (yellow and red, types from G to M) are similar for all
locations, which indicates the common nature of those systems.
Hot stars (blue and cyan, types from late O to F), which
correspond to HBSs located on the MS or in its vicinity, have a
similar mean value of the amplitude but slightly bigger scatter

Figure 11. Period–amplitude diagram and histogram of the amplitudes for the
OGLE HBSs located in the GB (circles) and MCs (triangles). Filled and open
markers represent objects with flag = 1 and 0, respectively. Flags have the
same meaning as in Figure 9. The color of the markers represents the
dereddened color value that corresponds to the effective temperature of the
stellar surface.

9 http://stev.oapd.inaf.it/YBC/
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than the cooler group of HBSs. However, the orbital period
distribution for hotter stars is extremely different. Those
systems have much shorter periods, from a few days to several
tens of days. It is the result of the different sizes of the
primaries. In Figure 10, we can see that the HBSs located on
the blue part of the H-R diagram reach sizes from 5 to 25 Re,
while the HBSs from the red part of the H-R diagram have radii
from 25 to even 200 Re. Since stars in the system cannot come
too close to each other, the smaller the stars, the smaller
the minimum distance needed, and thus the shorter the
orbital periods. In Figure 11, we can also see a trend in the

period–color relations: the higher the value of the color, the
longer the orbital period in the system.

6.6. PL Relations for RG HBSs

The RG variable stars, such as Miras, OGLE small-
amplitude red giants (OSARGs), semiregular variables (SRVs),
long secondary periods (LSPs), or long-period eclipsing and
ellipsoidal stars exhibit classical PL relations. Within each of
those classes, in the PL diagram, the stars assemble into linear
sequences, marked with letters from A to E (e.g., Wood et al.
1999; Soszyński et al. 2004). The sequences differ in slope and

Figure 12. The PL diagrams for long-period variables (yellow, brown, pink, and red points), ellipsoidal and eclipsing binaries (green points), and HBSs (stars), located
toward the LMC (panels (a) and (b)) and GB (panels (c) and (d)). On the left-hand side, the brightnesses are shown in the WI Wesenheit index, and on the other side,
they are shown in WJK. The color scale of the HBSs indicates orbital eccentricity.
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spread, and they are also shifted relative to each other. These
parameters also depend on the set of filters that were used (e.g.,
scatter is much smaller for near-IR filters than for optical ones).
In the case of HBSs, the most crucial is sequence E, which is
formed by eclipsing and ellipsoidal variables.

In Figure 12, we present PL diagrams for RG variables from
the OCVS (references are listed in Table 1), including HBSs
from our collection. We plotted PL diagrams separately for the
LMC and GB using two types of the extinction-free Wesenheit
indices WI and WJK, defined as

= - -· ( ) ( )W I R V I , 17I I V,

= - -· ( ) ( )W K R J K , 18JK K Js , ss

where RI,V= AI/E(V− I) and = -( )R A E J KK J K, ss s are the
total-to-selective extinction. We adopted RI,V= 1.14,

=R 0.67K J,s for the GB sample (e.g., Dutra et al. 2002;
Pietrukowicz et al. 2015) and RI,V= 1.55, =R 0.686K J,s for the
LMC sample (e.g., Soszyński et al. 2009; Storm et al. 2011).
We do not show PL diagrams for objects located in the SMC
because of the low number of RG HBSs. All I- and V-band data
come from the OGLE survey. In the case of MCs, values for
the J and Ks bands have been taken mainly from IRSF and
additionally from 2MASS, and in the case of the GB, we have
taken into account only data from the latter survey.

In all PL diagrams, we notice a linear trend formed by HBSs:
the longer the orbital period, the more luminous the system.
The second notable aspect is that HBSs seem to stick to the
long-period ( Plog 2) group of eclipsing and ellipsoidal
variables but also to the LSP stars (sequences E and D). This
feature was also noticed by Soszyński et al. (2004) and
highlighted by Nie et al. (2017). However, those analyses
involved only a small group of HBSs located in the LMC. Here
we show that those remarks are genuine for a larger sample of
HBSs in the LMC, as well as for HBSs located toward the GB.

Recently, Soszyński et al. (2021) showed that LSP variables
(sequence D) are systems that contain an RG and a stellar or
substellar companion. In combination with eclipsing and
ellipsoidal stars (sequence E), they form a group with a wide
range of periods (from a few days to about 3 yr) for which the

brightness changes are driven mainly by the interactions
between the components of the binary system. Since the RG
part of the HBSs forms a group in a similar region of the PL
diagram (sequences D and E), it is likely that they are binary
systems as well. Moreover, the PL diagrams show that those
HBSs are a natural extension of sequence E for longer periods.
In Figure 12, the color scale of HBSs reflects the eccentricity

of the system, and it is clearly seen that at a given brightness,
the longer the period, the larger the eccentricity. In the classical
ellipsoidal variables, the separation between stars in the system
cannot be too small, because it may entail mass transfer via
Roche-lobe overflow, and it cannot be too large, because the
amplitude of the brightness variations would be too slight to
detect. Now, if we compare two systems with identical
luminosities and periods, which indicates a similar size of the
semimajor axis, but one system has a circular orbit and the
other has an eccentric orbit, we can expect that the second
system will be easier to detect because the minimal distance
between components will be a(1− e)< a, where a is the
semimajor axis; thus, the amplitude of the variations will be
higher than for the first one.

7. Summary and Conclusions

We have presented an analysis of the HBS sample from the
OCVS, described in Paper I, based on their photometric
properties. The sample consists of 512 and 479 HBSs located
toward the GB and MCs, respectively. An I-band light-curve
variation has been modeled using a simple analytic model of
the tidal deformation in the binary during periastron passage
described in Kumar et al. (1995). The K95 model parameters
for all HBSs were estimated using the emcee Python package,
which provides the fitting with the MCMC method. We have
presented the distribution of the orbital parameters eccentricity,
e; inclination angle, i; and argument of the periastron, ω. The ω
can be described by a flat distribution, as expected, while i can
be described by the normal distribution around 65° and a
separate peak near 90°. The majority of our HBSs have orbits
with low or moderate eccentricity (0.1 e 0.35), but we also
observe orbits with very high eccentricity, where e 0.5.
We have shown CMDs and H-R diagrams that indicate that

HBSs, similar to the ellipsoidal and eclipsing binaries, are
variables that do not belong solely to a specific evolutionary
status or position on those diagrams. The most visible are two
groups of HBSs. The first group of fewer than 100 systems
consists of an early-type primary star lying on the MS or
Hertzsprung gap, and the second group, including about 900
systems, most likely contains an RGB or AGB star. By
comparing the positions of HBSs on the H-R diagram to the
theoretical evolutionary tracks, we see a wide range of the
initial mass of the primary, from less than 1Me to as high as 40
Me. However, bear in mind that we assume a separate
evolution here, which is most likely not the case for evolved
RG stars.
Cool and hot HBSs differ distinctly in the period distribution

and slightly in the flux variation amplitudes. The majority of
hot HBSs have orbital periods in a range from a few days to
30–40 days, while the RG part of the sample is dominated by
long-period binaries with a median value of about 1 yr. In the
case of the I-band amplitude, the mean value is similar for both
groups, but the scatter is larger for hot stars.
Like the classical ellipsoidal variables, the RG HBSs are also

grouped on the PL diagrams, extending sequence E to longer

Table 1
References to the Catalog Papers of Used Long-period Variables

Location Variability Class Reference

LMC OSARG Soszyński et al. (2009)
LMC Mira Soszyński et al. (2009)
LMC SRV Soszyński et al. (2009)
LMC LSP Soszyński et al. (2009, 2021)
LMC ELL Pawlak et al. (2016)
LMC ECL Pawlak et al. (2016)
SMC OSARG Soszyński et al. (2011)
SMC Mira Soszyński et al. (2011)
SMC SRV Soszyński et al. (2011)
SMC LSP Soszyński et al. (2011)
SMC ELL Pawlak et al. (2016)
SMC ECL Pawlak et al. (2016)
BLG OSARG Soszyński et al. (2013)
BLG Mira Soszyński et al. (2013)
BLG SRV Soszyński et al. (2013)
BLG LSP Soszyński et al. (2013)
BLG ELL Soszyński et al. (2016)
BLG ECL Soszyński et al. (2016)
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periods at a given brightness, which is strong evidence
confirming their binary nature. Moreover, thanks to the large
number of HBSs, we proved that for a given brightness, the
higher the eccentricity, the longer the period.

Using I-band photometry, we also performed time-series
analysis and found TEOs in 52 objects with a total of 76
modes. Those oscillations occur at harmonics of orbital
frequencies in the range between 4 and 79. We also provide
evidence that some of them may have formed due to NLMC.
Thanks to this relatively large and homogeneous sample of
TEOs, we were able to construct for the first time a diagram
showing the positive correlation between the TEO n and
eccentricity, as predicted by theory.
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Appendix A
Data Tables

In Tables A1 and A2, we present the results of searching for
TEOs in the OGLE HBSs.

Table A1
TEOs Detected in the OGLE HBSs Located toward the GB

OGLE ID Frequency Amplitude n Δn S/N
(days−1) (mmag)

OGLE-BLG-HB-0066 IPV 0.069502(8) 6.0(5) 33 −0.006(9) 9.51
0.056926(10) 5.1(6) 27 +0.023(9) 8.14
0.014769(13) 3.4(5) 7 +0.011(7) 5.49
0.059262(10)a 4.6(5) 37 −0.012(11) 7.41
0.018654(12)a 3.9(5) 6.21

OGLE-BLG-HB-0081 IPV 0.048188(9) 1.94(26) 52 +0.002(9) 5.80
OGLE-BLG-HB-0091 IPV 0.044299(9) 7.2(8) 23 +0.00005 ± 0.01 8.43
OGLE-BLG-HB-0095 IPV 0.123049(14) 1.17(17) 32 +0.02(7) 5.45
OGLE-BLG-HB-0143 0.202440(9) 2.31(25) 22 −0.0040(20) 7.10
OGLE-BLG-HB-0145 IPV 0.034637(13) 0.92(6) 11 +0.001(4) 14.21
OGLE-BLG-HB-0147 IPV 0.037320(13) 1.28(18) 17 −0.002(6) 5.81
OGLE-BLG-HB-0156 0.0791056(28) 2.01(6) 29 −0.0013(12) 27.02
OGLE-BLG-HB-0157 IPV 0.051040(9)a 3.9(4) 61 +0.008 ± 0.015 9.52

0.054405(9)a 3.6(3) 8.77
0.037978(7)a 4.9(3) 34 +0.007 ± 0.011 11.76
0.020775(12)a 2.7(3) 6.52
0.037362(8)a 3.9(3) 45 −0.0009 ± 0.012 9.75
0.040414(9)a 3.5(3) 8.58

OGLE- BLG-HB-0160 IPV 0.024130(12) 0.75(6) 7 +0.011(4) 10.23
OGLE-BLG-HB-0208 IPV 0.146553(19) 1.10(21) 47 +0.008(9) 4.15

0.018556(9)a 2.09(22) 13 −0.002(5) 7.88
0.021967(13)a 1.65(21) 6.20

OGLE-BLG-HB-0209 IPV 0.055979(14) 0.70(9) 25 +0.020(7) 7.77
OGLE-BLG-HB-0211 IPV 0.077900(17) 0.71(13) 16 −0.007(4) 4.25
OGLE-BLG-HB-0225 IPV 0.017026(9) 0.70(5) 5 −0.0072(28) 13.26

0.020405(11) 0.65(5) 6 +0.001(3) 12.29
OGLE-BLG-HB-0234 IPV 0.007065(9) 1.55(14) 4 −0.010(5) 8.66

0.019491(9) 1.60(15) 11 +0.008(6) 8.93
OGLE-BLG-HB-0237 IPV 0.042487(5) 9.4(5) 13 −0.0035(18) 14.68

0.035964(13) 3.4(5) 11 +0.001(4) 5.38
0.058859(13) 3.3(5) 18 +0.005(4) 5.20

OGLE-BLG-HB-0261 IPV 0.372014(14) 0.55(8) 60 +0.004(4) 5.59
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Table A1
(Continued)

OGLE ID Frequency Amplitude n Δn S/N
(days−1) (mmag)

OGLE-BLG-HB-0273 IPV 0.041733(8) 0.68(7) 11 −0.0096(23) 8.12
0.015196(9) 0.61(7) 4 +0.0020(25) 7.23

OGLE-BLG-HB-0286 IPV 0.207209(12) 0.65(9) 52 +0.009(5) 7.31
OGLE-BLG-HB-0298 0.0582328(27) 6.31(20) 13 −0.0054(7) 33.81
OGLE-BLG-HB-0310 IPV 0.065275(6) 3.55(23) 28 +0.019(7) 12.54
OGLE-BLG-HB-0315 0.12390(4) 1.51(22) 52 +0.04(4) 5.57
OGLE-BLG-HB-0346 IPV 0.070270(7) 1.94(15) 13 +0.0006 ± 0.0016 10.83

0.064861(14) 0.98(14) 12 −0.00022 ± 0.0028 5.48
OGLE-BLG-HB-0357 IPV 0.196011(18) 1.32(16) 48 +0.018(7) 7.95
OGLE- BLG-HB-0362 IPV 0.071917(6) 2.76(13) 24 −0.0031(24) 21.71

0.009237(7)a 2.38(13) 7 −0.007(4) 18.76
0.011720(9)a 1.89(13) 14.90

OGLE-BLG-HB-0435 IPV 0.032134(9) 2.94(27) 14 +0.008(6) 8.86
OGLE-BLG-HB-0451 0.197094(3) 4.04(13) 26 −0.0016(12) 23.38

0.227416(4) 3.04(14) 30 −0.0019(15) 17.56
0.341157(17) 0.75(14) 45 +0.002(3) 4.31

OGLE-BLG-HB-0463 0.069864(9) 1.46(13) 16 −0.0002 ± 0.0023 9.06
OGLE-BLG-HB-0486 0.020009(8) 2.79(26) 4 +0.0010(17) 8.41

0.084990(9) 2.50(26) 17 −0.0050(23) 7.56
0.040022(13) 1.90(26) 8 +0.0030(26) 5.72

Note. A superscript IPV indicates a pronounced intrinsic periodic variability coexisting with TEOs.
a Possible nonharmonic TEOs present due to the NLMC. In such a case, the pair of frequencies denoted with asterisks and enclosed in a brace are suspected to be the
“daughter” modes of the harmonic “mother” TEO, with n provided after the brace.

Table A2
Same as Table A1 but for OGLE HBSs Located in the MCs

OGLE ID Frequency Amplitude n Δn S/N
(days−1) (mmag)

OGLE-LMC-HB-0006 0.059295(18) 1.29(25) 12 −0.003(4) 4.29
OGLE-LMC-HB-0044IPV 0.037458(16) 1.72(26) 26 +0.007 ± 0.014 4.87
OGLE-LMC-HB-0101IPV 0.051118(20) 1.94(25) 19 +0.003 ± 0.010 6.31

0.040375(29) 1.35(24) 15 +0.009 ± 0.012 4.37
OGLE-LMC-HB-0109IPV 0.035508(11) 1.60(17) 17 +0.010(12) 7.52
OGLE-LMC-HB-0151IPV 0.029874(4) 4.16(24) 11 +0.0025(18) 13.71
OGLE-LMC-HB-0152IPV 0.040469(17) 2.6(4) 24 +0.027(18) 5.87
OGLE-LMC-HB-0207 1.341280(9) 1.51(23) 9 −0.00015(7) 5.18
OGLE-LMC-HB-0208IPV 0.036602(14) 1.9(3) 29 −0.003 ± 0.015 4.86
OGLE-LMC-HB-0209IPV 0.040007(9) 1.48(21) 14 −0.003(3) 5.67
OGLE-LMC-HB-0221IPV 0.076413(9) 1.77(24) 36 −0.006(8) 6.12
OGLE-LMC-HB-0223IPV 0.059357(15) 2.6(4) 26 +0.003 ± 0.014 5.76
OGLE-LMC-HB-0231IPV 0.076427(9) 1.62(26) 79 +0.008 ± 0.016 5.20
OGLE-LMC-HB-0236IPV 0.028232(5) 3.88(29) 13 +0.0004 ± 0.0023 11.03
OGLE-LMC-HB-0254 0.761545(14) 8.8(8) 25 +0.0009(6) 8.73

0.731068(27) 4.7(8) 24 +0.0004(9) 4.66
OGLE-LMC-HB-0287 0.032715(15) 3.5(5) 9 −0.005(4) 5.57
OGLE-LMC-HB-0308 0.149763(9) 3.1(3) 5 −0.0006(3) 7.54
OGLE-LMC-HB-0350 1.413994(6) 2.99(20) 7 −0.00017(6) 12.77
OGLE-LMC-HB-0351 0.041056(9) 1.47(19) 13 −0.004(3) 6.10
OGLE-LMC-HB-0385IPV 0.028620(19) 2.21(25) 20 +0.00012 ± 0.014 7.06
OGLE-LMC-HB-0416IPV 0.015303(8) 4.4(4) 9 −0.005(6) 8.92
OGLE-SMC-HB-0015 0.157140(8) 3.3(4) 9 +0.0005(4) 6.75

0.139663(7) 3.9(4) 8 −0.0006(4) 8.10
OGLE-SMC-HB-0018 0.089935(13) 2.4(4) 13 −0.0070(20) 5.17
OGLE-SMC-HB-0019 0.161628(7) 2.00(22) 5 +0.00027(21) 7.35

Note.A superscript IPV indicates a pronounced intrinsic periodic variability coexisting with TEOs.
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P. A. Kołaczek-Szymański1 , A. Pigulski1 , M. Wrona2 , M. Ratajczak2, and A. Udalski2

1 Astronomical Institute, University of Wrocław, Kopernika 11, 51-622 Wrocław, Poland
e-mail: kolaczek@astro.uni.wroc.pl

2 Astronomical Observatory, University of Warsaw, Al. Ujazdowskie 4, 00-478 Warszawa, Poland

Received 7 September 2021 / Accepted 12 November 2021

ABSTRACT

Context. Eccentric ellipsoidal variables (also known as heartbeat stars) is a class of eccentric binaries in which proximity effects, and
tidal distortion due to time-dependent tidal potential in particular, lead to measurable photometric variability close to the periastron
passage. Varying tidal potential may also give rise to tidally excited oscillations (TEOs), which are forced eigenmodes with frequencies
close to the integer multiples of the orbital frequency. TEOs may play an important role in the dynamical evolution of massive eccentric
systems.
Aims. Our study is aimed at detecting TEOs and characterising the long-term behaviour of their amplitudes and frequencies in the
extreme-amplitude heartbeat star MACHO 80.7443.1718, consisting of a blue supergiant and a late O-type massive dwarf.
Methods. We used two seasons of Transiting Exoplanet Survey Satellite (TESS) observations of the target to obtain new 30-min
cadence photometry by means of the difference image analysis of TESS full-frame images. In order to extend the analysis to longer
timescales, we supplemented the TESS data with 30-year long ground-based photometry of the target. Both TESS and ground-based
photometry are carefully analysed by means of Fourier techniques in order to detect TEOs, examine the long-term stability of their
amplitudes and frequencies, and characterise other types of variability in the system.
Results. We confirm the detection of the known n = 23, 25, and 41 TEOs and announce the detection of two new TEOs, with n = 24
and 230, in the photometry of MACHO 80.7443.1718. Amplitudes of all TEOs were found to vary on a timescale of years or months.
For n = 25, the TEO amplitude and frequency changes are related, which may indicate that the main cause of the amplitude drop in
this TEO in TESS observations is the change in its frequency and increase in its detuning parameter. The light curve of the n = 230
TEO is strongly non-sinusoidal. Its high frequency may indicate that the oscillation is a strange mode. Stochastic variability observed
in the target fits the behaviour observed in massive stars well and independently confirms that the primary is an evolved star. We
also find that the orbital period of the system decreases at a rate of about 11 s (yr)−1. This can be explained by several phenomena: a
significant mass loss, mass transfer between components, tidal dissipation, and the presence of a tertiary in the system. All of these
phenomena may contribute to the observed changes.
Conclusions. The discovery of variable amplitudes and frequencies of TEOs prompts for similar studies in other eccentric elliptical
variables with TEOs. Long-term photometric monitoring of these targets is also desirable. The results we obtained pose a challenge
for theory. In particular, it needs to be explained why n = 230 TEO is excited. In a general context, studies on the long-term behaviour
of TEOs may help to explain the role of TEOs in the dynamical evolution of massive eccentric systems.

Key words. binaries: close – stars: early-type – stars: massive – stars: oscillations – stars: individual: MACHO 80.7443.1718

1. Introduction

Massive main-sequence stars frequently reside in binary and
multiple systems (Duchêne & Kraus 2013). Since they are also
young, systems they belong to usually did not have enough
time to circularise their orbits. In effect, many massive stars
are found in highly eccentric systems. This gives rise to many
interesting phenomena related to the tidal interaction between
the components including mass transfer during periastron pas-
sages. Proximity effects, in particular tidal distortion and mutual
irradiation, lead to the occurrence of significant photometric
variability. Although observed earlier in many eccentric (and
eclipsing) binaries (see, e.g., Giménez et al. 1986; Guinan et al.
2000; van Genderen & Sterken 2007), photometric variability
close to the periastron passage did not attract much attention
until some extreme cases were discovered with the Kepler satel-

lite photometry (Thompson et al. 2012). In a highly eccentric
system, variability due to proximity effects is confined to a nar-
row range in orbital phase close to the periastron and sometimes
resembles an electrocardiogram. Thus, the term ‘heartbeat stars’
(HBSs) has been coined for stars showing this effect. In princi-
ple, however, it is better to call these stars eccentric ellipsoidal
variables (EEVs) to also include stars with lower eccentricities
in which a variable signal due to proximity effects is smaller and
does not change so rapidly. Throughout this paper, we therefore
refer to these stars as EEVs, although we use the term ‘a heart-
beat’ for the short part of a light curve of an EEV close to a
periastron passage in which photometric changes are the fastest.

The history of the theoretical investigation of tidal effects
in eccentric binaries and especially tidally excited oscillations
(TEOs) is long (see, e.g., Zahn 1975; Witte & Savonije 1999a;
Fuller 2017), but numerous discoveries of EEVs with TEOs in
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Kepler and then in Transiting Exoplanet Survey Satellite (TESS)
data triggered a lot of interest in this topic. Many papers deal
with searching for circumstances favourable for the occurrence
of TEOs and predicting their amplitudes (Fuller & Lai 2012;
Fuller 2017). Some address the role of TEOs in the dissipation of
the orbital energy and dynamic evolution of a binary, especially
when resonance locking occurs (Fuller et al. 2017; Fuller 2017;
Zanazzi & Wu 2021). A possibility of transferring energy from
pulsations to orbit which may increase the non-synchronicity
of the components or eccentricity of the system, the so-called
inverse tides, was also found (Li et al. 2020; Fuller 2021). A
review of both the theory and observations of TEOs in massive
binaries has been recently presented by Guo (2021).

Detailed observational studies of a large sample of EEVs
and their TEOs are still lacking, however. One of the interesting
problems that needs to be addressed is the long-term behaviour
of TEOs, their vanishing and (re)appearance, changes in ampli-
tudes and phases, the related timescales, etc. This can be par-
ticularly interesting in the context of high mass-loss rates that
can be enhanced by mass transfer in eccentric massive bina-
ries. With the present study, we partly try to fill this gap by
analysing all available photometry of an extreme case, that is to
say the EEV with the largest known amplitude of the heartbeat,
MACHO 70.7443.1718. Because of this peculiarity, throughout
this paper we use the abbreviation ‘ExtEEV’ for this extreme
EEV. The target is introduced below; we also explain why this
star is particularly well suited for this kind of study.

The target star, MACHO 70.7443.1718 (V ∼ 13.3 mag),
was discovered as a variable within the MAssive Compact
Halo Object (MACHO; Sect. 4.1.1) survey of the Large Mag-
ellanic Cloud (LMC) and classified as an eclipsing binary with
a period of about 32.83 d (Alcock et al. 2001). However, it was
Jayasinghe et al. (2019b, hereafter Jaya19) who, in using All
Sky Automated Survey for SuperNovae (ASAS-SN; Sect. 4.1.3)
ground-based data and TESS space photometry from the first
two sectors, identified the star as a very massive eccentric binary
with an extremely large amplitude of the heartbeat (∼0.4 mag).
In addition, TEOs were found in this star.

In the follow-up spectroscopic and photometric study,
Jayasinghe et al. (2021, hereafter Jaya21), confirmed that the
object belongs to the LMC and classified the primary as a
B-type supergiant, B0 Iae, which is in good agreement with
Garmany et al. (1994), who provided a similar classification,
B0.5 Ib-II. Unfortunately, Jaya21 did not find lines of the sec-
ondary in their spectra. Nevertheless, from the estimates for the
luminosity and effective temperature and with the use of evo-
lutionary models, they estimated the primary’s mass for about
35 M�. A combination of the mass function derived for this
single-lined spectroscopic binary, an inclination obtained from
modelling the heartbeat (i ≈ 44◦), and the primary’s mass
allowed them to also estimate the secondary’s mass for about
16 M�. Assuming coevality of the components, they conclude
that the secondary is likely an O9.5 V star. These authors also
found evidence for a circumstellar disk and argue that the pri-
mary is a B[e] star. Using TESS data from 18 sectors available
at the time of their analysis, they found two TEOs, one already
known from the study of Jaya19 with n = 251 and another
with n = 41. The eccentricity of the system is relatively large,
e ≈ 0.51. The estimated age of the system, which is equal to
about 6 Myr, is consistent with the age of the parent OB asso-

1 Throughout the paper, we refer to TEOs using their n numbers, which
are defined via their frequencies fTEO ≈ n forb, where forb is the orbital
frequency.

ciation LH 58 (Garmany et al. 1994). All of these pieces of evi-
dence led Jaya21 to conclude that the primary component of the
ExtEEV has already left the main sequence and started its jour-
ney across the Hertzsprung gap.

For several reasons, the ExtEEV is a perfect target for studies
aimed at testing the theory of the interaction between tidal effects
and pulsations in massive stars. First of all, it is located in the
TESS continuous viewing zone, which means that the extremely
long record of TESS observations is available for this system.
Next, it shows the strongest known heartbeat feature, which itself
is worth studying and cannot be properly modelled with the
present modelling codes (Jaya19, Jaya21). It also shows one of
the strongest known TEOs, with a semi-amplitude of about 1 per
cent or 10 parts-per-thousand (ppt) of the mean flux. Last but not
least, the star is located in the LMC, which is a target of many
ground-based photometric surveys. This allowed Jaya19 to dis-
cover it as a HBS and for us to study temporal behaviour of its
strongest TEO (Sect. 4).

In the present paper, we first use TESS full-frame images
(FFIs) to extract new photometry for the target star, then per-
form time-series analysis of these data, and discuss all types
of detected variability (Sect. 2). Subsequently, we focus on the
detected TEOs, in particular on the temporal behaviour of their
amplitudes and phases (Sect. 3). Since we found that amplitudes
and phases of TEOs vary, we included ground-based photometry
to our analysis (Sect. 4) to check how the strongest TEO behaves
on the timescale of about 30 years. The results are discussed in
Sect. 5 and we conclude in the last section.

2. Variability of the ExtEEV in TESS data

2.1. TESS photometry

TESS is a space-borne observatory collecting photometric data
in a wide passband centred at ∼700 nm and mainly dedicated
to studies of exoplanets. With four separate cameras covering
approximately 24◦ × 96◦ in the sky and pixel (hereafter short-
ened to ‘pix’) scale of 21 ′′, TESS delivered 2-min cadence light
curves of selected objects and FFIs in 30-min intervals during
the first two years of operation. In the ongoing extended time
of operation, the FFI cadence has been shortened to 10 min and
a new 20-s cadence has been added. The observations are per-
formed in sectors, which are axially distributed with respect to
the ecliptic, with the longest viewing zones centred around the
ecliptic poles. Each sector is observed for 27 days, but because
sectors partially overlap, an object can be observed for a longer
time, depending on the angular distance from the ecliptic. The
ExtEEV is located within the southern TESS continuous view-
ing zone, but it does not have 2-min cadence observations. Its
photometry can only be obtained by using 30-min cadence FFIs
obtained during the first year of the primary TESS mission in
sectors 1–7, 9–10, and 12–13 and 10-min cadence FFIs obtained
during the extended phase of the mission in sectors 27 and 29–
36. Throughout our paper, we refer to the former group of obser-
vations as ‘TESS year 1’ and to the latter one as ‘TESS year 3’
data.

The main obstacle in extracting the photometry of the
ExtEEV from FFIs is the crowded field of the LMC (Fig. 1).
Given the brightness of our target and the severe contamina-
tion caused by the low spatial resolution, it is difficult to per-
form reliable photometry of the ExtEEV using original FFIs.
In order to overcome this problem, we decided to make pho-
tometry with difference images. They were obtained by means
of the difference image analysis (DIA) on TESS FFIs using
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Fig. 1. Top: wide-field (8.0◦ × 7.1◦) Digital Sky Survey (DSS) image
showing the overall location of the ExtEEV in the LMC. The bright
encircled object marks the position of the OB association with the
ExtEEV located near it. Bottom: DSS coloured image showing the
close-up view of the LMC around the ExtEEV (marked with a yellow
cross). The bright nebula south-east of the ExtEEV is the OB asso-
ciation LH 58. The images were generated using the Centre de Don-
nées astronomiques de Strasbourg (CDS) Aladin Lite tool. In both
images, north is up and east is to the left.

pyDIA2 open-source software (Albrow 2017). The mathematical
part of pyDIA incorporates the formalism of DIA developed by
Bramich et al. (2013). The main advantages of the pyDIA code
are the use of the extended δ-basis functions and taking the vary-
ing photometric scale across the image into account, which is
especially important for ground-based observations with a large
field of view.

Using pyDIA, we extracted the light curve of the ExtEEV as
follows. First, we cut out 300× 300 pix rasters from the origi-
nal FFIs having a size of 2136× 2078 pix. Whenever possible,
we placed the ExtEEV in the centre of a raster (Fig. 2, panel
B), but in several sectors, our object was too close to the edge
of the image to meet this condition. pyDIA (and DIA in gen-
eral) is not well suited to work with undersampled TESS FFIs.
Hence, before we ran pyDIA, we convolved rasters with a spa-
tially constant two-dimensional (2D) Gaussian with σ = 0.5 pix.
The price was a slightly reduced resolution (Fig. 2, panel C),
but this allowed us to obtain difference images of a notice-
ably better quality. Finally, a series of difference images was
generated using second-degree polynomials describing both the
background changes and the spatial variation of the convolution

2 https://github.com/MichaelDAlbrow/pyDIA

kernel. The changes in the photometric scale were not allowed
because TESS images were taken from space. In addition, in
order to model noise in pyDIA fits, we used error images that
were delivered by the TESS team. Before using these error
images, we convolved them with the same 2D Gaussian that was
used to smooth the science images. Panel D in Fig. 2 presents a
representative difference image obtained in this procedure.

Having obtained the complete set of difference images, we
performed non-circular aperture photometry of the ExtEEV, tak-
ing the subtraction of the residual background into account,
which was estimated as the median of the signal in the
surrounding pixels lying within the background mask. The
resulting light curve was cleared of obvious outliers using the
iterative σ-clipping method. In general, our method of extracting
the TESS light curve of the ExtEEV differed from that of Jaya21.
These authors also applied DIA, but they used the ISIS pack-
age (Alard & Lupton 1998; Alard 2000) and its adaptation to
the TESS FFIs developed by Vallely et al. (2021). Our approach
mainly differs in that we used smaller FFI cut-outs for the DIA
and performed aperture photometry, while they applied profile
photometry.

The last step necessary to obtain the light curve expressed
in relative flux units was to determine the reference flux of the
ExtEEV in reference images returned by pyDIA. The aperture
necessary to measure the total flux of the ExtEEV in the TESS
reference image has a diameter of approximately 6 pixels, which
corresponds to about 2′ in the sky. This means that the flux mea-
sured in TESS images suffers from severe contamination from
nearby stars. We attempted to estimate this contamination in the
following way. We downloaded the I-band Optical Gravitational
Lensing Experiment (OGLE) (Sect. 4.1.2) reference image of the
area containing the ExtEEV. The spatial resolution of OGLE-III
images amounts to ∼0.26 ′′/pix. Therefore, the ExtEEV is iso-
lated well from other stars in the OGLE-III frames. By convolv-
ing the aforementioned OGLE-III image with a spatially con-
stant 2D Gaussian function, we estimated the contamination of
the ExtEEV in the TESS FFIs for approximately 90%. In other
words, only about 10% of the flux we measured in the TESS
difference images may actually come from the ExtEEV. Unfor-
tunately, after applying the estimated correction, we were not
able to reproduce the peak-to-peak amplitude of the heartbeat
observed in the OGLE data. Eventually, we decided to convert
the TESS light curve to relative flux units assuming that the
average range of brightness changes due to the heartbeat in the
OGLE-III/-IV and TESS data is the same. Figure 3 shows the
whole TESS light curve of the ExtEEV which entered our subse-
quent analysis. The total time span of the light curve amounts to
approximately 2.7 yr with a central ∼1-year long gap. The pres-
ence of this gap results in the occurrence of yearly aliases in the
Fourier frequency spectra of TESS data, which can be seen, for
instance, in Figs. 4d and e.

2.2. The heartbeat

It can be seen in Fig. 3 that the shape of the heartbeat is not
exactly repeatable during the successive periastron passages.
The reason for these changes is difficult to explain without time-
resolved spectroscopy and modelling of the photometric yield of
the system. It can only be speculated that a significant role in
these processes must be played by the primary’s stellar wind and
dispersed matter, for instance in the form of a fast-evolving disk.

In addition to the well pronounced variability at the perias-
tron, smaller variability with a total range of about 100 ppt can be
seen throughout the whole TESS light curve, especially outside
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Fig. 2. Summary of DIA analysis performed on TESS FFIs. Each panel is a 105 ′ × 105′ square centred on the position of the ExtEEV. The insets
in the lower right corners show a zoomed view of the central areas, each 12 ′ × 12′. (A) DSS infrared image scaled and oriented as the TESS
FFI cut-outs presented in panels B, C, and D. The image was generated using DSS. (B) A sample original 300× 300 pix cut-out of TESS FFI
from sector 7. (C) The same as in panel B, but convolved with a 2D Gaussian kernel having constant standard deviation of σ = 0.5 pix. (D) The
difference image generated by pyDIA which corresponds to the image shown in panel C. The intersection of orange markers denotes the position
of the ExtEEV. The images in panels B–D correspond to the epoch of maximum light of the ExtEEV.

the periastron. These changes originate from the superposition
of several coherent TEOs (Sect. 2.3) and additional stochastic
variability which we discuss in Sect. 2.5. It cannot be ruled out
either that some part of the stochastic variability observed in
the ExtEEV is of non-stellar origin and has its source in a disk,
which may surround one or both components. Its size may vary
as a function of the orbital phase, as suggested by Jaya21.

2.3. Analysis of the TESS light curve

We started our analysis by calculating the Fourier frequency
spectrum of the whole TESS light curve (Fig. 4a). As expected,
the spectrum is dominated by the orbital frequency and its low
(n = 2–17) harmonics, which can be seen as the comb-like struc-
ture at low frequencies. Their occurrence is an obvious result of
the domination of the variability due to the heartbeat in the light
curve (Fig. 3). The orbital period derived from all TESS data
is equal to 32.83016± 0.00011 d. Having subtracted these har-

monics, we get the frequency spectrum shown in Fig. 4b with
an enhanced signal at low frequencies, resembling red noise.
The signal originates from stochastic variability common among
hot main-sequence stars and early-type supergiants. We discuss
this component of variability in detail in Sect. 2.5. In addition
to the stochastic signal, some superimposed distinct peaks can
be seen in the spectrum. We identified these peaks in the fol-
lowing way. For frequencies higher than 2.5 d−1, we considered
a peak to be statistically significant if its height exceeded five
times the noise level, which was calculated as an average sig-
nal in the range of 10–40 d−1. This frequency range is free from
the influence of the stochastic variability seen at low frequen-
cies. Below 2.5 d−1, we adopted only those frequencies that were
close to the harmonics of the orbital frequency or those that were
sub-harmonics of significant frequencies located above 2.5 d−1.
The analysis included a standard iterative pre-whitening proce-
dure, using non-linear least-squares to fit a truncated Fourier
series.
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Fig. 3. Phased light curve of the ExtEEV obtained by means of pyDIA.
The consecutive orbital cycles are vertically shifted by 150 ppt in order
to present a non-repetitive character of the heartbeat and the other vari-
ability. Here and throughout our paper, BTJD≡BJD−2457000. The
zero phase corresponds to the time of minimum brightness of the heart-
beat, BJD 2458373.61518. The light curve was phase-folded with the
orbital period of 32.83016 d.

Figure 4b shows that there are some peaks at high fre-
quencies that are harmonics of two frequencies, ∼0.550 d−1 and
∼1.266 d−1. Therefore, we checked a possible contamination
by nearby variable stars. Using the OGLE catalogue of eclips-
ing binaries (Pawlak et al. 2016), we found that these signals
occur as a result of contamination by two nearby eclipsing bina-
ries, OGLE-LMC-ECL-15664 = MACHO 80.7443.1746 (EB#1,
Porb = 1.8189 d), separated by 27′′ from the ExtEEV, and
OGLE-LMC-ECL-15785 = MACHO 80.7564.37 (HD 269548,
EB#2, Porb = 1.5796 d), separated by 88′′ from the ExtEEV.
Phased light curves of these two eclipsing binaries extracted

from our TESS light curve (Fig. 5) match the morphology of
their light curves obtained by the OGLE team. Some differences
for EB#1 can be explained by the apsidal motion in this system
(Zasche et al. 2020). Both systems are relatively bright (V = 15.8
and 15.6 mag, respectively), which explains why they contami-
nate the light curve of the ExtEEV.

It can already be seen in Fig. 4a, but is evident from Fig. 4b,
that a large-amplitude n = 25 TEO is present in the light curve
of the ExtEEV. It was detected by Jaya19 and recently confirmed
by Jaya21. After subtracting this TEO and applying some mild
detrending which removed the signal at the lowest frequencies,
we obtained the frequency spectrum which is shown in Fig. 4c.
The spectrum shows three additional TEOs at n = 23, 41, and
230. The n = 41 TEO was already found by Jaya21. These
authors also indicated the possibility of the presence of the
n = 23, but it appeared in the frequency spectrum of the light
curve confined to out-of-heartbeat phases, so it could have been
an orbital alias. The n = 230 TEO at the frequency 7.006 d−1

is a new finding. This high-n TEO has its own harmonic at
the frequency 14.012 d−1 (Fig. 4e), which results in an unusual
light curve (Fig. 6). We estimated the probability that this TEO
is a self-excited mode in some contaminating star or the sec-
ondary, occurring by chance near the harmonic of the orbital fre-
quency. Taking the error of the orbital frequency into account,
σ forb = 1.02× 10−7 d−1, the probability of detecting a self-excited
mode with random frequency within ±3σ forb around n = 230 can
be estimated as equal to 6× 230×σ forb/ forb ≈ 4.6× 10−3. Hence,
the probability is very low, which can also be judged by compar-
ing the separation of the harmonics with the width of peaks in
Figs. 4d and e. The frequency of 7.006 d−1 is neither a harmonic
of EB#1 or EB#2 nor do the OGLE I-band light curves show
coherent variability with this frequency. We therefore conclude
that it is a bona fide TEO. The n = 230 TEO is discussed in
detail in Sect. 5.1.

Another surprising feature in Fig. 4c is the residual signal in
the vicinity of the n = 25 TEO. This may indicate the ampli-
tude or phase change in this TEO and prompted us to carry out
a detailed analysis of the changes in the amplitudes and peri-
ods of TEOs seen in the ExtEEV, which is presented in Sect. 3.
Table 1 summarises the results of the analysis carried out in the
present section. The presented frequencies and amplitudes were
obtained by means of the least-squares fitting to the whole TESS
data set and, therefore, they represent some average values.

2.4. Low-n TEOs and rotation period

Jaya19 claim the detection of two additional TEOs at n = 8 in
the ASAS-SN data and n = 7 TEO in the TESS data. Because
the ASAS-SN data are ground-based data, the former is clearly
a daily alias of the n = 25 TEO, because the sum of its fre-
quency, 0.241± 0.012 d−1, and the frequency of the n = 25 TEO,
0.761± 0.007 d−1, is equal to 1.003± 0.014 d−1, that is, within
the errors, 1 (sidereal day)−1. An attempt to fit both frequencies
resulted in a rather uncertain result (their Table 3): amplitudes
much lower than in the frequency spectrum and errors of all
parameters much higher than expected. Concluding, the n = 8
TEO is spurious.

The other frequency, 0.2164± 0.0004 d−1, detected with an
amplitude of about 11 ppt by Jaya19 in the TESS data, and ten-
tatively assigned to n = 7 TEO, was not confirmed by Jaya21.
The latter authors claim, however, that another term with a
similar frequency of 0.2253± 0.0012 d−1 and an amplitude of
4.4± 0.8 ppt (their Table 5) is significant and may represent the
rotational period of the primary. Judging from the lower panel of

A47, page 5 of 18



A&A 659, A47 (2022)

Fig. 4. Fourier frequency spectra of the TESS light curve of the ExtEEV. (a) Frequency spectrum of the original TESS light curve. (b) The same as
in (a), but after subtracting the heartbeat signal contributing to the lowest (n = 1–17) orbital harmonics. Vertical dashed lines indicate frequencies
present due to the contamination by the two nearby eclipsing binaries, EB#1 (green) and EB#2 (red, only odd harmonics). More details are provided
in the main text. Blue triangles mark the position of the detected TEOs and are labelled with n. (c) The same as in (b), but after subtraction of the
signal from EB#1, EB#2, and the dominant n = 25 TEO. A mild detrending at low frequencies was also applied. (d) and (e) Zoomed parts of the
frequency spectrum shown in panel c, in the vicinity of n = 230 TEO (d) and its lowest harmonic (e). Red vertical lines denote the position of the
consecutive orbital frequency harmonics labelled with n. The dashed horizontal line shows the detection level defined as five times the noise in the
spectrum calculated in the range 10–40 d−1.

their Fig. 11, it seems, however, that there are many other peaks
with a similar signal-to-noise ratio and this one is by no means
the highest. Our own analysis did not reveal any isolated and dis-
tinctive maximum close to this frequency, where the signal does
not exceed 2.5 ppt. It seems, therefore, that the two frequencies
close to 0.22 d−1 found by Jaya19 and Jaya21 represent two of
many peaks characteristic of the stochastic variability discussed
in the next subsection and seen in Fig. 4b. There is no good rea-
son to assume that any of them represent the rotation frequency
of the primary.

2.5. Stochastic variability

The frequency spectrum calculated for the TESS residual light
curve of the ExtEEV (Fig. 4b) reveals a significant signal in

the low-frequency range. It is a signature of stellar stochastic
variability, which is typical for many massive early-type stars
(see Bowman et al. (2019a,b, 2020) for a compilation of numer-
ous examples). There are three main possible explanations of
this variability. The first includes internal gravity waves as the
likely source. Stars that are born with masses &1.5 M� have a
convective core. At its boundary, the turbulent convection may
excite both the coherent and damped stochastic oscillations that
propagate towards the stellar surface (e.g., Shiode et al. 2013;
Lecoanet et al. 2021). The second possible explanation is a thin
subsurface convection layer which should manifest itself as a
‘flickering’ granulation pattern on a stellar surface. Recently,
Cantiello et al. (2021) have shown that properties of the subsur-
face convection zone driven by the iron opacity peak correlate
with observational characteristics of low-frequency stochastic
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Fig. 5. Phased light curves of two eclipsing binaries separated from
our TESS light curve of the ExtEEV. Each point represents the median
value calculated in the 0.01 (upper) and 0.025 (lower) phase bins. The
upper panel shows the light curve of OGLE-LMC-ECL-15664, and the
lower shows that of OGLE-LMC-ECL-15785 (HD 269548). Phase 0.0
corresponds to BJD 2458325.6366 (for EB#1) and BJD 2458325.7898
(for EB#2).

Fig. 6. TESS light curve of n = 230 TEO phased with its pulsation
period. Red circles denote the median flux calculated in 0.08 phase bins,
and the dark blue line corresponds to the truncated Fourier series con-
sisting of the pulsation frequency and its lowest harmonic.

variability. Finally, non-uniform and clumpy stellar winds for
which signatures are observed in the spectra of stars with
masses higher than ∼15 M� (e.g., Krtička & Feldmeier 2018;
Ramiaramanantsoa et al. 2018) may also contribute to this type
of variability.

As was shown by Bowman et al. (2020), a low-frequency
signal due to the stochastic variability can be described with the
Lorentzian profile,

α( f ) =
α0

1 + ( f / fchar)γ
+ Cw, (1)

where f denotes frequency, α0 is the amplitude at f = 0, fchar
is the characteristic frequency which reflects the characteristic
timescale of stochastic variability, γ is the logarithmic amplitude
gradient, and Cw accounts for the presence of the ‘white noise’
in the frequency spectrum parallel to the ‘red noise’ component.

Using the Markov chain Monte Carlo (MCMC) sampler imple-
mented in the Python emcee package (Foreman-Mackey et al.
2013), we fitted the function given by Eq. (1) to the frequency
spectrum of the ExtEEV calculated at the residuals with heart-
beat phases (between −0.05 and 0.2 in Fig. 3) being cut out in
order to exclude these parts from the analysis. We initialised 100
walkers each 100 000 steps long, preceded by a burn-in phase of
500 steps. We used flat priors and ‘thinned’ the final chains by
half of the estimated correlation time, which was about 40 for all
parameters.

Figure 7 shows the corner plot resulting from the MCMC
simulation we performed while Table 2 presents the best-fit
parameters. The residual frequency spectrum with the superim-
posed best-fit of Eq. (1) can be seen in Fig. 8. The enhanced sig-
nal at low frequencies stabilises at the level of white noise only at
a frequency of about 10 d−1. In order to compare the behaviour
of stochastic variability in the ExtEEV with those observed in
other massive stars, we placed them in the analogue of the so-
called spectroscopic Hertzsprung-Russell diagram (sHRD) pre-
sented by Bowman et al. (2020, their Fig. 2).

It can be clearly seen from Fig. 9 that both the amplitude
α0 and characteristic frequency of stochastic changes fchar in the
ExtEEV fit the overall trend visible in the sample analysed by
Bowman et al. (2020) very well. The more luminous and evolved
a star is, the higher α0 is and the lower the value for fchar is.
Therefore, the derived characteristics of the stochastic variabil-
ity exhibited by the ExtEEV independently confirm a primary’s
evolutionary status: the star has already depleted hydrogen in its
core or is very close to this phase. We found no evidence for a
changing character of the stochastic variability before and after
the periastron passage which means that whatever mechanism is
responsible for this variability, it is not vulnerable to strong tidal
deformation or it rebuilds quickly after the periastron passage.

3. Changing amplitudes and frequencies of TEOs in
the TESS data

3.1. Separate analysis of two years of TESS data

As we already noted in Sect. 2.3, there is an indication of chang-
ing amplitudes and/or periods of the TEOs in the target star. In
order to verify this, we decided to apply the pre-whitening pro-
cedure separately for TESS year 1 and year 3 observations of
the ExtEEV. Figure 10 presents the comparison between Fourier
frequency spectra calculated for these two groups of data. It
can be clearly seen that all detected TEOs have different ampli-
tudes in the two data sets. Without a doubt, the dominant n = 25
TEO reduced its amplitude more than twice. On the contrary,
the n = 230 TEO increased its amplitude more than twofold.
Some smaller changes in the amplitude of the n = 41 TEO can
also be seen. Surprisingly, the frequency spectrum calculated for
TESS year 1 data reveals the presence of n = 24 TEO, which
is not detected in the TESS year 3 data. Furthermore, n = 23
TEO seems to vanish in the TESS year 3 data. Table 3 provides
a quantitative description of these changes.

The change in amplitude of the strongest TEO can be clearly
seen even in the phased light curve. Figure 11 shows phased
TESS year 1 and 3 light curves, freed from the contribution of
variability other than the heartbeat and TEOs. It can easily be
seen that the out-of-periastron fluctuations caused by TEOs are
smaller in TESS year 3 data than in TESS year 1 data.

While a change in the amplitudes of TEOs between TESS
year 1 and year 3 data is obvious from Fig. 10 and Table 3, the
centres of these two data sets are separated by about two years.
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Table 1. Periodic signals present in the TESS light curve of the ExtEEV.

Frequency (d−1) Amplitude (ppt) n (a) ∆n (a,b) Comment

0.03045980(10) – – – forb, harmonics up to n = 17 detected
0.70058(3) 1.00(13) 23 +0.0002(10) new TEO
0.762049(11) 5.96(13) 25 +0.0181(4) known TEO
1.24940(6) 1.12(13) 41 +0.0177(19) known TEO
7.00612(8) 0.59(13) 230 +0.0111(27) new TEO

14.01223(16) 0.28(13) 460 +0.024(5) harmonic of n = 230 TEO
0.549783(5) – – – forb,EB#1, 9 consecutive harmonics detected
0.63311(3) – – – forb,EB#2, only three lowest odd harmonics detected

Notes. (a)Specified only for TEOs. (b)∆n = f / forb − n, where f is the detected frequency (first column).

Fig. 7. Corner plot resulting from our MCMC analysis of the
TESS residual light curve of the ExtEEV. Red markers indicate the
best-fit solution. Three vertical dashed lines superimposed on each
marginalised one-dimensional posterior distribution denote 16%, 50%,
and 84% quantiles.

We checked if the changes can be traced on a shorter timescale
by analysing TESS data in shorter time intervals. The results of
this analysis are given in the next subsection.

3.2. Changes in periods and amplitudes on a timescale
shorter than one year

The analysis of amplitudes (and periods) of TEOs in time inter-
vals shorter than one year has a clear limitation: the shorter the
time interval, the higher the detection threshold. As a compro-
mise between detectability and the possibility of tracing changes
on as short a timescale as possible, we chose time intervals of
the order of 100 d. In addition, the analysis was carried out only
for the three strongest TEOs, n = 25, 41, and 230.

The procedure was the following. In order to estimate the
instantaneous amplitude of a TEO, we performed pre-whitening
within the time ‘window’ sliding along the TESS light curve.
For the n = 25 TEO, the window was 80 d long, while the

Table 2. Best-fit parameters from Eq. (1) resulting from the MCMC
analysis of the residual frequency spectrum of the ExtEEV.

Parameter Value

α0 (ppt) 1.883(7)
fchar (d−1) 0.2945(23)
γ 1.387(5)
Cw (ppt) 0.04405(16)

Notes. See the main text for an explanation of the parameters.

Fig. 8. Frequency spectrum of the residual TESS light curve after sub-
tracting all significant coherent signals and rejecting data close to the
periastron passages. The black solid line represents the best-fit model
given by Eq. (1). The stochastic component of the model is denoted
with a red dotted line while the horizontal blue dashed line corresponds
to the white noise level. The two gaps in the data above 10 d−1 corre-
spond to the location of aliases around the even multiples of the Nyquist
frequency that we removed before the fit.

sliding step amounted to 27 d. For n = 41 and 230 TEOs, we
used 110 d-long windows and a sliding step of 54 d. We also
checked the stability of the periods of the TEOs. For this pur-
pose, we constructed O −C diagrams. They were calculated
from the times of maximum light derived by least-squares fit-
ting of truncated Fourier series to the data in a window. The fits
provided both the amplitudes and times of the maximum. The
values of O − C were calculated with respect to the ephemeris
of the form C = Tmax = T0 + P0 × E, where E is the number of
cycles that elapsed from the initial epoch, T0. The initial epochs
and reference periods, P0, are given in Table 4.
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Fig. 9. Spectroscopic HR diagrams showing the location of massive stars exhibiting low-frequency stochastic variability and analysed by
Bowman et al. (2020). The spectroscopic luminosity is defined as L ≡ T 4

eff
/g, where Teff and g denote the effective temperature and surface

gravity of a star, respectively. The circles with error bars mark the position of the ExtEEV using its physical properties estimated by Jaya21.
The colour and size of a symbol reflects the value of α0 (left) and fchar (right). Solid lines show MIST [Fe/H] = 0, v/vcrit = 0 evolutionary tracks
(Choi et al. 2016; Dotter 2016) starting at the zero-age main sequence (ZAMS). The dashed-line evolutionary track corresponds to the suspected
mass of the ExtEEV, 34.5 M�, assuming a mean metallicity of stars in the LMC, [Fe/H] = − 0.4 and v/vcrit = 0.4.

Fig. 10. Comparison between Fourier frequency spectra calculated separately for TESS year 1 (upper blue curve) and TESS year 3 (lower red
curve) data. For the sake of clarity, all variability, except TEOs, has been subtracted from the light curve. Detrending at the lowest frequencies
was also applied. The vertical grey dashed lines mark the position of the consecutive harmonics of the orbital frequency. The location of detected
TEOs is denoted with vertical green dashed lines and is labelled with n. Both parts of the frequency spectra have a different ordinate scale.
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Table 3. Results of separate fits of TEOs for TESS year 1 and year 3
data.

Frequency (d−1) Amplitude (ppt) n ∆n (a)

0.70028(12) 2.33(20) 23 −0.009(4)
Not detected <1.59 23 –
0.73104(9) 3.17(20) 24 +0.0005(30)
Not detected <0.40 24 –
0.76174(3) 9.55(20) 25 +0.0081(11)
0.76246(7) 4.52(16) 25 +0.0316(24)
1.24893(15) 1.95(20) 41 +0.003(5)
1.2491(4) 0.80(16) 41 +0.009(14)
7.0062(5) 0.33(20) 230 +0.017(18)
7.0060(4) 0.74(16) 230 +0.009(12)

Notes. For each TEO, the first line corresponds to TESS year 1 data,
and the second corresponds to TESS year 3 data. (a)∆n = f / forb − n,
where f is the detected frequency (first column).

The results of this analysis are summarised in Fig. 12. The
n = 25 TEO exhibits by far the strongest relative changes in
amplitude, reducing it from a maximum value of ∼11 ppt to
about 3 ppt. The beginning of TESS year 3 observations indi-
cates that it took about two months, that is, about two orbital
cycles, for the amplitude to drop twice. Figure 12 also provides
convincing evidence of the relatively fast and strong fluctuations
of the amplitudes of n = 41 and 230 TEOs. They confirm the
picture of changes already seen in Fig. 10: a drop in amplitude
of the n = 41 TEO and an increase in amplitude of the n = 230
TEO.

Alongside changing amplitudes, the O − C diagrams for
n = 25 and 41 TEOs show statistically significant changes in
the periods of these forced oscillations. According to Table 3,
n = 25 TEO increased its frequency between year 1 and year 3
by ∆ f = 0.00072(8) d−1. This is a statistically significant change
that can also be seen in the O − C diagram. A similar change in
period can be seen for the n = 41 TEO. For the n = 230 TEO,
the result is not conclusive because of relatively large errors of
the times of maximum light. Since TEOs are expected to have a
constant phase and frequency, exactly equal to the integer mul-
tiple of the orbital frequency (excluding long-term changes due
to the evolution of components and their orbit), we discuss this
unexpected result in more detail in Sect. 5.

4. The ExtEEV and its TEOs in the ground-based
photometry

4.1. Ground-based photometric data

Having detected changes in amplitudes and periods of TEOs in
the ExtEEV, we searched for the ground-based photometry of
this star to check if these changes can also be traced on a much
longer timescale. Fortunately, because the ExtEEV is located
in the LMC, it has a very long record of photometric observa-
tions, mainly from the microlensing surveys. Below, we briefly
describe these data. Figure 13 shows the distribution of these
observations in time, which together span almost 30 years, with-
out any substantial gaps.

4.1.1. MACHO

Following the idea of Paczynski (1986), several extensive sur-
veys were undertaken in the early 1990s aimed at the detec-

Fig. 11. Comparison between phased TESS year 1 (red dots) and year
3 (blue dots) light curves of the ExtEEV, averaged in 0.003 phase bins.
The variability, other than the heartbeat and TEOs, was subtracted.

Table 4. Reference periods, P0, and initial epochs, T0 used to calculate
O −C diagrams shown in Fig. 12.

n T0 (BJD) P0 (d)

25 2458325.633594 1.312775
41 2458325.777057 0.800749
230 2458325.457594 0.142737

Fig. 12. Amplitude changes (left) and O −C diagrams (right) for TEOs
with n = 25, 41, and 230 detected in the TESS light curve. We note that
O − C values are expressed in the units of the period of the indicated
TEO. See the main text for details.

tion of compact objects in the Galactic halo by means of
microlensing. Their detection required observations of as many
stars as possible, favouring dense stellar fields such as Mag-
ellanic Clouds (MCs) and the Galactic bulge. Regular time-
series observations of MCs started in 1992 with the onset of
the MACHO survey (Alcock et al. 1993). The project brought
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Fig. 13. Collection of ground-based photometry and TESS data of the ExtEEV used in the present paper. Thanks to the archival data, it was
possible to analyse the behaviour of the heartbeat and the strongest n = 25 TEO in the ExtEEV for almost 30 years, that is, for over 300 orbital
cycles.

a wealth of photometric data for millions stars in two bands, V
and R (Alcock et al. 1999), allowing studies of many types of
variable stars. MACHO observations covered the years 1992–
2000. In these observations, the ExtEEV was assigned the
MACHO 80.7443.1718 number and classified as an eclipsing
binary with a period of about 32.83 d (Alcock et al. 2001).
MACHO data of the ExtEEV are available through the project
web page3 and CDS. In total, there are 668 and 1487 data points
in MACHO V and R passbands, respectively, obtained between
October 22, 1992 and January 1, 2000. After some cleaning of
outliers, we were left with 650 V-filter and 1387 R-filter data
points. Because no clear difference in the amplitude of the heart-
beat between the two passbands was found, the data were com-
bined together. The MACHO light curve of the ExtEEV is shown
in Fig. 13, folded with the orbital period, in Fig. 14.

4.1.2. OGLE-III and OGLE-IV

OGLE (Udalski et al. 2015) is a long-term large-scale photo-
metric sky survey focused on detecting microlensing events and
stellar variability. At present, it monitors the Galactic bulge,
Galactic disk, and MCs in Cousins I and Johnson V passbands.
The OGLE data used in the present paper were collected with the
1.3-m Warsaw telescope at Las Campanas Observatory, Chile,
during the third (OGLE-III, 2001–2009) and the fourth (OGLE-
IV, 2010–now) phase of the project.

In the present analysis, we use 1451 OGLE-III and OGLE-
IV measurements of the ExtEEV obtained in the I passband
between 2001 and 2020 (Fig. 13). The photometry was extracted
using custom implementation of the DIA (Alard & Lupton 1998)
method by Woźniak (2000). Typical errors of individual mea-
surements are of the order of 0.005 mag. OGLE-III and OGLE-
IV light curves of the ExtEEV, folded with the orbital period, are
shown in Fig. 14.

4.1.3. ASAS-SN

The ExtEEV was identified as a heartbeat star by Jaya19 dur-
ing the search for variable stars in the ASAS-SN data. The
ASAS-SN project started in 2011 and is primarily aimed at the

3 http://macho.nci.org.au

detection of bright supernovae and other transient phenomena
(Shappee et al. 2014; Kochanek et al. 2017). Presently, the sur-
vey monitors the entire sky with 24 telescopes down to 18th
magnitude in the Sloan g band4. We downloaded the ASAS-SN
V-band light curve of the ExtEEV from the publicly available
photometric database of this project5 (Jayasinghe et al. 2019a).
A few outliers were removed by means of iterative σ-clipping.
Finally, we were left with 438 points in the light curve spread
over 4 years, which is shown in Fig. 13. Figure 14 presents the
ASAS-SN light curve phased with the orbital period.

4.2. Presence of TEOs

An analysis of individual ground-based light curves revealed the
presence of n = 25 TEO in all four analysed data sets with ampli-
tudes of between 8.3 and 10.5 ppt (Fig. 14 and Table 5). These
amplitudes cannot be directly compared because different pho-
tometric passbands were used. The only exception are OGLE-
III and OGLE-IV data, which were both taken with the Cousins
I filter – a small drop in the amplitude between OGLE-III and
OGLE-IV is likely (Table 5). It can be seen from Fig. 14 that
in addition to n = 25 TEO, the frequency spectra of MACHO,
OGLE-IV, and ASAS-SN data also clearly reveal the presence
of the n = 24 TEO. Although the maxima corresponding to this
TEO are below the adopted detection threshold in MACHO and
ASAS-SN data, we decided to include them in the variability
model. The results of the fitting amplitudes are summarised in
Table 5. The detection threshold in the frequency spectra of the
ground-based data, ranging between ∼3.5 ppt for OGLE-IV data
and ∼5.5 ppt for the other surveys, did not allow us to detect
n = 41 and 230 TEOs if their amplitudes were similar to those
in the TESS data (Table 3). Apparently, their amplitudes in these
observations were below the detection thresholds. The n = 24
TEO, having an amplitude of ∼5 ppt in the ground-based data
(Table 5), is only marginally detected in TESS year 1 data and
not detected at all in TESS year 3 data (Table 3, Fig. 10). This
is another indication of the change in amplitudes of TEOs in the
ExtEEV.

4 http://www.astronomy.ohio-state.edu/asassn/index.
shtml
5 https://asas-sn.osu.edu/photometry
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Fig. 14. Phased light curves of the ExtEEV from four ground-based projects (left) and their frequency spectra after the subtraction of the heartbeat
(right). Blue horizontal lines show the 4×N detection threshold, while the series of vertical solid lines mark the position of consecutive harmonics
of the orbital frequency. The pair of thick vertical red lines denote the position of n = 24 and n = 25 TEOs. We note the presence of daily aliases
of the n = 25 TEO at ∼0.24 d−1 and ∼1.24 d−1. Phase 0.0 corresponds to BJD 2458373.61518.

Table 5. Parameters of the n = 24 and n = 25 TEOs in ground-based
surveys.

Source Frequency Amplitude ∆n (a)

(d−1) (ppt)

n = 24
MACHO 0.73098(5) 4.8(10)(∗) −0.00087(17)
OGLE-III not detected <4.7 –
OGLE-IV 0.731058(24) 4.7(7) 0.0000(8)
ASAS-SN 0.73110(7) 5.4(11)(∗) +0.0001(3)

n = 25
MACHO 0.761495(27) 8.7(10) +0.0009(10)
OGLE-III 0.761563(21) 10.5(12) +0.0024(8)
OGLE-IV 0.761537(14) 8.3(7) +0.0006(5)
ASAS-SN 0.76155(4) 9.1(12) −0.0002(16)

Notes. (a)∆n = f / forb − n, where f is the detected frequency (second
column). (∗)Detection below 4 × N threshold.

4.3. Decrease in the orbital period of the ExtEEV

Both TESS and ground-based data were subsequently used to
verify the stability of the orbital period of the ExtEEV. This was
done by means of the O − C diagram using times of minimum
light of the heartbeat. Our analysis was based on light curves
that were freed from TEOs. In the first step, TESS year 1 data
were used to make a template light curve. It was obtained by

folding the data with the orbital period, binning in 0.004–0.022
phase intervals (shorter in the vicinity of periastron and longer
in the flat part of the light curve) and averaging. In total, 80
phase bins were defined. Median values of the phase and flux
in phase bins were subsequently interpolated by means of cubic
spline functions. A sequence of repeating template light curves
was fitted to the most precise set of data, TESS year 1, by apply-
ing MCMC methods analogous to those described in Sect. 2.5.
As a result, we derived the reference time of minimum light,
Tref = BJD 2458340.66829, corresponding to the first minimum
in the TESS year 1 light curve. As a reference orbital period, we
adopted the value derived from all TESS data in Sect. 2.3, that
is, Pref = 32.83016 d. The O−C diagram for the orbital period of
the ExtEEV was obtained with these two reference values, that
is, assuming C(E) = Tref + E × Pref , where E is the number of
orbital cycles that elapsed from Tref .

In the following step, all ground-based data were divided,
separately for each survey, into partly overlapping 3 yr-long data
samples separated by roughly 1.5 yr. In total, four MACHO,
four OGLE-III, six OGLE-IV, and three ASAS-SN samples
were defined. Each sample was first folded with the orbital
period. Next, the MCMC methods were used to derive the
observed time of minimum light in the folded light curve.
This time of minimum light was then transferred to the time
of minimum light closest to the average time of a sample by
adding or subtracting the integral number of orbital cycles. The
derived times of minimum light, Tmin = O, were used to cal-
culate O − C values. They are given in Table 6 and plotted in
Fig. 15.
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Table 6. Data presented in the O − C diagram for the orbital period of
the ExtEEV (Fig. 15).

Survey Tmin− E O −C
or mission BJD 2 400 000 (d)

MACHO 49345.1738 −274 −0.0307(11)
MACHO 49804.7997 −260 −0.0270(12)
MACHO 50297.2842 −245 +0.0051(13)
MACHO 50494.2768 −239 +0.0167(13)
OGLE-III 52661.147 −173 +0.097(5)
OGLE-III 52858.134 −167 +0.102(5)
OGLE-III 53547.567 −146 +0.102(5)
OGLE-III 53974.348 −133 +0.091(5)
OGLE-IV 55583.012 −84 +0.078(5)
OGLE-IV 55812.829 −77 +0.083(3)
OGLE-IV 56108.298 −68 +0.081(4)
OGLE-IV 56633.552 −52 +0.052(4)
OGLE-IV 57257.308 −33 +0.035(4)
ASAS-SN 57322.974 −31 +0.041(24)
ASAS-SN 57552.762 −24 +0.017(21)
OGLE-IV 57585.598 −23 +0.023(4)
ASAS-SN 57716.913 −19 +0.018(22)

TESS year 1 58504.81909 5 0.00000(19)
TESS year 3 59194.24690 26 −0.00555(15)

TESS 58340.6769 0 +0.0086(6)
TESS 58373.5043 1 +0.0059(6)
TESS 58406.3332 2 +0.0046(6)
TESS 58439.1610 3 +0.0022(6)
TESS 58471.9887 4 −0.0003(6)
TESS 58504.8170 5 −0.0021(7)
TESS 58570.4760 7 −0.0034(7)
TESS 58636.1302 9 −0.0095(6)
TESS 58668.9618 10 −0.0081(7)
TESS 59095.6899 23 −0.0720(4)
TESS 59161.3888 25 −0.0335(4)
TESS 59194.2403 26 −0.0122(4)
TESS 59259.9378 28 +0.0251(4)

As the TESS data are well sampled, there was no need to
phase these sets of data. The times of minimum were therefore
derived by using the MCMC analysis of all data surrounding
each observed time of minimum. There were nine times of mini-
mum covered by TESS year 1 data and four by TESS year 3 data.
These individual times of minimum light for TESS data are pro-
vided in the bottom part of Table 6 and are marked by ‘TESS’
in the first column. In addition, average times of minimum were
derived for the whole TESS year 1 and year 3 data in a similar
way as for the ground-based data. These two average times of
minimum are given in the middle part of Table 6.

Figure 15 shows the resulting O − C diagram. It can be seen
that the orbital period, as defined by the times of minimum of
the heartbeat, is not constant. In a rough approximation, it can
be described by a parabola, which corresponds to a constant rate
of period change. Using the first 19 values of O−C from Table 6,
we fitted a parabola, (O − C)(E) = aE2 + bE + c, by means of
the least squares obtaining the coefficient at the quadratic term
equal to a = (−5.8 ± 0.4) × 10−6 d per orbital cycle. It can be
easily converted to the rate of change in the orbital period,

dPorb

dt
= Ṗorb =

2a
Pref

= (−11.1 ± 0.8) s (yr)−1. (2)

The negative value of Ṗorb means that the orbital period shortens.
We discuss the possible origin of the shortening of the orbital
period in Sect. 5.3.

As we can seen in Fig. 16, the residuals for the times of min-
imum obtained from TESS year 3 data show large scatter. This
can be explained by the influence of thev stochastic variability
and TEOs. While these effects should average in long time inter-
vals, the individual times of minimum can be affected.

4.4. Changes in amplitude and frequency of the
n = 25 TEO

Although the detection threshold in the ground-based data is sig-
nificantly higher than in the TESS observations, the amplitude
of the n = 25 TEO is large enough to analyse changes in its
amplitude and frequency in the same way as we did in Sect. 3.2.
In order to minimise the impact of the gaps between different
surveys, we combined all ground-based light curves into a sin-
gle time series. Then, using a sliding window with the width
of 1000 d and a sliding step of 200 d, we obtained the result
which is shown in Fig. 16. An order of magnitude longer width
of the window than we used in the analysis of the TESS data
(Sect. 3.2) means that we can trace changes in the amplitude and
frequency of the strongest TEO only on the timescale of years.
Faster changes, even if present, are averaged.

Some interesting conclusions can be drawn from Fig. 16.
First of all, although the amplitude of n = 25 TEO changes,
this particular TEO is present in the ExtEEV for nearly 30 years
with an average amplitude of about 10 ppt (see also Fig. 14). Sec-
ond, the most recent O − C values obtained from the OGLE-IV
data tend to confirm the trend that can be seen in the TESS data.
Third, the change in frequency of the TEO observed in TESS
data seems to have a precedent in the past. The OGLE-III data
reveal a clear fluctuation in the O − C diagram around 2007,
accompanied by a decrease in amplitude from around 13 ppt
to about 6 ppt. TESS data show a similar correlation; the pro-
nounced change in frequency of the TEO is followed by a reduc-
tion of its amplitude. However, we leave the discussion of this
correlation to Sect. 5.2.

Since both the orbital period (Sect. 4.3) and the period of
the n = 25 TEO (this section) change with time, t, it is interest-
ing to see how the misalignment of these two values behaves. A
good measure of this misalignment is the difference ∆ f defined
as follows:

∆ f (t) ≡ fpuls(t) − 25 forb(t), (3)

where fpuls(t) and forb(t) are the pulsation frequency of the n = 25
TEO and the orbital frequency, respectively. In order to obtain
fpuls(t), we first constructed a smooth analytical model of the
changes (O − C)(t) seen in Fig. 16 using the Savitzky-Golay fil-
ter (Savitzky & Golay 1964) of the third order which we then
differentiated. The values of forb(t) were taken assuming a con-
stant value of Ṗorb derived in Sect. 4.3. The solid red curve in
Fig. 16 shows the derived ∆ f expressed in units of the orbital
frequency. As can be seen from this figure, there are two sig-
nificant excursions from ∆ f / forb ∼ 0. The first was of the
order of ±1 per cent and took place in the second part of the
OGLE-III observations. The other, going up fast to +5 per cent
is covered by the TESS data and the last part of the OGLE-IV
observations.
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Fig. 15. O−C diagram for the ExtEEV (top) and
residuals from the fitted parabolic model (bot-
tom). The values of O − C for the ground-based
surveys and TESS mission are marked with dif-
ferent colours presented in the legend. For TESS
data, we provide two types of O−C values. Black
points correspond to the global fit to TESS year
1 and 3 data, while grey points represent O − C
derived from the observed times of minimum
light (bottom part of Table 6). Epoch E stands
for the number of orbital cycles that elapsed
from the reference time of minimum light, Tref =
BJD 2458340.66829. The fitted parabolic model
is shown with a solid black line. The blueish
shaded areas around the solid and dashed lines
denote 1σ confidence intervals of the best fit.

Fig. 16. O − C diagram (top) and ampli-
tude changes (bottom) of the n = 25 TEO
observed in the combined ground-based
data from the MACHO, OGLE-III, OGLE-
IV, and ASAS-SN surveys and the TESS
space mission. Vertical stripes mark the
time span of the light curves from different
ground-based surveys. The solid red curve
in the upper panel shows the values of ∆ f
defined by Eq. (3), expressed in terms of the
orbital frequency (in per cent). The units of
∆ f / forb are shown as a right-hand ordinate.
The grey shaded area around the curve rep-
resents the ±1σ confidence interval derived
from the Monte Carlo simulations. More
details are given in the main text.

5. Discussion

5.1. Occurrence of n = 230 TEO

The n = 230 TEO detected in the ExtEEV is the highest detected
multiple of orbital frequency among all TEOs observed in HBSs
with masses higher than 2 M� (Guo 2021). Fuller (2017) show
that the amplitude of TEO (and in consequence the ability of its
detection) can be estimated if orbital elements and the seismic
model of a star (his Eq. (2)) are known. One of the crucial factors
determining the amplitude of TEO is the equivalent of the so-
called Hansen coefficient, Fnm. It is defined with the following
expression (assuming spin-orbit alignment in the system)

Fnm =
1
π

π∫

0

cos[n(E − e sin E) − mυ(t)]
(1 − e cos E)l dE, (4)

where n is the multiple of orbital frequency, l the degree, m
the azimuthal order of spherical harmonic describing the geom-

etry of the TEO, e the eccentricity, E the eccentric anomaly,
and υ(t) the true anomaly depending on time t. We note that
Fnm describes temporal coupling between the oscillation mode
and characteristic time of the periastron passage. The aforemen-
tioned factor expresses an intuitive principle, which says that a
mode with the pulsation period close to the characteristic time
of periastron passage is most strongly excited. In other words,
the higher eccentricity, the higher n is expected to be observed in
TEOs. Figure 17 presents the dependence between Fnm and n for
the orbital eccentricity of the ExtEEV, e = 0.507 (Jaya21), and
potentially dominant l = 2 or l = 4 TEOs. Of course, one could
also consider higher values of l such as l = 5, 6, or even higher.
However, the overall force tidally inducing modes of degree l in
a star with radius R scales with q(R/a)(l+1), where q stands for
the mass ratio and a denotes the semi-major axis of the orbit.
Hence, we do not expect to observe TEOs with high l values.

While n = 23, 24, 25, and 41 TEOs have a good chance of
being excited in the ExtEEV from the point of view of theory,
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Fig. 17. Dependence of Hansen coefficients Fnm on the multiple of the
orbital frequency, n, for TEOs with eight different (l,m) values. The
solid and dashed coloured curves show solutions for Eq. (4), assuming
e = 0.507 (Jaya21). The vertical dotted lines mark TEOs detected in the
ExtEEV. See the main text for more details.

the n = 230 TEO should not be visible at all because it has an
extremely small value for its Hansen coefficient6. The reason is
that for high values of n, Fnm decays nearly exponentially, which
is shown in Fig. 17. Its value for n = 230 is of the order of
10−22. The explanation for the occurrence of the n = 230 TEO,
therefore, poses a challenge for theory.

The unusual shape of the light curve of this TEO (Fig. 6) can
possibly be useful in solving the mystery of its origin. For exam-
ple, it might be related to its high non-adiabaticity. If this is the
case, strong non-adiabaticity may enable the TEO to be excited
despite its very low value for the Fnm coefficient. Theoretical
modelling of the pulsation properties of B-type supergiants indi-
cates that their l = 2 gravity (g) modes have frequencies around
1–2 d−1 (e.g., Ostrowski et al. 2014). The n = 230 TEO with its
frequency around 7 d−1 occurs in the acoustic frequency range
typical for the so-called strange modes (see e.g., Glatzel 1994,
2001; Saio 2009), which are expected to be excited and prop-
agate in the outer envelopes of blue supergiants, where radia-
tion pressure is higher or nearly equal to the gas pressure. These
modes are known to be strongly non-adiabatic and their growth
rates are comparable to the dynamical timescale. What follows,
the observed TEO n = 230 may be a tidally excited strange
mode. We recall that the vast majority of the TEOs observed
in known EEVs are g-modes with relatively high radial orders
(Guo 2020), which is in contrast to the suspected properties of
the n = 230 TEO in the ExtEEV. If the strange character of the
mode is confirmed, this particular TEO may provide a unique
opportunity to study the dissipation rate of the orbital energy in
massive stars through this kind of mode.

6 In principle, the chance of the excitation of a TEO is more correctly
described by the product of Fnm and Qnl, where Qnl is the so-called
overlap integral (cf. e.g., Fuller 2017, his Eq. (4) and Sect. 9). The Qnl
is proportional to the surface Lagrangian perturbation of the gravita-
tional potential, hence it does not change by more than a few orders of
magnitude over a wide range of n for given l. Therefore, an extremely
small probability of the excitation of the n = 230 TEO resulting from
a very low value of Fnm cannot be significantly increased by taking Qnl
into account.

5.2. Variable amplitudes of TEOs

Almost uninterrupted photometry of the LMC in ground-based
surveys and very good quality and cadence of TESS obser-
vations allowed us to study the behaviour of amplitudes and
periods of TEOs excited in the ExtEEV on a timescale of
years and (from TESS data) months. In effect, we provide
evidence of variable amplitudes of TEOs. Such variations are
known and quite common in massive stars with self-excited
pulsations (e.g., Jerzykiewicz & Pigulski 1999; Jerzykiewicz
1999; Pigulski & Pojmański 2008). They are possibly caused
by non-linear mode coupling, where the energy of one mode is
transferred to the other coupled mode(s) (Dziembowski 1982;
Dziembowski & Królikowska 1985; Dziembowski et al. 1988).
In the case of non-linear resonance mode coupling, TEOs
can have frequencies that are not close to a harmonic of the
orbital frequency, but instead they sum up to a harmonic (e.g.,
Burkart et al. 2012; Guo 2020). For the ExtEEV, it is hard to
tell if there are any non-harmonic low-amplitude modes excited
by TEOs because of the presence of the stochastic variability. It
raises the signal at low frequencies and makes the detection of
potential daughter modes7 merely possible (cf. Fig. 4, panels b
and c). The n = 23, 24, 25, and 41 TEOs would have their daugh-
ter modes in the region occupied by g-modes. Their growth rates
are significantly longer than a month, which is the timescale of
amplitude changes detected in TESS data (Fig. 12). However, a
system of three resonantly coupled modes even with very dif-
ferent linear growth rates can behave in many ways, including
exponential growth, an equilibrium solution, chaos, and limit
cycles (Moskalik 1985). The latter ones, despite their poten-
tially long periods, may occasionally exhibit a rapid decrease
or increase in amplitude on a timescale comparable to that seen
in ExtEEV. The more generalised amplitude equations for sev-
eral TEOs interacting with each other (including non-linear tidal
effects) and for any number of daughter modes are, however,
more complicated and given, for example, by Weinberg et al.
(2012). Periodic amplitude fluctuations are still among the pos-
sible solutions that may explain the behaviour of TEOs observed
in ExtEEV.

We would also like to consider another explanation. Fig-
ures 12 and 16 show that at least n = 25 and 41 TEOs exhibit
significant changes in their frequencies. It is particularly pro-
nounced for the dominant n = 25 TEO (upper panel of Fig. 16).
It seems from this figure that at least for the TESS data, there
is a correlation between ∆ f / forb and amplitude: the higher the
∆ f / forb, the lower the amplitude. It is possible that similar cor-
relations also exist for the remaining TEOs observed in the
ExtEEV, although this cannot be verified with the available data.
Therefore, it seems reasonable to conclude that small variations
in frequencies of TEOs cause changes in their amplitudes. This
is in agreement with the theory (e.g., Fuller 2017) that predicts
that amplitudes of TEOs are sensitive to the detuning factor,
which depends on the difference between the eigenfrequency of
a mode and the nearest harmonic of the orbital frequency8. Even
small changes in the mode frequency may cause large changes

7 In the case of a three-mode resonance, frequencies of two daughter
modes sum up to the frequency of the parent or mother mode.
8 We would like to emphasise that the aforementioned difference is
not identical to the ‘observational’ ∆ f introduced in Eq. (3). Due to
non-linear effects, a TEO never has a frequency strictly equal to n forb.
Therefore, it is difficult to convert ∆ f determined by us to the detuning
factor, which relates to the spectrum of the normal modes. However,
these two differences are related in the sense that a change in one of
them entails a change in the other.
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in the detuning factor and TEO’s amplitude. In this scenario, we
would observe the effect of detuning between the eigenfrequency
of the stellar mode and the nearest harmonic of the orbital fre-
quency. The eigenmode would be tidally excited as long as its
frequency is very close to the orbital harmonic. When they are
moving apart, the efficiency of tidal forcing decreases rapidly
and the mode decouples from the influence of a given orbital har-
monic. The amplitude of such a decoupled mode would decrease
on a timescale dictated by its growth rate. A reverse situation
may occur when the frequency of an eigenmode approaches the
orbital harmonic – an increase in amplitude of a TEO should be
observed.

In blue supergiants, non-adiabatic effects in pulsations are
important. Therefore, we may suspect that the observed TEOs
have relatively short growth rates, compatible with the timescale
of their amplitude changes reported in the present paper. Even
small mass losses or changes in the extended atmosphere of a
blue supergiant may lead to slight changes in pulsation frequen-
cies and, in consequence, changes in the detuning parameter and
amplitudes of the TEOs. Next, blue supergiants have a thin con-
vective layer approximately halfway between the core and the
stellar surface, overlying the hydrogen burning shell (Gautschy
2009). Turbulent and large-scale mass motions in this supra H-
shell or intermediate convection zone may also contribute to the
small changes in frequencies of eigenmodes. While a detailed
study of the related timescales is beyond the scope of this paper,
it is possible that small excursions of frequencies of TEOs from
the exact resonance with the orbital harmonic occur naturally in
supergiants. At least in the primary of the ExtEEV, we clearly
see such changes, while in the A-type binary HD 181850, Guo
(2020) found no evidence of variable amplitudes of TEOs over
four years of Kepler observations. Whether there are differences
in the long-term stability of amplitudes and periods of TEOs in
blue supergiants and early-type dwarfs has yet to be established
with many more examples of EEVs with TEOs.

5.3. Changes in the orbital period

We found in Sect. 4.3 that the orbital period of the ExtEEV, as
traced by the times of minimum of the heartbeat, shortens with a
mean rate of about 11 s (yr)−1. Searching for the possible expla-
nation of this change, we considered five different phenomena:
emission of gravitational waves, apsidal motion, light-travel time
effect, tidal dissipation of orbital energy, and mass transfer in the
system.

In order to estimate the effect of emission of gravitational
waves on the observed Ṗorb, we used Eq. (5.6) from the work of
Peters (1964). By adopting physical parameters of the ExtEEV
obtained by Jaya21, we obtained Ṗorb ≈ −1.5× 10−6 s (yr)−1.
This value is seven orders of magnitude lower than the observed
one. We conclude that the impact of the emission of gravitational
waves on the changes in the orbital period is negligible in the
ExtEEV and cannot explain the observed value.

Apsidal motion can result in apparent changes in the orbital
period measured with the times of minimum light of eclipses
provided that the data cover a significant part of the period of
apsidal motion. The ExtEEV is a non-eclipsing system, but the
apsidal motion can be traced with the heartbeat because its shape
depends on ω, the argument of periastron. In general, apsidal
motion leads to the advance of ω. Around the measured value
of ω ≈ 302◦ (Jaya21) this should lead, with time, to a decrease
in the depth of the minimum and increase in the height of the
following maximum of the heartbeat. We found no evidence of a
change in the shape of the heartbeat for about 19 years of the

I-filter OGLE observations. This means that during this time
interval, ω did not change more than ∼2◦. This gives an upper
limit for dω/dt = ω̇ . 0.1◦ (yr)−1. We also estimated a theo-
retical value of ω̇ following Rosu et al. (2020). Using physical
parameters of the ExtEEV from Jaya21 and assuming internal
structure constants k2,1 = 0.00125 and k2,2 = 0.01 from Claret
(2019), we obtained ω̇ ≈ 0.082◦ (yr)−1, in full consistency with
the upper limit obtained from the observations. The resulting
period of apsidal motion U = 360◦/ω̇ ≈ 4400 yr is more than
two orders of magnitude longer than the time span of the ground-
based observations of the ExtEEV. This means that the latter
covers only a very small part of the period of apsidal motion,
and that apsidal motion cannot explain changes seen in Fig. 15
either.

Another phenomenon that can explain the shortening of the
orbital period is the presence of an additional body (or bodies)
that would cause a light-travel time effect (LTTE, Irwin 1952).
We do not know what the orbital parameters are of this poten-
tial tertiary component. The only limitation we have is related
to its orbital period, which must be longer than ∼30 years. We
can therefore estimate the minimum mass of the tertiary assum-
ing that the inclination of its orbit is 90◦ and considering differ-
ent values of eccentricity. By fitting the LTTE curves described
within the formalism provided by Irwin (1952) to the data pre-
sented in Fig. 15, we obtained a low limit on the tertiary’s mass,
which is equal to about 18 M�. This is a value comparable to
the mass of the secondary estimated by Jaya21. Since the sec-
ondary’s lines were not detected in the spectra of ExtEEV, the
potential tertiary’s lines might have also remained undetected.
This means that ExtEEV can be a multiple hierarchical system
and the presence of a tertiary can explain the change in the orbital
period seen in Fig. 15.

The remaining two mechanisms considered here, tidal dissi-
pation of orbital energy and mass transfer in the system, are also
able to explain the observed change in the orbital period, but
the question arises whether they are at work. Let us start with
tides. They can transform orbital angular momentum into the
spin angular momenta of components and vice versa (spin-orbit
coupling). Tides have also a non-conservative nature because
they can transform orbital energy into thermal energy of stellar
interiors. Assuming that tidal dissipation of the orbital energy
is the only source of a decreasing orbital period, the observed
value of Ṗorb can be converted into effective tidal quality fac-
tor Q (Goldreich & Soter 1966; Fuller et al. 2017), which for
the ExtEEV amounts to about 1.2× 102. However, as shown by
Witte & Savonije (1999b) and Fuller et al. (2017), Q may exhibit
significant changes on relatively short timescales, depending on
the resonance locking conditions and the number of excited
TEOs. A simple estimation of the orbital decay timescale defined
as τd ≡ a/ȧ, where a is the semi-major axis of the system’s orbit,
returns τd ≈ 4 × 105 yr. This means that if a tidal dissipation sce-
nario is effective, the orbit of the ExtEEV evolves on a timescale
comparable to the nuclear timescale of the primary.

As we claimed above, mass transfer in the system can also
explain the observed value of Ṗorb. From the observational point
of view, the presence of mass transfer in the ExtEEV is justi-
fied by evidence of the presence of a disk that changes its size
with the orbital phase (Jaya21). Neither Jaya19 nor Jaya21 were
able to reproduce the amplitude of the heartbeat in the ExtEEV
using the PHOEBE 2 code (Prša et al. 2016; Horvat et al. 2018;
Jones et al. 2020; Conroy et al. 2020). We confirm this result.
Assuming parameters of the system derived by Jaya21 with their
estimate of the primary’s radius equal to ∼24 R�, we obtained the
peak-to-peak amplitude of the heartbeat equal to about 10 ppt.
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Next, we changed the primary’s radius to 37.5 R�, which corre-
sponds to a configuration in which the primary nearly fills its
Roche lobe at periastron. It allowed us to increase the result-
ing amplitude of the heartbeat to about 50 ppt. This exercise
shows two things. First, the inability of reproducing the heart-
beat with standard models means that some additional contribu-
tion to the total flux, presumably from the disk, is required. Next,
if the true primary’s radius is larger than 24 R�, the conditions
for mass transfer close to periastron become even better. A mass
transfer in the system is therefore very likely, especially because
the supergiant has an extended envelope. Assuming conserva-
tive mass transfer from the primary to the secondary and keeping
the total orbital angular momentum constant, we found that the
required mass transfer rate that would reproduce the observed
Ṗorb in the ExtEEV amounts to about 4× 10−5 M� (yr)−1.

The loss of mass and total orbital angular momentum by
the tidally enhanced stellar wind may also contribute to Ṗorb
observed in the ExtEEV. This mass loss should be phase-
dependent and especially enhanced during periastron passages
(e.g., Tout & Eggleton 1988; Eggleton 2006). If stellar wind is
strong enough near periastron, it can delay the circularisation of
a system or even increase eccentricity (Soker 2000). We esti-
mated the mass-loss rate assuming that only tidally enhanced
stellar wind of the primary is responsible for the decreasing
orbital period. We treated the entire phenomenon as perfectly
non-conservative, that is, for each orbital period, a portion of
the matter was ejected from the primary outside the system
with the angular momentum estimated from the primary’s veloc-
ity at periastron. We found that the mass loss rate of about
10−4 M� (yr)−1 is necessary to explain the observed Ṗorb. This
is a large value, but TEOs present in the ExtEEV can inten-
sify stellar wind, as indicated, for example, by Townsend (2007)
and Kraus et al. (2015) for pulsating massive stars. Moreover,
Yadav & Glatzel (2017) show that strange mode instabilities in
massive OB-type stars have the potential to induce stellar winds
with mass-loss rates reaching 10−4 M� (yr)−1. Regardless of the
mechanism which drives stellar wind in the ExtEEV, the ejected
material can form a circumbinary disk, which also can affect the
orbit of the ExtEEV, including the evolution of its eccentricity
(Artymowicz et al. 1991).

The above described effects of mass loss, mass transfer, and
tidal dissipation in the ExtEEV can explain the observed value
of Ṗorb. The effects are difficult to separate, but most likely
they all contribute to the observed shortening of the orbital
period. Therefore, further high-resolution spectroscopic studies
are needed to distinguish them.

6. Summary and conclusions

The present study focuses on the detection and characterisation
of TEOs in the extreme-amplitude EEV, MACHO 70.7443.1718,
a very massive (35 + 16 M�) system in the LMC in a highly
eccentric (e ≈ 0.5) orbit (Jaya21). In particular, we concen-
trated on the temporal behaviour of amplitudes and periods of
the TEOs. Our most important findings can be summarised as
follows:
1. We confirm the presence of n = 23, 25, and 41 TEOs found

by Jaya19 and Jaya21 (Sect. 2.3). We also found two addi-
tional TEOs at n = 24 and 230 (Sects. 2.3 and 3.1).

2. The n = 230 TEO is the highest harmonic of all TEOs
detected thus far in massive (& 2 M�) stars (Guo 2021). The
TEO is also unique in other respects. First, such a high-n
TEO is not predicted to be excited in a system with e ≈ 0.5,
according to the present theory (Sect. 5.1). Second, it has

a strongly non-sinusoidal light curve (Fig. 6). We speculate
that with a frequency of ∼7 d−1, falling into the range of
acoustic modes, the TEO can be a strongly non-adiabatic p-
mode or even a strange mode. This makes it extremely inter-
esting as the majority of known TEOs in main-sequence stars
are g-modes.

3. We show that amplitudes of TEOs in the ExtEEV signifi-
cantly change on a timescale of months and years (Sect. 3).
This is the first piece of evidence of rapidly changing ampli-
tudes of TEOs. The changes are particularly well pronounced
for the dominant n = 25 TEO, which reduced its amplitude
twofold during only four orbital cycles (Fig. 12). Changes in
amplitudes were also detected for other TEOs (Sect. 4.2).

4. In addition to changing amplitudes, we show that n = 25
and 41 TEOs change their frequencies (Sect. 3.2). It seems,
at least for the n = 25 TEO, that changes in amplitudes and
frequencies are related (Sects. 4.4 and 5.2). We interpret this
behaviour as the effect of the non-linear mode coupling or
detuning between the frequencies of oscillation modes of the
primary component and harmonics of the orbital frequency.
We also discuss why this behaviour may occur in blue super-
giants (Sect. 5.2).

5. The orbital period of the ExtEEV decreased during the past
∼30 years at a rate of about 11 s (yr)−1 (Sect. 4.3). We indi-
cate that a plausible explanation of these changes involves
the presence of a tertiary on a long (orbital period longer than
30 yr) orbit. If this is the case, the ExtEEV forms a hierar-
chical triple system. Mass transfer between the components
and mass loss from the system due to stellar wind(s) can also
explain the change in the orbital period. If these processes
are efficient, mass transfer or mass loss rates of the order
of 10−5–10−4 M� (yr)−1 are required (Sect. 5.3). Tidal dissi-
pation of the orbital energy with high-amplitude TEOs may
also contribute to the shortening of the orbital period.

Amplitude and frequency changes can be quite common among
EEVs with TEOs. At present, we have a detection of rel-
atively fast changes in amplitudes and frequencies of TEOs
only in one star, the ExtEEV. Much slower changes, of the
order of 2–3% during four years of Kepler observations, were
found by O’Leary & Burkart (2014) in KOI-54, the archetype
of EEVs. Next, Guo (2020) found no evidence of changing
amplitudes and frequencies in a system composed of two A-
type components. The question is whether the circumstances
for amplitude changes in A-type stars are different for B-type
supergiants or maybe whether timescales of these changes for A-
type stars are much longer. Some general conclusions as to the
causes and consequences of amplitude and frequency changes
can be formulated only when their stability in a large sam-
ple of EEVs with TEOs will be studied. Our results, there-
fore, encourage observational studies of TEOs in EEVs, and
pose a challenge to the theory. Thus, we would like to conclude
our paper with some important problems that stem from our
findings.
1. The excitation mechanism for the n = 230 TEO is not obvi-

ous and requires theoretical explanation. In Sect. 5.1 we
argued that the value of the Fnm coefficient does not allow
for an excitation of such a high-n TEO in the ExtEEV sys-
tem. In general, the dependence of the TEO’s amplitude on
the Fnm coefficient should effectively prevent tidal excitation
of p modes, except for orbits with extremely high eccentrici-
ties. If an effective mechanism for excitation of high-n TEOs
is found, we can expect TEOs to occur in a much wider range
of frequencies than previously thought, including the ranges
of p- and strange modes.
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2. The question of how does the presence of strongly non-
adiabatic p-mode or strange mode TEOs influence dynam-
ical evolution of massive binary systems remains an open
question. Significantly non-adiabatic pulsations have very
short growth rates, which can be comparable to the orbital
period. This means that in a situation that favours resonance,
the amplitude of such a TEO can notably increase in less
than a few orbital cycles. This, in turn, may result in a rapid
drop in the tidal quality factor and quick shrinkage of the
orbit.

3. It is not clear why frequencies of TEOs in the ExtEEV
(and generally in blue supergiants) change on a timescale of
months. We showed that at least n = 25 and 41 TEOs change
their frequencies significantly, but there are indications that
the other TEOs in the ExtEEV may behave in a similar way.

4. In massive stars, TEOs can affect the evolution of the orbit
in two ways: firstly, by a direct dissipation of the total orbital
energy in stellar interiors and, secondly, by taking out the
orbital and rotational angular momenta because of the stel-
lar wind driven or enhanced by pulsations. The coupling
between the intensity of stellar wind and the high-amplitude
TEOs, which are mainly propagating in the outer envelope
of the primary of the ExtEEV, needs further investigation.

The ExtEEV is an excellent target to address the questions raised
above. The role of TEOs in the dynamical evolution of massive
binary systems is still a matter of large uncertainties. However,
TEOs represent a potentially effective and still unexplored chan-
nel for draining the orbital energy from the system on timescales
comparable to the nuclear timescales of the components. In some
circumstances, this can possibly lead to the formation of a con-
tact binary or even tidal disruption and coalescence of massive
stars.
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Pawlak, M., Soszyński, I., Udalski, A., et al. 2016, Acta Astron., 66, 421
Peters, P. C. 1964, Phys. Rev., 136, 1224
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ABSTRACT

Context. Massive and intermediate-mass stars reside in binary systems much more frequently than low-mass stars. At the same
time, binaries containing massive main-sequence (MS) component(s) are often characterised by eccentric orbits, and can therefore be
observed as eccentric ellipsoidal variables (EEVs). The orbital phase-dependent tidal potential acting on the components of EEV can
induce tidally excited oscillations (TEOs), which can affect the evolution of the binary system.
Aims. We investigate how the history of resonances between the eigenmode spectra of the EEV components and the tidal forcing
frequencies depends on the initial parameters of the system, limiting our study to MS. Each resonance is a potential source of TEO.
We are particularly interested in the total number of resonances, their average rate of occurrence and their distribution in time.
Methods. We synthesised 20,000 evolutionary models of the EEVs across the MS using Modules for Experiments in Stellar Astro-
physics (MESA) software for stellar structure and evolution. We considered a range of masses of the primary component from 5 to
30 M⊙. Later, using the GYRE stellar non-adiabatic oscillations code, we calculated the eigenfrequencies for each model recorded by
MESA. We focused only on the l = 2, m = 0,+2 modes, which are suspected of being dominant TEOs. Knowing the temporal changes
in the orbital parameters of simulated EEVs and the changes of the eigenfrequency spectra for both components, we were able to
determine so-called ‘resonance curves’, which describe the overall chance of a resonance occurring and therefore of a TEO occurring.
We analysed the resonance curves by constructing basic statistics for them and analysing their morphology using machine learning
methods, including the Uniform Manifold Approximation and Projection (UMAP) tool.
Results. The EEV resonance curves from our sample are characterised by striking diversity, including the occurrence of exceptionally
long resonances or the absence of resonances for long evolutionary times. We found that the total number of resonances encountered
by components in the MS phase ranges from ∼102 to ∼103, mostly depending on the initial eccentricity. We also noticed that the
average rate of resonances is about an order of magnitude higher (∼102 Myr−1) for the most massive components in the assumed
range than for EEVs with intermediate-mass stars (∼101 Myr−1). The distribution of resonances over time is strongly inhomogeneous
and its shape depends mainly on whether the system is able to circularise its orbit before the primary component reaches the terminal-
age MS (TAMS). Both components may be subject to increased resonance rates as they approach the TAMS. Thanks to the low-
dimensional UMAP embeddings performed for the resonance curves, we argue that their morphology changes smoothly across the
resulting manifold for different initial EEV conditions. The structure of the embeddings allowed us to explore the whole space of
resonance curves in terms of their morphology and to isolate some extreme cases.
Conclusions. Resonances between tidal forcing frequencies and stellar eigenfrequencies cannot be considered rare events for EEVs
with massive and intermediate-mass MS stars. On average, we should observe TEOs more frequently in EEVs containing massive
components than intermediate-mass ones. TEOs will be particularly well-pronounced for EEVs with the component(s) close to the
TAMS, which begs for observational verification. Given the total number of resonances and their rates, TEOs may play an important
role in the transport of angular momentum within massive and intermediate-mass stars (mainly near TAMS).

Key words. binaries: close – stars: early-type – stars: massive – stars: oscillations – stars: evolution – methods: numerical

1. Introduction

For many reasons, massive stars (≳ 8 M⊙) are of particular in-
terest to modern astrophysics. Primarily, they are progenitors of
core-collapse supernovae (e.g., Janka et al. 2007; Smartt 2009)
and long γ-ray bursts (e.g., Fruchter et al. 2006; Yoon et al.
2006). For billions of years, they contributed to the chemical
evolution of the entire Universe and interacted mechanically
with the surrounding interstellar medium (e.g., Ouellette et al.
2007; Svirski et al. 2012), also through their intense line-driven
stellar winds (Vink 2021). Furthermore, most of their remnants
are compact objects, such as neutron stars (NSs, and among them
magnetars and pulsars) and black holes (BHs), which allow the
empirical study of effects of general relativity. Finally, massive
stars can be observed at cosmological distances due to their enor-

mous luminosities, hence they dominate in the spectra of distant
starburst galaxies (see Eldridge & Stanway 2022, for a recent re-
view). These features of massive stars (and many others) demon-
strate that understanding the structure and evolution of massive
stars is one of the key tasks of astronomy.

As is well known, massive and intermediate-mass (≳ 2 M⊙
and ≲ 8 M⊙) stars reside in binary systems much more fre-
quently than their lower-mass counterparts (Duchêne & Kraus
2013; Sana et al. 2012). Moreover, as shown, for example, by
Sana et al. (2014) and Moe & Di Stefano (2017), O-type dwarfs
in particular are often found in multiple systems. This shows that
binarity is inherent in the evolution of massive stars and cannot
be ignored when studying these objects as well as their final out-
comes. Many interesting phenomena in the Universe are the re-
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sult of binarity among massive and/or intermediate-mass stars.
These include Be stars (Kriz & Harmanec 1975; Bodensteiner
et al. 2020), so-called ‘stripped stars’ (Götberg et al. 2020;
Shenar et al. 2020; El-Badry & Burdge 2022), BH-BH/BH-
NS/NS-NS mergers (progenitors of gravitational-wave events,
Abbott et al. 2016, 2019), ‘early’ stellar mergers (Tokovinin &
Moe 2020; Sen et al. 2022; Li et al. 2022), Ib/c supernova pro-
genitors (Langer 2012; Yoon et al. 2012), ‘massive Algols’ (de
Mink et al. 2007; Skowron et al. 2017; Sen et al. 2022), and even
Wolf-Rayet stars (Shenar et al. 2019; Pauli et al. 2022).

At the same time, binary systems that contain massive main-
sequence (MS) component(s) are often characterised by eccen-
tric orbits due to their relatively young age and the presence of
radiative outer layers, which are less vulnerable to tidal dissi-
pation compared to convective envelopes (e.g., Van Eylen et al.
2016). Both observational studies of large samples of massive bi-
naries (e.g., Moe & Di Stefano 2017) and hydrodynamical sim-
ulations of their formation (see Oliva & Kuiper 2020, and ref-
erences therein) suggest significantly non-zero eccentricities at
their birth.

Assuming that the periastron distance between the compo-
nents is sufficiently small1, the combined proximity effects, such
as ellipsoidal distortion, irradiation/reflection effect and Doppler
beaming/boosting, make such a system an eccentric ellipsoidal
variable (hereafter EEV, e.g., Nicholls & Wood 2012). Due to
the characteristic shape of the light curve of EEV during the
periastron passage (which can resemble an electrocardiogram),
EEVs are sometimes referred to as ‘heartbeat stars’ (Welsh et al.
2011; Thompson et al. 2012; Beck et al. 2014; Kirk et al. 2016;
Kołaczek-Szymański et al. 2021; Wrona et al. 2022b).

The orbital phase-dependent tidal potential acting on the
components of EEV can induce tidally excited oscillations
(TEOs) in their interiors (Zahn 1975; Kumar et al. 1995; Fuller
2017; Guo 2021), which in turn can affect the evolution of the
binary system. However, many details of TEOs in massive and
intermediate-mass stars are still poorly understood including the
total number of TEOs and their frequency of occurrence. In our
study, we aim to shed light on this issue based on theoretical
modelling combined with machine learning (ML) techniques.

The paper is organised as follows. Section 2 provides a con-
cise characterisation of TEOs and specifies the purpose of our
paper. In Sect. 3 we present a detailed description of the adopted
methodology, including the assumptions made and the software
used to generate the theoretical models. We then analyse the
obtained models and present our findings in Sect. 4. Finally,
we summarise the entire work and draw several conclusions in
Sect. 5.

2. Properties of TEOs and the purpose of the paper

TEOs are tidally forced eigenmodes of a star with frequencies,
σnlm (in the co-rotating frame of the star), coinciding with inte-
ger multiples, N, of the orbital frequency, forb

2. The resonance
condition can be written as follows:

fNm ≡ N forb − m fs ≈ σnlm, (1)

where fNm corresponds to the frequency of the tidal forcing in
the rotating frame, fs stands for the rotational frequency of the
star, while the subscripts n, l and m denote the radial order, de-
gree, and azimuthal order of the specific eigenmode, respec-
tively. This property of TEOs makes them relatively easy to dis-
1 That is, of the order of a few radii of the larger component.
2 We denote the corresponding orbital period as Porb = 1/ forb.

tinguish from other types of pulsations (e.g., self-excited oscilla-
tions) in frequency spectra, provided the orbital period is known.
There are numerous examples of photometrically or spectro-
scopically detected TEOs (e.g., Handler et al. 2002; Welsh et al.
2011; Hambleton et al. 2013; Fuller et al. 2017; Guo et al. 2019,
2020; Wrona et al. 2022a), also in massive binary systems (e.g.,
Willems & Aerts 2002; Pablo et al. 2017; Kołaczek-Szymański
et al. 2021, 2022). Most TEOs are damped normal modes, mean-
ing that without constant tidal forcing they would not be ob-
served in the star. More importantly, because of their damped na-
ture, TEOs dissipate the total orbital energy making the system
tighter, more circular, and synchronised with time. On the other
hand, if the TEO is naturally an overstable mode it can transfer
thermal energy from the star to the orbit via so-called ‘inverse
tides’ (Fuller 2021). Regardless of the type of TEOs, they unde-
niably contribute to the evolution of the (massive) binary system,
and can therefore influence the characteristics of the phenomena
and objects mentioned above. The efficiency of energy transfer
between the stellar interior and the orbit due to TEOs strongly
depends on the temporal behaviour of the resonance condition
given by Eq. (1). It is to be expected that most TEOs are ‘chance
resonances’, i.e. resonances in which the aforementioned condi-
tion is satisfied for a relatively short time. Under such circum-
stances, TEOs do not have enough time to reach high ampli-
tudes, hence their ability to dissipate orbital energy is somewhat
limited. However, if, after reaching resonance, both frequencies
on the left and right sides of Eq. (1) evolve at the same rate and
direction, TEOs can ‘tidally lock’ for a longer time compared to
the chance resonance scenario (Fuller 2017). This unique vari-
ety of TEOs is suspected to be responsible for occasional peri-
ods of rapid evolution of the orbital parameters in binary systems
(Fuller et al. 2017).

TEOs are are not only restricted to MS stars, they can also
occur in binaries with pre-MS stars (Zanazzi & Wu 2021), some
compact objects (white dwarfs, Yu et al. 2021), planetary sys-
tems (Ma & Fuller 2021) and even planet-moon systems (e.g., in
the Saturn-Titan system, Lainey et al. 2020).

Although the literature on theoretical studies of TEOs is in-
deed extensive (see e.g., Fuller 2017; Guo 2021, for recent re-
views), the question of their rate of occurrence and the role they
play in the evolution of massive stars is still a matter of debate.
Unfortunately, only a small number of papers refer exclusively to
massive EEVs. Witte & Savonije (1999a,b) studied gravity- (g)
and Rossby-mode TEOs in an uniformly rotating 10 M⊙ MS star
using their own two-dimensional (2D) code for different stellar
rotation rates and several orbital configurations. They found that
dynamical tides can effectively circularise and tighten the orbits
of EEVs in just a few Myrs if resonance locking occurs. How-
ever, these and many other previous works on TEOs were done
under the assumption of a compact (point-like) secondary com-
panion that is not subject to tidal perturbations during each peri-
astron passage. This is obviously not the case in real binary sys-
tems, where both components are responsible for the tidal evo-
lution of the orbit. As theoretically shown by Witte & Savonije
(2001), for an eccentric binary system consisting of two 10 M⊙
stars, tidal dissipation can be further enhanced due to the simul-
taneous excitation of tidally-locked TEOs in both components.
In spite of the advanced mathematical formalism, the aforemen-
tioned papers only dealt with a few assumed component masses
and sets of orbital parameters. Only Willems (2003) attempted
a qualitative analysis of the hyperspace of the orbital parame-
ters favouring excitation of TEOs in massive EEVs on MS. He
found that for a mass range of 2 – 20 M⊙, the favourable orbital
period interval lies between ∼5 and ∼12 d when both compo-
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nents are zero-age MS (ZAMS) stars. This interval shifts towards
longer orbital periods (up to ∼70 d) for components approaching
terminal-age MS (TAMS).

Although, as argued above, the role of TEOs in the life of
massive binary systems is still not well understood, we are not
aware of any published work that develops the qualitative analy-
sis carried out by Willems (2003) based on state-of-the-art stel-
lar evolution and oscillations codes. We would like to fill this
gap by combining the Modules for Experiments in Stellar As-
trophysics3 (MESA, Paxton et al. 2011, 2013, 2015, 2018, 2019)
stellar structure and evolution code with the GYRE4 (Townsend &
Teitler 2013; Townsend et al. 2018) non-adiabatic stellar oscil-
lation code. Our study aims to answer the following three ques-
tions:

1. How many resonances (given by Eq. (1)) can EEVs experi-
ence during their lifetime between ZAMS and TAMS? How
does this picture change with different initial parameters of
the binary system?

2. Can we distinguish several distinct types of EEV resonance
histories that are statistically related to the initial physical
and orbital parameters of binary systems?

3. Does the resonance history correlate in any way with the
properties of EEV near TAMS? For instance, are systems
that undergo mass transfer before reaching TAMS also sys-
tems with a higher total number of resonances encountered?

In order to answer the last two questions, we use of ML tech-
niques by performing a Uniform Manifold Approximation and
Projection5 (UMAP, McInnes et al. 2018) dimension reduction
analysis of the resonance histories obtained for simulated binary
systems.

3. Methods

Assuming that the dynamical tide excited in the component is
dominated by a single TEO close to resonance with the orbital
harmonic N, one can express its amplitude of luminosity change
as proportional to (after Fuller 2017, his eq. 2)

AN ∝ q
(R

a

)l+1

|Qnlm|FNmLN , (2)

where q is the ratio of the masses of the two components, R
stands for the radius of the component in which the TEO is
excited, and a is the semi-major axis of the relative orbit. The
quantity denoted Qnlm is known as the so-called overlap integral,
which describes the spatial coupling between a given oscillation
mode and the actual geometry of the tidal potential (Fuller 2017,
his eq. 4). In general, the larger the value of |n|6, the smaller the
Qnlm, hence eigenmodes with a large number of nodes in the ra-
dial direction have a much lower probability of tidal excitation7.
In addition to Qnlm, the Hansen coefficient FNm (Fuller 2017,
his eq. 5) is responsible for the temporal coupling of the forced
normal mode and the N th component in the Fourier expansion

3 https://docs.mesastar.org/en/latest/
4 https://gyre.readthedocs.io/en/stable/
5 https://umap-learn.readthedocs.io/en/latest/
6 We use |n| instead of n because GYRE assigns negative values of n to
g modes and positive ones to p modes.
7 More precisely, Qnlm does not vary strictly monotonic with n and
can change significantly between consecutive modes for given l and m.
However, the overall trend of Qnlm peaks for low values of |n| and falls
sharply for |n| ≫ 0. For a more detailed discussion on the behaviour of
Qnlm see, e.g., Burkart et al. (2012).

of the orbital motion. Quantitatively, it expresses the intuitive
principle that for more eccentric orbits, TEOs with larger orbital
harmonic numbers will be excited. This is because, as the ec-
centricity increases, the periastron passage takes less time for a
given orbital period, so eigenmodes with higher frequencies bet-
ter ‘match’ rapidly changing gravitational field, in terms of time
scale. Nevertheless, for very high N, the FNm drops rapidly (al-
most exponentially). This particular property of FNm is respon-
sible for the lack of excitation of the TEOs with extremely high
N. It is clear here that the frequency range of TEOs in massive
and intermediate-mass MS stars is limited on two sides inde-
pendently by Qnlm and FNm. On the low-frequency side, Qnlm
prevents the excitation of g modes with very high |n|, while on
the high-frequency side FNm decreases sharply, strongly limit-
ing the possible excitation of pressure (p) modes characterised
by high radial orders. The last term in Eq. (2), i.e. LN , denotes
the detuning factor given by the following formula,

LN =
fNm√

(σnlm − fNm)2 + γ2
nlm

, (3)

where γnlm stands for damping/growth rate of the normal mode.
This Lorentzian-like factor reflects the mismatch between fNm
and σnlm. Given the typical values of |γnlm| for g and p modes
in massive and intermediate-mass MS stars (of the order of
∼ 10−7 – 10−3 d−1), LN is extremely sensitive to the difference
(σnlm− fNm). Hence, among many other factors, theLN undoubt-
edly plays a key role in the excitation of TEOs.

While the precise prediction of TEO amplitude is a difficult
task8, we are interested in analysing the changes in resonance
conditions dictated by the sum of all the contributing detuning
factors with passing time, t. Let us define the following dimen-
sionless quantity,

L(t) ≡
∑

nlm

Nmax∑

N=1

LN(t). (4)

In contrast to LN , associated with a single orbital harmonic, L
reflects the overall chance of TEOs being excited in the EEV
component. However, we must stress at this point that it does
not carry direct information on the amplitude of potential TEOs.
The first summation in Eq. (4) applies to all the normal modes
we consider in the modelling (Sect. 3.3). Obviously, the second
summation in Eq. (4) should run from N = 1 to +∞, but due
to time and physical constraints one has to truncate the series at
some reasonably chosen Nmax. For a detailed description of the
selection of Nmax values see Sect. 3.3.

In order to try to answer the questions raised in Sect. 2, we
have synthesised 20,000 binary evolution models and calculated
L(t) for both components in each of them. The whole procedure
is described extensively in the next four subsections.

3.1. General assumptions

From a practical point of view, a fully consistent calculation
of the evolution of binary systems taking TEOs into account is
8 In order to reliably predict the photometric amplitude of a TEO, one
needs to: (1) determine the exact value of LN , which is almost impossi-
ble given the uncertainties in both observations and stellar models, (2)
calculate the corresponding Qnlm and (3) know the eigenfunction of lu-
minosity fluctuations at the photospheric level, which is a challenge for
radiation pressure-dominated atmospheres of early-type stars (with in-
tense stellar winds). In addition, the equilibrium amplitude of a linearly
driven TEO is determined by various non-linear effects, for instance by
multi-mode coupling (Guo 2020; Guo et al. 2022).

Article number, page 3 of 24



A&A proofs: manuscript no. output

very time-consuming, as it requires time steps shorter than the
times at which the resonances occur (several orders of magni-
tude shorter than the nuclear time scale, cf. Fig. 3). It would take
an enormous amount of time to perform such consistent calcula-
tions for 20,000 binaries with hundreds of resonances occurring
in each of them. Therefore, to make our project both feasible
and still scientifically useful, the models were synthesised un-
der the general assumption that each resonance encountered by
the EEV components is a chance resonance. By sacrificing the
ability to track resonantly-locked TEOs, we are able to decou-
ple evolutionary and seismic calculations and run them indepen-
dently, greatly simplifying the whole problem. We believe that
we can to do this for three reasons: (1) we are only interested
in obtaining some general statistical information about the reso-
nance conditions in a large number of simulated binary systems,
(2) the phenomenon of resonance locking is rare compared to the
rate of chance-resonance events, and (3) the impact of chance-
resonance TEOs on the orbit is limited due to their relatively
short time of existence (e.g., Witte & Savonije 1999b). In con-
clusion, we focus on finding candidate binaries that may or may
not experience numerous TEOs, rather than precisely predicting
their actual evolutionary histories, which is beyond the scope of
this paper. We believe that our results will serve as a starting
point for more detailed calculations performed for the most in-
teresting cases of massive EEVs.

3.2. Synthesis of binary evolution models

Since we assumed that we could separate stellar and orbital evo-
lution from seismic calculations, we first generated a set of bi-
nary evolutionary tracks and only then performed seismic anal-
ysis on them to find L(t).

3.2.1. Initialisation of models

We used the latest open-source 1D stellar evolution code MESA
(release 15140) compiled with the MESA Software Development
Kit (version 21.4.1, Townsend 2021) to compute a set of 20,000
binary evolution models. The MESAbinarymodule (Paxton et al.
2015) allows the simultaneous evolution of binary system com-
ponents and their orbits. Throughout this paper, we use the sub-
scripts ‘1’ and ‘2’ to denote the primary (initially more massive)
and secondary components, respectively.

We assumed that both components have the same chemical
composition with metallicity Z = 0.02 and a solar-scaled mix-
ture of elements taken from Grevesse & Sauval (1998). Since
we were only interested in massive and intermediate-mass MS
EEVs that can exhibit TEOs during their lifetime, the initial sys-
tems consisted of two stars lying on the ZAMS and were charac-
terised by parameters randomly drawn from the following uni-
form distributions,U[α,β], on specific intervals [α, β].

– Mass of primary component, log(M1/M⊙) ∼ U[log 5,log 30]. A
uniform distribution on a logarithmic scale was used instead
of a linear scale to cover the Hertzsprung-Russell diagram
(HRD) with more evenly distributed evolutionary tracks.

– The mass ratio, q ≡ M2/M1 ∼ U[0.2,0.95], where M2 corre-
sponds to the mass of the secondary component. The lower
limit for q was introduced due to the fact that the efficiency
in driving TEOs scales with q (cf. Eq. (2)), so it is less likely
to observe TEOs in a binary system at a small value of the
mass ratio. Moreover, if the generated q corresponded to
M2 < 2M⊙, a redraw was performed.

– Eccentricity, e ∼ U[0.2,0.8]. Range typical of the observed
EEVs.

– Periastron distance, rperi, normalised to the sum of compo-
nents’ radii, r̃peri ≡ rperi/(R1 + R2) ∼ U[1,5.5]. However,
if the generated system was initially Roche-lobe overflow-
ing (RLOF) at the periastron, a redraw was performed. We
also assumed an upper value of r̃peri because the overall
strength of tidal forces decays as r−3

peri and simulating widely-
separated systems would contradict the aim of this paper.

– Tidally-enhanced wind factor, Bwind ∼ U[32,896]. Introduced
by Tout & Eggleton (1988) for red giants residing in binary
systems, it accounts for the tidal enhancement of the stellar
wind mass-loss rate due to the presence of a nearby com-
panion. The ad hoc chosen range of Bwind corresponds to a
maximum amplification of the ‘nominal’ wind mass-loss rate
by a factor of 1.5 – 10 (cf. Tout & Eggleton 1988, their eq. 2).

– The angular rotational velocity divided by its critical value9,
Ω/Ωcrit ∼ U[0.1,0.5]. The assumed range of initial Ω/Ωcrit
translates into the linear equatorial velocities between
∼50 km/s and ∼320 km/s in our simulations and reflects the
significant non-zero rotation velocities observed in massive
young MS stars (e.g., Dufton et al. 2006; Hunter et al. 2008).

– The overshoot mixing parameter, fov ∼ U[0.015,0.025]. In our
calculations, the overshooting of the material above the con-
vective, hydrogen-burning core was treated in the exponen-
tial diffusion formalism developed by Herwig (2000). An ad-
justable parameter, fov, describes the spatial extent of the
overshoot layer in terms of the local pressure-scale height,
but its value for massive stars is still under debate. We
adopted the range of fov after Ostrowski et al. (2017).

The parameters presented above were generated independently
for each EEV system. Moreover, the last two parameters,Ω/Ωcrit
and fov, were drawn independently for each component, so the
final hyperspace of parameters explored in our simulations in-
cluded {M1, q, e, r̃peri,Ω/Ωcrit,1,Ω/Ωcrit,2, fov,1, fov,2, Bwind}. Fig-
ure 1 shows our initial sample of generated EEVs in the orbital
period versus eccentricity diagram. As expected, they occupy
the upper envelope of the aforementioned plane with the upper
boundary dictated by the onset of periastron RLOF on ZAMS.
The rest of the necessary parameters and ‘physics switches’ were
identical for each simulated binary. We will now briefly describe
them below.

3.2.2. Integration of the evolution

Nuclear reaction rates were calculated using ‘basic.net’ op-
tion in MESA. We used a convective premixing scheme (Paxton
et al. 2019, their Sect. 5) in combination with the Ledoux cri-
terion to define the boundaries of convective instability. This
specific approach of treating convection agrees with the results
of modern 3D hydrodynamic simulations (Anders et al. 2022).
Convective mixing was incorporated into the models via mix-
ing length theory (MLT) in the ‘Cox’ formalism (Cox & Giuli
1968, their chap. 14) with the value of the solar-calibrated mix-
ing length parameter αMLT = 1.8210 (Choi et al. 2016). As
9 By critical rotational velocity we mean the situation when the effec-
tive gravity at the stellar equator is zero, i.e. the centrifugal force and the
Eddington factor, Γ, balance the true gravity. MESA estimates this quan-
tity as Ωcrit =

√
(1 − Γ)GM/R3, where G is the gravitational constant

and Γ ≡ Lrad/LEdd. The Lrad and LEdd denote the radiative luminosity
and Eddington luminosity of the star, respectively.
10 There is some evidence that αMLT may depend on global stellar pa-
rameters such as mass (Yıldız et al. 2006) or metallicity (Viani et al.
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Fig. 1. Distribution of initial orbital period and eccentricity for a sample
of 20,000 binaries evolved in our project. The initial normalised sepa-
ration at the periastron is colour-coded. The upper left-hand corner cor-
responds to the ZAMS EEVs, which experience RLOF at the periastron
and should therefore rapidly circularise their orbits. The lower right-
hand corner, on the other hand, is where relatively widely-separated
binaries can be found.

mentioned earlier, exponential overshoot mixing above the con-
vective core was also included11, but we neglected overshoot-
ing in the non-burning convection zones. For stars with masses
⩾ 15 M⊙, we activated the treatment of convection as ‘MLT++’
(Paxton et al. 2013, their Sect. 7.2) to reduce superadiabaticity
in convective zones dominated by radiation pressure. Since we
used Ledoux criterion, semiconvection could appear in our stars
with its efficiency parameter, αsc = 0.01 (Langer et al. 1985).
In our case, semiconvection sometimes occurred in chemically-
modified layers left by the shrinking core.

Upon initialisation at the ZAMS, we relaxed both compo-
nents in ∼100 steps so that they rotated rigidly. Later, we al-
lowed our stars to rotate differentially during their evolution,
according to the so-called shellular approximation of rotation
(Meynet & Maeder 1997). Throughout the entire evolution, we
assumed that the rotation axes of the stars are perpendicular to
the orbital plane. MESAstar uses the mathematical formalism
of Heger et al. (2000) and Heger et al. (2005) to apply struc-
tural corrections, perform different types of rotationally induced
mixing and „diffusion” of angular momentum between adjacent
shells. The following rotational mixing mechanisms were taken
into account in MESA: dynamic shear instability, secular shear
instability, Eddington-Sweet circulation, Solberg-Høiland insta-
bility, and Goldreich-Schubert-Fricke instability (all described
in detail by Heger et al. 2000). Even the combined mixing coef-
ficients of the aforementioned rotational instabilities can be zero
in some parts of the star. However, this is clearly unrealistic due
to the presence of a nearby companion that induces additional
mixing throughout the star. To at least approximately account for
this process, we did not allow the total mixing coefficient, Dmix,
to fall below 105 cm2/s. This particular arbitrarily-selected value
is related to the mixing time scale, τmix ∼ (∆r)2/Dmix ≈ 15 Myr
at radial distance, ∆r = 0.1 R⊙. We cannot conceal here that ro-

2018). It is also very likely that αMLT is sensitive to the evolutionary
stage of the star and the type of convection zone (e.g., Wu et al. 2015).
Here, we have assumed a constant value of αMLT for simplicity.
11 Similarly to the αMLT, fov also can depend on different stellar param-
eters (e.g., Castro et al. 2014).

tation and mixing profiles in MS stars are still poorly understood
(except in the solar case). There are no definitive conclusions
as to what mixing mechanisms and whether they actually occur
in massive and intermediate-mass MS stars (see e.g., Pedersen
et al. 2021; Pedersen 2022, for a discussion of this problem and
its asteroseismic inference from B-type dwarfs).

Mass losses due to the radiation-driven stellar wind were
calculated according to the prescription given by Vink et al.
(2001). Their formulae take into account the presence of a
so-called bi-stability jump around the effective temperature of
Teff ≈ 26,000 K, caused by ionization and recombination of some
Fe ions. Nevertheless, the presence of a bi-stability jump is still
questionable and there is some evidence that the associated al-
most instantaneous change in the mass-loss rate may not be real
(cf. Krtička et al. 2021; Björklund et al. 2022). ‘Nominal’ wind
mass-loss rates in our simulations were modified in two ways:
(1) the rate was amplified by the aforementioned tidal mech-
anism, parametrized by Bwind (Tout & Eggleton 1988) and (2)
the effect of fast rotation at the surface, which can amplify the
mass-loss rate, was accounted for by the simplified power-law
description given by Heger et al. (2000) (their Sect. 2.6). We
assumed that the mass loss through the wind is completely non-
conservative, i.e. there is no mechanism that could transfer some
material back to the star or to a companion.

As we already mentioned above, MESAbinary allows the si-
multaneous integration of some stellar and orbital parameters
that are coupled to each other in a binary system. We have
switched on the MESA controls responsible for changes in the to-
tal orbital angular momentum caused by: (1) gravitational wave
radiation, (2) wind mass loss and (3) tidal spin-orbit coupling.
For the first process, the rate of orbital momentum loss was cal-
culated assuming point masses. The mass loss through the stellar
wind was completely non-conservative, so the angular momen-
tum lost via this channel was equal to the angular momentum
carried by the wind. The phenomenon (3), contributing to the
evolution of eccentricity, orbital and spin angular momenta, was
modelled using the theory of tidal interactions for radiative en-
velopes developed by Zahn (1977), Hut (1981) and Hurley et al.
(2002), after being adapted to the shellular approximation of ro-
tation. For stars with radiative envelopes, tidal dissipation pro-
cesses are dominated by tidally excited gravity modes that prop-
agate to the stellar surface, where they gain relatively large am-
plitudes and experience effective radiative damping (due to the
short local thermal time scale) and nonlinear damping. Conse-
quently, they deposit their energy and angular momentum in the
outer layers of the envelope. Following earlier calculations of
Zahn (1977), Hurley et al. (2002) delivered convenient formu-
lae to describe the tidal synchronisation and circularisation time
scales associated with the aforementioned phenomenon. Using
these time scales combined with the formalism presented by Hut
(1981), MESAbinary integrates the evolution of the eccentricity
and updates spin angular frequency of each shell in the stellar
model. Therefore, our calculations in MESAbinary took into ac-
count the approximate influence of the dynamical tide on the
orbit, at least up to the lowest possible order. Of course, the tidal
evolution formalism implemented in MESAbinary does not in-
clude the effects of resonance locking. For explicit formulae de-
scribing tidal processes in MESAbinary, we refer to Paxton et al.
(2015) (their Sect. 2).

We have completely ignored the effects of magnetic fields,
while bearing in mind that they may mainly affect the actual stel-
lar wind mass-loss rates, the efficiency of internal mixing pro-
cesses and synchronisation/circularisation time scales (e.g. via
the magnetic braking mechanism). The impact of fossil mag-

Article number, page 5 of 24



A&A proofs: manuscript no. output

netic fields on the evolution of massive and intermediate-mass
stars was recently described by Keszthelyi et al. (2022).

All details on the parameters of our models in MESA can be
found in Appendix A, where we present the contents of our MESA
inlists. A concise description of the micro- and macrophysics
data sources used by MESA is provided in Appendix C.

3.2.3. Termination conditions

The evolution of the binary system was carried out until at least
one of the following termination conditions was met for any of
the components:

1. The component reached TAMS, i.e. the central mass abun-
dance of hydrogen fell below Xc ⩽ 10−4.

2. The eccentricity was reduced to e ⩽ 0.01.
3. The rotation velocity reached Ω/Ωcrit = 0.75 at the stellar

surface.
4. Episodic mass transfer between components due to the

RLOF in the periastron began.

The reasons behind providing the termination conditions out-
lined above are as follows. Our study is exclusively dedicated to
the MS phase of the evolution of EEVs, hence the first condi-
tion has to be enforced. The second condition is self-explanatory,
since we are interested in non-zero eccentricities that allow for
TEO excitation12. The third condition is related to the conver-
gence problems that can occur in MESAbinary when one of
the components nearly approaches the break-up velocity of rota-
tion. Numerous assumptions and descriptions of rotation-related
phenomena reach the limits of their applicability in MESA for
Ω/Ωcrit ≈ 1. Since for Ω/Ωcrit ≳ 0.75 the deviation from
spherical symmetry becomes significant, a 1D treatment of the
problem is no longer adequate. For instance, the way in which
such a star loses mass becomes fundamentally different from the
isotropic case. We have therefore decided to stop integrations un-
der such circumstances. The last condition is related to the diffi-
culty in correctly describing an episodic (near-periastron) RLOF,
when a ‘blob’ of material could be ejected from the RL-filling
component during each periastron passage. However, this kind
of orbital phase-dependent RLOF is not expected to be observed
in a binary for a long time due to strong tidal forces. They should
effectively suppress the eccentricity, making the system circular
(and so the second condition can be quickly met).

3.3. Asteroseismic calculations

A consequence of the assumption of the aligned vectors of the or-
bital and spin angular momenta is a rule for selecting the geome-
try of modes that can be tidally excited. Under such conditions, a
normal mode can be tidally excited only if mod (|l+m|, 2) = 0,
e.g. the l = 2 TEOs will be characterised only by m = −2, 0,+2.
Here we restrict our study to only l = 2, m = 0,+2 modes be-
cause of two reasons. First, l = 2 modes correspond to the dom-
inant component in the series expansion of the variable tidal po-
tential. Modes with l > 2 undergo much weaker excitation due
to the dependence on (R/a)l+1, which enters Eq. (2). Second,
the values of FN,−2 are very small compared to their m = 0,+2
counterparts. This can be easily seen in Fig. 2a, where we have

12 In theory, components of circular systems (e = 0) can also exhibit
TEOs, provided they do not rotate synchronously. However, the number
of modes observable as TEOs in these systems is much smaller than the
number of potential TEOs in EEVs.

plotted the maximum values of FNm for m = −2, 0,+2 and dif-
ferent eccentricities. FN,−2 is approximately at least 2 – 3 orders
of magnitude smaller than FN,0 or FN,2.

For each model of the stellar internal structure that was saved
during the synthesis of binaries in MESA, we calculated the oscil-
lation spectrum using the GYRE code in the non-adiabatic regime
and the second-order Gauss-Legendre Magnus integrator. The
frequencies σn,2,0 and σn,2,+2 corresponding to the non-adiabatic
calculations were searched by GYRE based on the preliminary
adiabatic calculations. Rotational effects (Coriolis force) were
taken into account using the so-called traditional approximation
of rotation (e.g., Aerts et al. 2010, their Sect. 3.8). We searched
for eigenvalues in the family of gravito-acoustic solutions. We
assumed the necessary (differential) rotation profile inside the
star from the MESA model.

As we argued in Sect. 3, it is necessary to choose a rea-
sonable range of frequencies to scan for eigenvalues based on
Qnlm and FNm. Therefore, we only searched for modes with
|n| ⩽ 30 and frequencies, σn,2,0 ∈ ( forb,Nm=0

max forb) or σn,2,+2 ∈
(max{0, forb − 2 fs,core},Nm=+2

max forb − 2 fs,core). In the ranges shown,
Nm=0

max and Nm=+2
max refer to the limits of N due to the decrease in

FN,0 and FN,2, respectively. The fs,core is the core rotation fre-
quency. We defined Nm=0

max and Nm=+2
max as N for which FN,0 or FN,2

is equal to 10−8, i.e. FNm starts to effectively prevent excitation
of TEOs. In practice, we numerically calculated the FNm func-
tions13 for different eccentricities and obtained the log Nm

max(e)
relations as a fit of a fourth-degree polynomial to a set of its dis-
crete points. A summary of this process is shown in Fig. 2b. For
low-e orbits, the typical range of N favourable for the excitation
of TEOs reaches N ∼ 101, in contrast to highly eccentric orbits,
which may exhibit as much as N ≈ 100 – 200 TEOs. Figure 2b
also shows another feature of m = −2 modes that makes them in-
ferior candidates for TEOs compared to axisymmetric and pro-
grade modes – as potential TEOs they always span a narrower
range of orbital harmonic numbers.

Defining the frequency range for σn,2,0 is quite straightfor-
ward, as these are axisymmetric modes and their frequencies
do not change when switching between inertial and co-rotating
frames. The situation is quite different when it comes to the
m = +2 modes. This time, due to the differential rotation inside
the star, σnlm = σnlm(r) = σnlm −m fs(r), where r is the radial co-
ordinate in the stellar interior and σnlm is oscillation frequency
in the inertial frame. For some eigenmodes, σnlm may change its
sign somewhere in the star, depending on the shape of the rota-
tional profile. This location is known as the critical layer, where
σnlm(r) → 0, and such a mode experiences severe damping due
to its very short radial wavelength (e.g., Alvan et al. 2013). To
exclude these modes from our experiment, the maximum fre-
quency of σn,2,+2 was set to (Nm=+2

max forb − 2 fs,core)14. This is be-
cause during evolution the core rotates almost rigidly and faster
than the envelope, hence the difference (Nm=+2

max forb − 2 fs,core) ⩽
(Nm=+2

max forb−2 fs,env), where fs,env stands for the rotation frequency
of the outermost part of the envelope.

More details of our calculations performed in GYRE can be
found in Appendix B, where we present the explicit contents of
our GYRE input file.

13 Using eq. 5 presented by Fuller (2017).
14 We note that this frequency is expressed in a rest frame co-rotating
with the stellar core.
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Fig. 2. (a) Maximum values of the Hansen coefficients FNm versus
eccentricity for l = 2 modes and three different azimuthal orders,
m = −2, 0,+2 denoted by blue, green, and red points, respectively. We
note the marginal contribution of the m = −2 modes; (b) Dependence of
log Nm

max on eccentricity with the same colour-coding as in panel a. The
colour solid lines represent the best fits of the fourth-degree polynomi-
als, which we used to determine frequency ranges in the asteroseismic
calculations.

3.4. Derivation of L(t)

The introduction of differential rotation also has consequences
when it comes to interpreting the resonance condition from
Eq. (1). The quantity fs is no longer a constant value, so one has
to decide which fs to choose. Theoretical studies imply the in-
duction of g-mode TEOs (especially of high radial order) primar-
ily near the convective core boundary (e.g., Goldreich & Nichol-
son 1989) for stars with radiative envelopes. However, the res-
onances in our simulations are also due to p or g modes with
small radial order. Therefore, we decided to apply our resonance
condition to the envelope15 (not to the interface region near the
core boundary), rewriting Eq. (1) more accurately as

fNm ≡ N forb − m fs,env ≈ σnlm, (5)

and use it in the subsequent modelling of L(t). It is essential to
note at this point that the resonance condition given by Eq. (5)
refers to fNm and σnlm expressed in a frame co-rotating with
the outer stellar envelope. Although in principle the morphol-
ogy of L(t) depends on the choice of the specific resonance con-
dition, we note that it does not affect at all resonances due to

15 In the exact approach, different resonance conditions would have to
be used for different modes, depending on the radial coordinate inside
the star where a given TEO is dominantly excited. Here we assume a
single form of resonance condition for all modes.

m = 0 modes and should not significantly affect resonances cor-
responding to p modes or low-|n|, m = +2 g modes.

Having a set of eigenfrequencies calculated by GYRE and
knowing the history of the binary evolution from MESA, we per-
formed the summation shown in Eq. (4). However, this was not
a direct summation running over the models saved by MESA and
GYRE, as their temporal resolution was still too coarse compared
to the duration of a typical resonance. To circumvent this prob-
lem, we interpolated the temporal variations of each oscillation
frequency and all necessary parameters of the binary system us-
ing Akima cubic spline functions (Akima 1970). Then, we were
able to calculate the values of L(t) on a uniformly-spaced time
grid with a constant time step of 2,000 years, which we assumed
to be identical for all EEVs in our simulations. From here on,
we will use the term ‘resonance curve’ as a proxy for the L(t)
time series. Figure 3 shows a compilation of example resonance
curves, although we postpone discussion of these to Sect. 4. To-
gether with the initial parameters of binary systems, resonance
curves are particularly important to us in this study.

3.5. ML analysis of the resonance curves

Although in Sects. 4.3 and 4.4 we analyse the resonance curves
based on various statistics, due to their global nature we do
not distinguish many details that are ‘hidden’ in the resonance
curves. To characterise the morphology of all resonance curves
in more detail (without having to perform a visual classification,
which is almost impossible due to the number and complexity
of the data set), we applied dimensionality reduction methods.
With these, we were able to explore the topology spanned by
the morphological features of the resonance curves. We carried
out the entire analysis described here separately for the sets of
curves L1(t) and L2(t), corresponding to the primary and sec-
ondary components, respectively.

As a first step, we summarised each resonance curve with a
vector Q that described its morphological features. We focused
our attention on two particular features: (1) the distribution of
log(L) values and (2) the distribution of apparent maxima at a
normalised time, t/Tmax, where Tmax stands for the max{t}. In
practice, we calculated vectors Qx and Qy which contained sets
of 1,000 quantiles of normalised times corresponding to local
maxima of L(t) and 1,000 quantiles of log(L), respectively. The
levels of both calculated quantiles were spanned evenly from 0
to 1. Qx describes the overall distribution of apparent maxima
in time, reporting changes in the rate of resonance occurrence.
We deliberately used normalisation by Tmax because we want
the results to be sensitive only to the relative distribution of the
resonance events over the lifetime of the EEV. Otherwise, its val-
ues would be strongly correlated with the length of the resonance
curve itself16, rather than with the distribution of resonances over
time. On the other hand, Qy encapsulated the combined informa-
tion about the mean level of log(L), any long-term trends in the
resonance curve and the distribution of the heights of the max-
ima. In contrast to the Qx, we did not apply any normalisation
to Qy as its absolute values carry valuable information about the
strength of the resonances and the average level of the entire
resonance curve. The final vector Q was constructed as the con-
catenation of Qx and Qy, which had previously been scaled using
the variance in the sets of all Qx and Qy. The resulting Q has a
total of 2,000 dimensions.

16 Which in turn is an almost a direct approximation for the mass of the
primary component.
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Fig. 3. Sample of resonance curves obtained as described in Sect. 3. Each panel corresponds to a different arbitrarily-chosen binary system with
the rounded values of their initial parameters given on the right. The dark red and blue curves reflect the behaviour of L(t) for the primary and
secondary components, respectively. For clarity, L2(t) has been shifted vertically by three orders of magnitude downwards. Time t = 0 indicates
ZAMS. A sudden break in L2(t) on the bottom panel (after about 5.5 Myr) indicates L2 = 0, i.e. the absence of any resonances. The differences in
the height of the peaks are due to different values of γnlm and min{|σnlm − fNm|} for excited TEOs.
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Kołaczek-Szymański & Różański: Tidally excited oscillations in massive and intermediate-mass EEVs

In the next step, we performed a preliminary dimensional-
ity reduction of Q by means of the Principal Component Analy-
sis (PCA, Pearson 1901), obtaining pre-processed ‘morphology’
vectors, θPCA. PCA is a method that orthogonally projects the
data into a coordinate system in which successive vector com-
ponents explain a smaller and smaller part of the data variance.
The target number of its dimensions returned by PCA for each
Q was set to 10. This value was chosen experimentally by ex-
amining the percentage of the total variance of the data set ex-
plained by successive PCA components. For L1(t), the first ten
PCA components explained a total of 99.8% of variance (first
component – 79% and second component – 19%). For L2(t), the
corresponding value was 98.5% (in this case, the first PCA com-
ponent explained 60% of the total variance, while the second
explained 22%).

We then performed the final 2D embedding by applying
UMAP on the collection of θPCA vectors. UMAP is a multi-
purpose non-linear dimensionality reduction technique that con-
structs a low-dimensional projection that preserves as accurately
as possible the topological structure of the input data. For in-
stance, in this case, a pair of embeddings of resonance curves
with similar properties (in the sense of their summary statistics
described above) are expected to lie in mutual vicinity on the
2D UMAP plane. Let us denote the UMAP results as θUMAP.
The manifold spanned by θUMAP (Sect. 4.5) allowed us to ef-
fectively examine the differences in the morphology of the res-
onance curves and their dependence on the initial parameters of
the simulated EEVs.

Unlike PCA, UMAP is a complex method, with many free
parameters that need to be adjusted with care, as the resulting
embedding may depend heavily on their choice. Appendix D
provides all the ‘technical’ details of this process, including the
values of the most important UMAP parameters adopted in this
study.

4. Results

4.1. General properties of synthesised EEVs

Before going into a detailed analysis of the resonance curves, we
briefly characterise the general properties of the models we have
synthesised using the MESAbinary and GYRE codes.

4.1.1. Evolutionary tracks in HRD

Figure 4 shows a pair of HRDs with a compilation of all 20,000
evolutionary tracks that we obtained in our simulations for the
primary (Fig. 4a) and secondary (Fig. 4b) components. Although
it is impossible to clearly present thousands of evolutionary
tracks on a single HRD, we have highlighted and colour-coded a
small fraction of them in order to describe some of their features.

First of all, only a fraction of the primaries reached TAMS
when the central mass abundance of hydrogen dropped be-
low 10−4 (according to the first of our termination conditions,
Sect. 3.2.3). Many evolutionary tracks were interrupted at MS
due to the fulfilment of one of the other termination conditions.
Secondly, a number of tracks clearly change their character after
crossing the line corresponding to the bi-stability jump (around
Teff = 26,000 K). This is due to the associated sharp increase in
the wind mass-loss rate, as it tries to keep the stellar luminosity
constant. In some circumstances, the mass-loss rate is so high
that the star loses a significant part of its envelope17. This effect
17 We recall that these high mass-loss rates are not exclusively derived
from the description of Vink et al. (2001). Rotational and tidal amplifi-

‘pushes’ the star back to the high effective temperature region
and is particularly pronounced for the most massive stars in our
sample (cf. Fig. 4a, evolutionary tracks that ‘turn around’ and
cross the bi-stability jump for a second time).

4.1.2. EEV groups in terms of the termination condition

Only four of the seven18 termination conditions actually oc-
curred in our simulations. The majority of our EEVs (∼67.1 %)
ended up as MS RLOF systems in which the primary compo-
nent filled its Roche lobe during the periastron passage. The
next most numerous group (∼22.6 %) were systems in which the
primary component successfully reached TAMS (Xc ⩽ 10−4).
About 10.2 % of the binaries managed to circularise their orbits
before any other termination condition was met. The last group
contains only about 0.04 % of the total sample. This is the group
where the primary’s rotation velocity exceeded the maximum al-
lowed angular velocity (Ω /Ωcrit ⩾ 0.75).

Figure 5 presents these four groups of EEVs on the Porb-e
plane and allows a comparison of the initial (Fig. 5a) and final
(Fig. 5b) states of the aforementioned distribution. As expected,
the EEVs with the shortest orbital periods and high eccentricities
tended to circularise their orbits before leaving the MS. Their
trajectories in the Porb-e diagram (Fig. 5c) follow smooth, almost
vertical lines due to the strong tidal damping of eccentricity. On
the other hand, the integration of the evolution of systems with
large distances between components at periastron (̃rperi ≳ 3.5)
has been terminated mainly due to the exhaustion of hydrogen
in the primary’s core. Although the majority of EEVs belonging
to this group do not significantly change their orbital parameters
during evolution, there is a subgroup of them that behaves quite
differently. It can be recognised as the distinct ‘cloud’ of green
dots in Fig. 5b, represented by the mainly horizontal green tracks
in Fig. 5c. These are systems that were characterised by very
strong stellar winds at the end of the MS phase and have lost
much of their envelopes, so that their orbital period has increased
significantly (Kepler’s third law).

The most numerous group of EEVs, in which the primary
component has filled its Roche lobe in the MS phase, forms a
kind of ‘bridge’ between the two previously mentioned groups
and merges with them. The shapes of the corresponding trajec-
tories on the Porb-e plane may vary from system to system, de-
pending on the interplay between tidal forces and the intensity
of stellar winds, so no single ‘type’ of track can be assigned
to them. However, many of them resemble the inverted Greek
letter ‘Γ’ – initially, the system drifts horizontally (towards the
longer orbital period) as a result of the mass loss and/or spin-
orbit coupling, and then undergoes more or less rapid circulari-
sation (moves vertically downwards) under the influence of the
intense tides, which come to the fore when the primary compo-
nent almost fills its Roche lobe.

Only 8 out of 20,000 EEVs underwent efficient spin up of
both components due to the pseudo-synchronisation (when the
rotation period of the star ‘matches’ the rate of orbital motion
at periastron, so that there is no net torque over an orbital cycle,
e.g., Hut 1981). These few systems are located in the upper right

cation mechanisms can significantly intensify stellar winds in our sim-
ulations. These phenomena are particularly well-pronounced when the
component is close to TAMS, i.e., its radius approaches the Roche-lobe
radius.
18 In Sect. 3.2.3 we give four types of termination conditions, but three
of them apply independently to both the primary and secondary compo-
nents.
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Fig. 4. (a) HRD with the evolutionary tracks of primary components. The grey area corresponds to the region occupied by the full set of 20,000
tracks, while a subsample of 100 randomly-selected tracks is indicated with coloured points connected by black solid lines. Each point rep-
resents one saved MESA model. The colour coding reflects the central hydrogen abundance. The effective temperature of the bi-stability jump
(Teff ≈ 26,000 K) is marked with the vertical dashed line. The abrupt change in the behaviour of some evolutionary tracks after crossing the bi-
stability jump region is due to a significant change in the wind mass-loss rate; (b) The same as panel (a), but for a set of secondary components.
We note the difference in the ranges of the two axes in panels (a) and (b). More details are discussed in the main text.

corner of Figs. 5a and b. Their orbits were initially highly eccen-
tric yet relatively widely-separated at periastron (̃rperi ≈ 4.5 –
5.0). Thus, in combination with the lower masses of the pri-
mary components (M1 ≈ 5 M⊙), there was no effective tidal
dissipation. However, the envelopes of these stars tended to ro-
tate pseudo-synchronously with the orbit (due to the relatively
long nuclear time scale of the evolution of a 5 M⊙, the primaries
had enough time to do so). Consequently, this led to a very fast
rotation of the primary component, exceeding the threshold of
Ω/Ωcrit = 0.75.

4.1.3. Internal structure and asteroseismic properties

The shape of the resonance curve depends not only on the global
properties of the components and the orbit, but also on the inter-
nal structure of the stars, which directly affects seismic proper-
ties (i.e. the spectrum of eigenmodes). Therefore, within the lim-
ited volume of this paper, we would like to show at least one rep-
resentative example of the evolution of the internal properties of
the primary component for an arbitrarily-chosen EEV. Figure 6
shows the evolution of a primary with mass M1 ≈ 13.6 M⊙ in a
system with an initial eccentricity e ≈ 0.4 and an initial orbital
period Porb ≈ 4.0 d. In our simulations, this particular system
finished its evolution due to the circularisation of its orbit after
about 12 Myrs. The HRD in Fig. 6 reveals the ‘non-standard’
evolutionary track of the primary due to the sharp change in the
mass-loss rate after crossing the bi-stability jump (right panel in
the top row of Fig. 6). The same panel also shows how the pri-
mary’s surface rotation rate varies over time – as the mass-loss
rate increases, it loses a lot of spin angular momentum and slows

down its rotation. The eccentricity and orbital period monotoni-
cally decrease with time (middle panel in the top row of Fig. 6),
except for a short episode of increase in Porb caused by the ir-
reversible loss of a large part of the envelope. We have selected
three epochs in the evolutionary history of this EEV (labelled A,
B, C on the HRD), for which we have presented the appearance
of the rotational profiles, mode propagation diagrams and oscil-
lation spectra of the primary component in the bottom part of
Fig. 6. Epoch A corresponds to the phase of evolution just af-
ter leaving the ZAMS, epoch B is characterised by Xc,1 ≈ 0.45,
and finally, epoch C marks the situation just before the complete
circularisation of the EEV. Let us briefly describe the changes
occurring in each of the three types of diagram below.

The internal rotation profile of the primary is almost constant
for epoch A, but by then a division between a faster-rotating core
and a slower-rotating envelope begins to emerge. The aforemen-
tioned division becomes particularly apparent in epoch B, when
the core has developed a rotation rate approximately 1.25 times
that of the surface layers. As can be seen, the contracting core ro-
tates as a rigid body throughout the MS lifetime due to efficient
angular momentum transport supported by convection. The outer
part of the envelope also rotates almost rigidly, but this time it is
due to large-scale Eddington-Sweet meridional flows. The angu-
lar velocity gradient in the primary starts to gradually decrease
as the star reaches epoch C. Various mixing processes in the
chemically-modified layer left by the core lead to the diffusion
of angular momentum from the core to the envelope. Moreover,
the rotational profile inside the star becomes a smooth function
of the radius (rather than a step-like function as for epoch B).

Article number, page 10 of 24
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Fig. 5. Orbital period-eccentricity distributions of 20,000 modelled
EEVs; (a) Initial distribution of e as a function of Porb. Colour-coding
corresponds to the termination conditions described in Sect 3.2.3, i.e.
the RLOF of the primary component during periastron passages before
reaching TAMS (black), exhaustion of hydrogen in the primary’s core
(primary at TAMS, green), almost complete circularization of the or-
bit (e = 0.01, magenta), and the maximum allowed rotation rate of the
primary component (Ω /Ωcrit = 0.75, orange). A pair of dashed hori-
zontal lines mark the boundary values of the initial eccentricity, e = 0.8
and e = 0.2; (b) Same as in panel (a), but for the final state of each
modelled binary system; (c) Random selection of 400 orbital evolution
tracks with the same colour-coding as in panels (a) and (b).

The majority of TEOs in our simulations belong to the g-
mode family of oscillations, so it is very important to control the
behaviour of the Brunt-Väisälä buoyancy frequency, NBV, in our
models. Together with Lamb frequency for l = 2 modes, S l=2,
they carry information about g and p mode cavities and their
evanescence regions (e.g., Aerts et al. 2010, their Sect. 3.4). The

evolution of NBV and S l=2 is presented in the middle column
of Fig. 6. The blue and grey shaded regions denote the posi-
tion of the l = 2 p-mode and g-mode propagation cavities, re-
spectively. The white areas that lie between the Brunt-Väisälä
and Lamb frequencies correspond to the evanescence regions.
During evolution, the receding convective core builds up a large
g-mode trapping cavity, which is very important for their fre-
quency spectrum. Additionally, the behaviour of the NBV just be-
low the stellar photosphere reveals a pair of thin subsurface con-
vection zones, expected for this type of star (e.g., Jermyn et al.
2022). Comparing the mode propagation diagrams for epochs A
and C, it can be seen that also the p modes can penetrate deeper
and deeper into the primary as it gradually depletes the hydrogen
in its core.

The right column in Fig. 6 contains most of the information
that is directly used to obtain the resonance curve. The horizontal
bars at the top of each panel correspond to the frequency range in
which GYRE looked for potential TEOs (according to the criteria
adopted in Sect. 3.3). We recall that that their width depends on
the Nm

max(e) functions, so as the system evolves towards lower ec-
centricities, these bars are shorter and shorter (i.e. fewer harmon-
ics of the orbital frequency can effectively drive TEOs). With the
thick, short vertical lines we mark the location of the tidal forcing
frequencies. As can be seen, the separation between successive
values of fNm becomes larger with passing time due to the in-
crease in forb. The eigenfrequencies found by GYRE are marked
with the long thin vertical lines, while the linear damping rates
of these modes are shown as black solid and dotted lines. The
presented set of three synthetic oscillation spectra reveals a typ-
ical structure for g modes with their asymptotic behaviour for
large radial orders (which correspond to lower frequencies). It
may appear that the dense ‘forests’ of eigenfrequencies end too
early relative to the left limits of horizontal bars. However, this
is not a mistake, but a direct consequence of the maximum |n|
we allowed in the calculations – modes with lower frequencies
would have larger radial orders than thirty. During the evolution
of the EEV, both the forcing frequencies and the oscillation spec-
trum shift, so the intersection of these two vertical line patterns is
virtually inevitable in most cases. Each of these intersections is
the source of a single resonance that can give rise to a noticeable
TEO at the level of the photosphere.

4.2. The ‘visual inspection’ of resonance curves

The resonance curves are characterised by a striking diversity in
terms of morphology, which is already partly evident in Fig. 3.
The four examples of L1(t) and L2(t) shown in this figure show
that the components of the EEVs can experience, firstly, a very
different number of resonances and, secondly, their distribution
in time can take various forms. The heights of the maxima of
the resonance curves are mainly dictated by the γnlm of the mode
to which the smallest difference corresponds, (σnlm − fNm). Sta-
tistically speaking, modes with larger |n| are more strongly non-
adiabatic (have larger damping rates), hence the maxima they
induce in the resonance curves are lower (cf. Eq. (3)). Another
factor determines the extent of the resonant maximum in time. It
is determined by the relative ‘velocity’ with which the eigenfre-
quency spectrum crosses the fNm spectrum. By ‘velocity’ here
we mean the rate of change of these two independent frequency
spectra.

It should be emphasised that there are also numerous cases in
which L(t) drops sharply to zero at some point (cf. L2(t) curve
in the bottom panel of Fig. 3) or resonances do not occur at all
(see Sect. 4.3 and Fig. 8). Such a situation can occur, for exam-
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Fig. 6. Summary plot of the properties of the primary component of one of the arbitrarily selected binary systems from our simulations. The
approximate initial parameters of this particular system were as follows: M1 ≈ 13.6 M⊙, M2 ≈ 3.6 M⊙, e ≈ 0.4, and r̃peri ≈ 2.3. The integration
of the system was terminated because of its circularisation. The top row of panels shows, from left to right, evolutionary track in the HRD, the
evolution of the orbital period and eccentricity, and the temporal changes of the wind mass-loss rate and surface rotation velocity. The vertical
dashed lines in the latter two diagrams correspond to epochs A, B, C in the HRD. The lower part of the figure shows the internal rotation profile
(left column), the mode-propagation diagram (middle column) and the synthetic oscillation spectrum (right column) for epochs A, B, C (shown
in consecutive rows labelled with these letters). The rotation frequency inside the primary is drawn as a function of fractional radius, r /R. The
range of rotation frequency is different in the three panels. The mode-propagation diagram shows the dependence of the Brunt-Väisälä frequency
(black line) and Lamb frequency for l = 2 modes (blue line) on the fractional radius. The grey and blue shaded areas correspond to the propagation
cavities of the g and l = 2 p modes, respectively. The synthetic oscillation spectrum diagrams contain several different pieces of information. The
light blue and light red horizontal bars delineate the range of frequencies allowed by the FNm values. In the background of each, the blue and red
short vertical lines indicate tidal-forcing frequencies lying within these ranges. The synthetic oscillation spectra calculated by GYRE are marked
with red (σn,2,0) and blue (σn,2,+2) long vertical lines. Their corresponding linear damping rates are plotted as solid (γn,2,0) and dashed (γn,2,2) black
lines. The frequency scale on the abscissa axis refers to the rest frame co-rotating with the primary’s core.
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ple, when the oscillation spectrum lies completely outside the
frequency range allowed by the FNm coefficients or the nuclear
timescale of the secondary is much longer than the same time
scale for the primary. Under such circumstances, the secondary
component will remain close to the ZAMS until the termina-
tion condition is met. Thus, it will not significantly change its
internal structure and oscillation spectrum. This in turn means
that the oscillation spectrum will not move relative to the tidal
forcing frequencies, effectively reducing the number of possible
resonance events.

4.2.1. ‘Long’ resonances

Our sample of resonance curves includes a particular group of
L(t) curves that exhibit exceptionally long duration resonances
compared to typical ones (we will refer to them as ‘long res-
onances’). Figure 7 presents parts of three representative res-
onance curves belonging to this group. The shaded regions in
the figure mark the position of the long resonances. As can be
clearly seen, the typical resonance usually lasts for about 103 –
104 years, which is approximately 100 times shorter than the du-
ration of a long resonance (of the order of 105 – 106 years). They
originate from the intersection of one of the fNm frequencies with
the σnlm frequency at a very small angle, in terms of their tempo-
ral evolution. As a result, they remain for a relatively long time
in very close vicinity, leading to a broad resonance overlapping
with narrower ones (originating from other intersections of the
fNm and σnlm frequency spectra; cf. especially the middle panel
in Fig. 7). The long resonances are interesting for at least two
reasons. First of all, they are natural candidates for resonantly-
locked TEOs. However, based on our simulations, it is difficult
to say whether an extended resonance would persist when the
back-reaction of a TEO on the orbit is taken into account. Sec-
ondly, if the energy exchange between the eigenmode and the or-
bit that corresponds to a long resonance is not efficient (i.e. there
is a small chance that a long resonance will be lost), such a reso-
nance should lead to a high-amplitude TEO without the need for
resonance locking. This is simply because it has enough time to
reach its saturation level due to the non-linear effects. However,
we did not find any significant correlations between the occur-
rence of a long resonance in L(t) and the initial parameters of
our EEVs.

4.3. Total number of resonances and the average rate of
their occurrence

The first feature of the morphology of the resonance curves that
we investigated is the total number of resonances that occurred in
the primary and secondary components, Nres,1 and Nres,2. How-
ever, we did not calculate these statistics directly from L1(t) and
L2(t), because some of the apparent maxima may actually be a
blend of more than one resonance event. This is especially true
when the involved γnlm differ by orders of magnitude. Then one
of the resonances is characterised by a notably smaller maxi-
mum, which seems to ‘hide’ in the dominant one. Instead, we
used a different approach that did not underestimate the ac-
tual number of resonances. When post-processing the generated
models, we simply counted each intersection of the σn,2,0 and
σn,2,+2 frequency spectra with their counterparts fN,0 and fN,2, re-
spectively. The results of such an analysis are depicted in Fig. 8.

The most important thing about Fig. 8 is that it shows the
absolute number of resonances. EEVs can experience hundreds
or even thousands of resonances during their evolution on MS.

Fig. 7. Example resonance curves of the primary component for three
different EEVs from our simulations that exhibit long resonances (high-
lighted by the shaded areas in each panel). We note a substantial differ-
ence in the width of typical and long resonances. These long resonances
are good candidate for excitation of high-amplitude or resonantly-
locked TEOs.

It would therefore be wrong to claim that these phenomena are
rare in massive and intermediate-mass EEVs, although in gen-
eral, resonances are quite short-lived compared to the nuclear
time scale. The total number of resonances experienced by the
primary component (Fig. 8a) shows a correlation with both its
initial mass and the initial eccentricity of the system. The mildly
decreasing trend ofNres,1 towards higher M1 originates from the
fact that the mean lifetime of the star on MS shortens with in-
creasing mass. On the other hand, the wide range of Nres is
mainly due to differences in initial eccentricity. The closer the
system is to a circular geometry at the beginning of evolution,
the statistically lower the value ofNres, which is self-explanatory
and also applies to the secondary component (Fig. 8b). EEVs
that have managed to circularise their orbits in the MS phase
(magenta dots in Fig. 8c) have on average lower initial eccentric-
ities and thus fewer resonances. The opposite behaviour is exhib-
ited by EEVs in which the primary component has had a chance
to reach TAMS (green dots in Fig. 8c). The secondary compo-
nents experience a slightly fewer resonances compared to the
primaries (Fig. 8b) and there is no clear division of theNres,2 dis-
tribution with respect to the termination criterion (Fig. 8d). The
noticeably smaller number of resonances for secondary compo-
nents with masses M2 < 5 M⊙ comes from the conditions of
our simulations, i.e. secondaries with these masses occur in sys-
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Fig. 8. Total number of resonances in the pri-
mary (a, c) and secondary (b, d) components
that we detected in our simulations as a function
of the initial masses of the components. The
initial eccentricity of the EEV is colour-coded
in panels (a) and (b), while the corresponding
scale is shown at the top of the figure. Pan-
els (c) and (d) are analogous to their counter-
parts in the top row, but the colours used reflect
the termination criterion (same as in Fig. 5).
The ordinate scale is logarithmically-scaled for
Nres > 10. Below this value, a linear scale was
applied in order to present components without
resonances, i.e. Nres,1 or Nres,2 equal to zero.

tems with decreasing mass ratios19. Hence, the large difference
in nuclear time scales between the components means that the
secondary component does not significantly change its eigenfre-
quency spectrum, resulting in a smaller number of resonances.

As we already mentioned in Sect. 4.2, some of the L1(t) and
L2(t) curves do not reveal any resonances, which is why they
lie in Fig. 8 on the horizontal line Nres = 0. This behaviour oc-
curred for only 0.07% of our primaries. They are all EEVs with
highly eccentric orbits that quickly filled their Roche lobes at pe-
riastron. There was much more such behaviour for secondaries,
about 7%, mainly for the intermediate-mass companions of the
much more massive primaries.

From an observational point of view, even more important
than the total number of resonances is the rate at which they
occur. Knowing this rate, for a given population of MS EEVs,
we can approximately say where we have a statistically higher
chance of observing TEOs. After all, our observations only cor-
respond to one particular moment in time, not the entire evolu-
tion. Knowing the values ofNres for each component and the age
of each system at termination, Tmax, we can calculate the average
rate of resonances as Rres ≡ Nres/Tmax. We show the distribution
of Rres,1 and Rres,2 in Fig. 9. It is very difficult to predict what the
dependence of Rres on the mass of the component will look like,
as it is the result of a complex interplay between many related
factors. On the one hand, it can be said that massive stars should
have a smaller Rres because their lifetimes are shorter and they
fill their Roche lobes relatively easily (in the considered range of
orbital parameters). On the other hand, however, massive stars
quickly change their internal structure (i.e. asteroseismic prop-
erties), so that their eigenfrequency spectra evolve rapidly, in-
creasing the likelihood of interaction with the structure of the

19 We recall that the minimum mass of the primary component consid-
ered in our study was equal to 5 M⊙.

tidal forcing frequencies. The question is, which of these pro-
cesses prevails? As can be seen in Fig. 9, it is the more massive
stars that are more likely to undergo resonances. Both primary
and secondary components with masses around 30 M⊙ have on
average an order of magnitude higher Rres (∼102 Myr−1) than
components with masses around 5 M⊙ (∼101 Myr−1, Fig. 9a and
b). Moreover, the dependence of the distributions shown in Fig. 9
on the initial eccentricity and termination condition is inherited
from Fig. 8.

At this point, we can venture the conclusion that in the case
of MS EEVs, TEOs should be observed mostly in the upper part
of the MS (among early B- and O-type dwarfs), which still re-
quires observational verification on a large sample of massive
EEVs. Although we cannot extrapolate the obtained distributions
of Rres towards lower masses, these stars have an increasingly
extended convective envelope, which in turn should effectively
limit the photometric detection of g-mode TEOs. On the con-
trary, the envelopes of massive stars are radiative, which should
not prevent g-mode TEOs from propagating up to the vicinity
of the photosphere. Thus, they can be more easily detected by
analysing the light curves, especially in the era of high-quality
space-borne photometry.

4.4. Distribution of resonances over time

Since the average rate of resonances we have studied so far has
effectively obliterated any differences in the corresponding tem-
poral distribution, we can ask another important question: Are
there any distinctive moments in the evolution of the simulated
EEVs during which the systems experienced temporally higher
resonance rates? After visually inspecting hundreds of resonance
curves, we noticed that the aforementioned rate changes dramat-
ically in many cases (cf. the top panel of Fig. 3 as an example). In
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Fig. 9. Summary plots analogous to Fig. 8, but
showing the average rate of resonances occur-
ring in the simulated EEVs (average number
of resonances per Myr). Components that did
not exhibit any resonances during the simula-
tion have been omitted here as their Rres value
would simply be zero. The colour-coding is the
same as in Fig. 8.

order to compare the temporal distribution of resonance events
for the various EEVs we are dealing with, we performed this
type of analysis on subgroups of systems divided according to
the termination condition. We also normalised the time variable
by dividing it by Tmax of each resonance curve. This allowed
us to present the whole evolution of components on a convenient
and uniform interval, [0, 1]. Figure 10 shows the results obtained
for the primary components that have managed to deplete hydro-
gen in their cores.

Figure 10 also demonstrates that the distribution discussed
here is not uniform over time. Specific areas in this diagram are
clearly distinguishable. Nevertheless, this figure still contains in-
formation on the total number of resonances, which makes it
somewhat problematic to compare the shapes of these distribu-
tions for different masses of the components. We have, therefore,
prepared histograms of the times of resonances for five inter-
vals of the primary’s initial mass (every 5 M⊙). Separate sets of
histograms were generated for the primary and secondary com-
ponents and the three main termination conditions20. All his-
tograms are shown in Fig. 11.

The most diverse structure of the temporal distribution of res-
onances is shown by systems in which the primary component
has completed its evolution in our simulations at TAMS (Fig. 11a
and b). In fact, for all mass ranges, the distribution has two dis-
tinct maxima. The smaller of the two is located near the ZAMS,
while the other is just before reaching the TAMS. Their presence
can be explained by the rate of change in the stellar eigenspec-
trum, which is the highest (after averaging over all modes) at the
aforementioned moments of evolution. In particular, the rapid
changes in the radius of the star when it is close to complete de-

20 We did not prepare separate histograms for the EEVs, whose calcu-
lations were terminated due to the maximum allowed rotation rate. The
size of this group (only eight systems) was insufficient for this task.

Fig. 10. Time distribution of the resonances of the primary component
that reached TAMS. The abscissa axis corresponds to the normalised
time and the ordinate shows the initial mass of the primary compo-
nent. In addition, the ordinate is logarithmically scaled, so the set of
resonance curves is almost uniformly distributed in the vertical direc-
tion. The total number of resonances contained in one hexagonal bin is
colour-coded according to the scale on the right.

pletion of hydrogen in its core cause a very high ‘concentration’
of resonances in the final MS phase. The height of this domi-
nant maximum decreases towards higher masses, but at the same
time it becomes wider and wider. The distribution for the sec-
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Fig. 11. Histograms of the normalised times of resonances occurring
in the primary (left column) and secondary (right column) components.
The consecutive rows (from top to bottom) correspond to EEVs satis-
fying different termination conditions, as labelled in panels (a), (c), and
(e). The colour of the histogram is related to the initial mass range of
the primary and is described in the legend in panel (b). We note that
the histograms on the right (corresponding to the secondaries) refer to
the different mass ranges of the primary component, not the secondary.
For example, the yellowish histogram in panel (b) summarises the be-
haviour of all secondaries of the systems with the primaries having mass
M1 > 25 M⊙, i.e. without distinguishing the mass ranges of M2. The
range of the ordinate axes is the same in each panel.

ondary components also reveals this kind of maximum near the
TAMS, which is particularly well pronounced for companions
of primaries with masses ≳ 25 M⊙. Given these facts, an inter-
esting conclusion can be drawn. Massive and intermediate-mass
EEVs with at least one component leaving the MS should expe-
rience an increased rate of encountered resonances. One might
therefore suspect that there is a statistically higher chance of ob-
serving TEOs in more evolved EEVs. The properties of the his-
tograms for EEVs in which RLOF eventually occurred at the
periastron (Fig. 11c and d) are very similar to the case described
above. The only evident difference between the two is the reduc-
tion in maximum of the distribution near TAMS. This is due to
the fact that the primary is likely to start the RLOF earlier than it

reaches the TAMS, preventing the occurrence of a large number
of resonances in a relatively short time, as mentioned earlier.

Eccentric systems that are subject to effective circularisation
(Fig. 11e and f) behave quite differently from the two previous
cases. They experience the vast majority of their resonance phe-
nomena at the beginning of evolution, and then reduce the num-
ber of resonances almost monotonically, as the orbital eccentric-
ity becomes smaller and smaller with time. Hence, the chance of
observing TEOs in initially relatively tight EEVs (cf. Fig. 5a) is
largest in the vicinity of ZAMS, which stays in contrast to the
systems described above.

4.5. Investigation of the morphology of resonance curves
using UMAP

All the analysis described above was based solely on the distri-
bution of resonances in time, i.e. neglecting the actual morphol-
ogy of the resonance curves, e.g. differences in the height and
width of resonance maxima, mean level ofL(t), long-term trends
in L(t), etc. Using the dimensionality reduction techniques pre-
sented in Sect. 3.5, we constructed 2D UMAP embeddings of
the space of resonance curves in terms of their morphological
features. Figures 12 and 14 show the results obtained for the res-
onance curves of the primary and secondary component, respec-
tively. We recall that the idea of the low-dimensional embedding
performed here is to preserve the distances between two points in
the original space as accurately as possible, so that the distances
in the 2D plane reflect the distances in the full (original) space
of morphological features (the vector of 2,000 quantiles, Q). In
other words, a pair of distant points in Figs. 12 and 14 should cor-
respond to resonance curves with notably different morphologies
and ,vice versa, a pair of resonance curves with similar proper-
ties is expected to lie in mutual vicinity on the 2D UMAP plane.
Thanks to this key property of UMAP and many other dimen-
sionality reduction methods we can effectively explore the entire
space of resonance curve morphologies.

4.5.1. UMAP plane for primary components

We begin with a discussion of Fig. 12. Firstly, the presented 2D
embedding does not indicate the presence of any well-separated
groups among the resonance curves for the primary components.
This is an observation that is true over the entire range of differ-
ent values of the UMAP free parameters (Appendix D) as well as
for the different summary statistics of the resonance curves that
were considered during the preliminary experiments. The mor-
phology of the resonance curves changes smoothly depending
on to the initial parameters of the simulated EEVs.

Secondly, as can be seen in Figs. 12b and c, the initial
eccentricity and normalised periastron distance are parameters
strongly correlated with the overall morphology of the resonance
curves of the primary components. Moreover, their gradients in
the UMAP plane are approximately orthogonal. Therefore, the
pair of these parameters is the primary factor that determines
the shape of L1(t). The termination condition (Fig. 12e) gener-
ally follows the behaviour of r̃peri except at small periastron dis-
tances, when the morphology remains similar but the simulations
were terminated due to hydrogen depletion in the primary’s core
or near-complete circularisation of the orbit. The initial mass of
the primary component (Fig. 12a) and its initial angular velocity
of rotation (Fig. 12d) are second-order factors shaping the mor-
phology of the L1(t) resonance curves. In the inner part of the
plane, M1 is distributed almost randomly. The clear exception is
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the boundary of the plane which can be roughly divided into two
parts of mostly high or low initial mass of the primary. A simi-
lar conclusion can be drawn for the initial Ω1/Ωcrit,1. This time,
however, the upper right part of Fig. 12d reveals a well-defined
group of high initial Ω1 /Ωcrit,1 and r̃peri.

It is difficult to include here a complete presentation of the
changes in the morphology of L1(t) as a function of their posi-
tion on the UMAP plane. Therefore, we only focus on some ex-
treme points to present some boundary cases. Figure 13 shows
examples of L1(t) from different areas of the morphological
plane. Primary components with lower masses and high initial
eccentricities are generally characterised by resonance curves
with high mean levels and a rich set of resonances, as shown
in Fig. 13a. The resonance curve depicted in Fig. 13b repre-
sents intermediate-mass fast-rotating primary with large initial
r̃peri and low initial eccentricity. Here, the base level of L1(t)
increases by an order of magnitude and then the system expe-
riences a large number of resonances, during the evolution near
TAMS. The increase in the mean value of L1(t) is characteris-
tic of stars with a high initial rotation rates. Primary components
lying between points (a) and (b) generally do not manifest this
characteristic. Moving along a straight line on the plane from (a)
to (b), the increase in the number of resonances during the evo-
lution near TAMS becomes more and more apparent. Figure 13c
shows an example of a system with a small initial eccentricity
and a short periastron distance at ZAMS that is rapidly circu-
larising. As expected, the L1(t) resonance curves for such ob-
jects have a small number of resonance maxima and a low base
level. The case corresponding to the larger initial eccentricity is
shown in Fig. 13e, where the total number of resonances is much
greater. In this case, the evolution is mainly distinguished by a
decrease in the frequency of resonances with time, related to the
efficient circularisation of the orbit, and therefore a decrease in
the mean level of L1(t). Finally, the resonance curve in Fig. 13d
is representative of the most EEVs between points (c) and (d).
They are characterised by an approximately uniform distribution
of resonances over time and an almost constant base level of the
resonance curve.

4.5.2. UMAP plane for the secondary components

The situation for the secondary component (Fig. 14) is quite dif-
ferent from the previous case. The UMAP manifold obtained for
the set of L2(t) reveals slightly more complex structure than the
shape of embedding in Fig. 12. Since the time span of L2(t) is
largely determined by the mass of the primary component, the
resonance curves for the secondary components were terminated
at times not necessarily related to their actual evolutionary sta-
tus and are statistically shorter than they could be for primaries
of the same mass. For this reason, secondary components ex-
perience, on average, fewer resonances, but, at the same time,
their resonance curves can take more diverse forms compared to
L1(t). Undoubtedly, the main factor shaping the morphology of
the L2(t) is the initial eccentricity (Fig. 14c), which with the ex-
ception for two small areas, varies smoothly across the UMAP
plane. The other parameters (Fig. 14a, b and d) play a secondary
role, showing the complex and fine structures on the plane. As
can easily be seen in Fig. 14a, the extreme cases ofL2(t) in terms
of their morphology belong almost exclusively to the EEVs with
intermediate-mass secondary components hat gather at the pe-
riphery of the plane. Some of these objects even form slightly
better separated groups, isolating from the central part of the
area.

Five limiting examples of resonance curves for secondary
components are shown in Fig. 15. Panels (a), (c) and (e) to-
gether with the area they approximately enclose contain res-
onance curves morphology very similar to that described for
primary components. The resonance curves belonging to the
‘clouds’ of points labelled as (b) and (d) in Fig. 15 are com-
pletely different. They are distinguished by the complete absence
of resonances during a certain period of the evolution of the
system. The differentiating feature of these cases is the disap-
pearance of resonances from some time to the end of evolution
(Fig. 15b) or the presence of resonances only around the middle
of the considered evolution time (Fig. 15d).

5. Summary and conclusions

In our paper, we aimed to investigate the temporal variation of
conditions that favour excitation of TEOs in EEVs with massive
and intermediate-mass MS components (Sect. 2) and see how
their picture changes with different initial parameters of the sys-
tem. In order to achieve this goal, we simulated the evolution of
20,000 EEVs using the MESA software in combination with the
GYRE stellar oscillations code (Sect. 3). Our calculations started
at ZAMS and were terminated if one of the conditions presented
in Sect. 3.2.3 was met. We considered only modes with l = 2,
m = 0,+2 because they are expected to be dominant TEOs.
We also assumed that all TEOs are due to chance resonances,
i.e. we neglected the effect of TEO on the orbit. Knowing the
evolution of the orbital parameters of simulated EEVs and the
temporal changes in the eigenmode spectra of the components,
we were able to derive resonance curves L1(t) and L2(t) defined
by Eqs. (4) and (3). The equations reflect the overall resonance
conditions, and thus indirectly also the chance of TEOs, sepa-
rately for the primary and secondary components of our simu-
lated EEVs.

After visually inspecting the obtained resonance curves, cal-
culating basic statistics for them and applying ML-based meth-
ods to the entire data set, our main results can be summarised as
follows.

1. Resonance curves are characterised by striking diversity in
terms of their morphology (Sect. 4.2). EEV components can
experience a very different number of resonances, and their
distribution over time can take various forms, including the
lack of resonances over a long periods of time. We also
distinguished a group of resonance curves that exhibit pro-
longed resonances, about two orders of magnitude longer
than typical (Sect. 4.2.1, Fig. 7). These long resonances
are the potential sources of high-amplitude and resonantly-
locked TEOs.

2. Resonances between tidal forcing frequencies and the spec-
trum of stellar normal modes are not rare events among mas-
sive and intermediate-mass MS EEVs (Sect. 4.3). Although
the total number of resonances depends mostly on the initial
orbital parameters, it is typically of the order of 102 – 103 for
a given system during the entire MS phase (Fig. 8). Let us
emphasise at this point that these numbers are rather lower
limits for the actual Nres in EEVs because we considered
only l = 2 TEOs. Taking higher degree modes into account
will certainly increase the reported values of Nres.

3. On average, the more massive a star is, the higher the rate of
resonances it experiences (Sect. 4.3). For the most massive
stars in our sample (≈ 30 M⊙), the average rate of resonances
can reach ∼ 102 Myr−1, which is approximately an order of
magnitude higher than for intermediate-mass stars (Fig. 9).
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Fig. 12. 2D UMAP embedding of the manifold spanned by the morphological features of the resonance curves of the primary components. For
details on how to obtain the presented embedding, see Sect. 3.5. Panels (a) – (d) are colour-coded with respect to the initial parameters of the
simulated EEVs, as shown on the corresponding colour bars. The other initial parameters were omitted as they were not significantly related to
the location of the points on the presented map. The different colours of points in panel (e) correspond to the termination condition, as shown in
the legend on the right. The values on the abscissa and ordinate axes were omitted as they have no physical meaning. For clarity, the colour-coded
features have been averaged within the small hexagonal areas in each panel. A discussion of the figure can be found in Sect. 4.5.

Fig. 13. Variations in the morphology of the resonance curve for the primary component across the 2D UMAP plane from Fig. 12. The middle
panel in the bottom row shows the plane with colour-coding identical to that in Fig. 12a (without hexagonal binning). Panels (a) – (e), which
surround the area, show example resonance curves that correspond to the locations on the area masked with large red dots and labelled according
to the associated panel. The positions of points (a) – (d) have been chosen in such a way as to correspond to different extreme positions in the plain,
while point (e) refers to one of the intermediate cases. A discussion of the figure can be found in Sect. 4.5.
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Fig. 14. Same as Fig. 12, but for a set of resonance curves of the secondary components.

Fig. 15. Same as Fig. 13, but for a set of resonance curves of the secondary components.

4. The distribution of resonances over time is not homogeneous
and depends primarily on whether the system circularises be-
fore the primary reaches the TAMS or RLOF occurs at the
periastron (Sect. 4.4, Fig. 11). We noticed a particular mo-
ment in the evolution of our EEVs near the TAMS, when the
components undergo an increased number of resonances in a
relatively short time (Fig. 11a and b).

5. The low-dimensional representation of the morphology of
the resonance curves, summarised by quantile-based statis-

tics and subsequently processed by UMAP, shows that its
manifold forms a rather smooth distribution without well de-
fined (separated) groups (Sect. 4.5, Figs. 12 and 14). Less
differentiated, at least in terms of the adopted method, are
the resonance curves of the primary components, for which
the initial eccentricity and the normalised periastron dis-
tance largely determine their morphological features. Al-
though secondary components experience far fewer reso-
nances, their shapes are generally more complex due to the
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predominant influence of the primary component on evolu-
tion time.

In light of the results obtained in our study, we can draw sev-
eral interesting conclusions. Firstly, statistically speaking, TEOs
are more likely to be discovered in more massive EEVs, as their
components have a higher average rate of resonances. This does
not necessarily mean that a higher absolute number of more mas-
sive EEVs exhibiting TEOs than less massive ones will be ob-
served21. However, when comparing two particular systems, one
with intermediate-mass components and the other with much
higher masses of the components, it is for the latter that we have
a statistically higher chance that some resonance is currently
underway there. Secondly, it seems that TEOs should be espe-
cially well visible in EEVs that contain a component approach-
ing TAMS. Given these facts, the ‘extreme-amplitude’ massive
EEV, MACHO 80.7443.1718 (Jayasinghe et al. 2021; Kołaczek-
Szymański et al. 2022) fits this picture almost perfectly. Its pri-
mary component is a B0.5 Ib-II supergiant leaving the MS and,
more importantly, many high-amplitude TEOs have now been
detected in this extreme system. It is possible that what the pri-
mary component of MACHO 80.7443.1718 is currently under-
going corresponds to the resonance curve shown in Fig. 13b, i.e.
it is in the phase of a high resonance rate caused by relatively fast
changes in its radius and orbital parameters. Moreover, the am-
plitudes of TEOs observed in MACHO 80.7443.1718 vary over
time notably, suggesting that we may witness rapid changes in
the resonance conditions for the primary component of this par-
ticular EEV. It would therefore be very valuable to carry out
an observational study for a large sample of EEVs to verify
whether TEOs are common in massive and intermediate-mass
EEVs whose components have already depleted most of the hy-
drogen in their cores. With high-quality space-borne photometric
observations, both operational, such as the Transiting Exoplanet
Survey Satellite (Ricker et al. 2015) or BRITE-Constellation
(Weiss et al. 2014), and planned missions (e.g. Planetary Tran-
sits and Oscillations of Stars, Rauer et al. 2014), it is definitely a
feasible task.

The excitation of g-mode TEOs, which propagate deep in-
side the star, may be an underestimated mechanism for angular
momentum (AM) transport inside the components of EEVs. It
has long been suspected that self-excited oscillations and inter-
nal gravity waves22 efficiently redistribute AM in the radial di-
rection of the star (e.g., Rogers et al. 2013; Rogers & McElwaine
2017). Although the majority of our resonances have relatively
short durations (of the order of 103 – 104 years), they can be quite
frequent (especially near the TAMS), hence the question of their
contribution to AM transport and mixing processes becomes ur-
gent for the components of EEVs. Performing calculations that
would treat the evolution of the orbit, components and TEOs in a
fully self-consistent way seems particularly interesting for mas-
sive eccentric systems leaving the MS.

We have already entered the era of observational stud-
ies of distant star-bursting galaxies and stellar populations in
low-metallicity environments, that shaped the Universe in its
early epochs. Recalling that the metal-poor stars were much
more massive than their current metal-rich counterparts (e.g.,
Hosokawa et al. 2013; Susa et al. 2014), we can ask what ef-
fect metallicity has on the occurrence of TEOs in massive EEVs

21 Due to the rapid decrease of the mass function towards larger stellar
masses (e.g., Chabrier 2003).
22 Gravity waves which are stochastically driven by the turbulent con-
vective motions near the interface of the convective core and the enve-
lope (see Bowman et al. 2020, for a recent review).

and how the results we presented depend on metals content.
Therefore, future studies of the importance of TEOs in massive,
metal-poor EEVs seems worthy further investigation, especially
because of the ongoing James Webb Space Telescope mission23

(JWST, Gardner et al. 2006), which is certain to bring many dis-
coveries in the stellar astrophysics of early stellar populations,
including stars in eccentric binary systems.
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Appendix A: MESA input files

MESAbinary needs at least three input files (hereafter ‘inlists’)
to start the calculations. Two of them provide all the necessary
parameters to perform the evolution of each component sepa-
rately24, and the last one describes the evolution of the orbit
as well as other processes that depend on binarity25 (e.g. spin-
orbit coupling). In the following appendix, we present example
MESAstar and MESAbinary inlists, which we used to generate
a set of the evolutionary tracks of the components of the binary
system. However, we have intentionally omitted any controls re-
lated to the names of the files or directories where the results
should be stored. All values that changed in the inlists depending
on the simulated binary system were enclosed in square brackets
– [ · ]. The parameters adopted below resulted in a typical num-
ber of about 2,400 zones in the radial direction of the star. The
number of models calculated per single EEV was typically of the
order of several hundred, mainly depending on the termination
condition.

A.1. MESAstar inlist

&star_job
!OUTPUT
history_columns_file = "my_history_columns.list"
profile_columns_file = "my_profile_columns.list"
show_log_description_at_start = .false.
save_photo_when_terminate=.false.
!MODIFICATIONS TO MODEL
new_rotation_flag=.true.
change_rotation_flag=.true.
new_omega_div_omega_crit=[Ω/Ωcrit]
num_steps_to_relax_rotation=100
relax_omega_max_yrs_dt = 1d4
relax_omega_div_omega_crit=.true.
set_initial_cumulative_energy_error = .true.
new_cumulative_energy_error = 0d0
/ ! end of star_job namelist
&eos
/ ! end of eos namelist
&kap
use_Type2_opacities = .true.
Zbase = 0.02
/ ! end of kap namelist
&controls
!SPECIFICATIONS FOR STARTING MODEL
initial_z=0.02d0
!CONTROLS FOR OUTPUT
terminal_interval=100
write_header_frequency=1
photo_interval=100000
history_interval=5
star_history_dbl_format = "(1pes40.6e3, 1x)"
profile_interval=10
max_num_profile_models=5000
write_pulse_data_with_profile=.true.

24 Details of each keyword in MESAstar v. r15140 inlist can be
found at https://docs.mesastar.org/en/r15140/reference/
star_job.html and https://docs.mesastar.org/en/r15140/
reference/controls.html
25 Details of each keyword in MESAbinary v. r15140 inlist can be
found at https://docs.mesastar.org/en/r15140/reference/
binary_job.html and https://docs.mesastar.org/en/
r15140/reference/binary_controls.html

pulse_data_format="GYRE"
add_double_points_to_pulse_data=.true.
!WHEN TO STOP
max_model_number = 5000
xa_central_lower_limit_species(1)="h1"
xa_central_lower_limit(1)=1d-4
omega_div_omega_crit_limit=0.75
!MIXING PARAMETERS
mixing_length_alpha=1.82d0
use_Ledoux_criterion=.true.
num_cells_for_smooth_gradL_composition_term = 0
alpha_semiconvection=0.01d0
okay_to_reduce_gradT_excess=.true.
mlt_make_surface_no_mixing = .true.
overshoot_scheme(1)="exponential"
overshoot_zone_type(1) = "burn_H"
overshoot_zone_loc(1) = "core"
overshoot_bdy_loc(1) = "top"
overshoot_f(1) = [ fov]
overshoot_f0(1) = 0.005
do_conv_premix=.true.
set_min_D_mix=.true.
min_D_mix=1d5
!ROTATION CONTROLS
am_D_mix_factor=0.0333333d0
D_DSI_factor = 1
D_SH_factor = 1
D_SSI_factor = 1
D_ES_factor = 1
D_GSF_factor = 1
!ATMOSPHERE BOUNDARY CONDITION
atm_option="table"
atm_table="photosphere"
!MASS GAIN OR LOSS
hot_wind_scheme="Vink"
hot_wind_full_on_T=1.2d4
cool_wind_full_on_T=0.9d3
Vink_scaling_factor=1d0
no_wind_if_no_rotation=.true.
mdot_omega_power=0.43d0
max_mdot_jump_for_rotation=5d0
rotational_mdot_kh_fac = 1.0d3
!MESH ADJUSTMENT
max_delta_x_for_merge = 0.01d0
max_dq=1d-3
min_dq=1d-16
min_dq_for_split=1d-16
!ASTEROSEISMOLOGY CONTROLS
num_cells_for_smooth_brunt_B = 0
!STRUCTURE EQUATIONS
use_dedt_form_of_energy_eqn = .true.
!TIMESTEP CONTROLS
min_timestep_factor=0.5d0
max_timestep_factor=2.0d0
dH_div_H_limit=0.5d0
delta_lgL_phot_limit = 0.05d0
/ ! end of controls namelist

A.2. MESAbinary inlist

&binary_job
!OUTPUT/INPUT FILES
show_binary_log_description_at_start = .false.
binary_history_columns_file =
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"my_binary_history_columns.list"
!STARTING MODEL
evolve_both_stars=.true.
change_ignore_rlof_flag = .true.
new_ignore_rlof_flag = .true.
/ ! end of binary_job namelist
&binary_controls
!SPECIFICATIONS FOR STARTING MODEL
m1=[M1]
m2=[M2]
initial_eccentricity=[e]
initial_period_in_days=-1
initial_separation_in_Rsuns=[a]
!CONTROLS FOR OUTPUT
history_interval=5
photo_interval=100000
terminal_interval=100
write_header_frequency=1
!TIMESTEP CONTROLS
fa=0.02d0
fa_hard=0.03d0
fr=0.10d0
fj=0.001d0
fj_hard=0.005d0
fe=0.02d0
fr_dt_limit = 1.0d2
fdm = 1d-3
fdm_hard = 5d-3
dt_softening_factor = 0.3d0
varcontrol_ms=5d-4
varcontrol_post_ms=5d-4
dt_reduction_factor_for_j=5d-2
!MASS TRANSFER CONTROLS
do_enhance_wind_1=.true.
do_enhance_wind_2=.true.
tout_B_wind_1 = [Bwind]
tout_B_wind_2 = [Bwind]
!ORBITAL JDOT CONTROLS
do_jdot_gr=.true.
do_jdot_ls=.true.
do_jdot_ml=.true.
do_jdot_mb=.false.
!ROTATION AND SYNC CONTROLS
do_tidal_sync=.true.
sync_type_1="Hut_rad"
sync_type_2="Hut_rad"
!ECCENTRICITY CONTROLS
do_tidal_circ=.true.
circ_type_1="Hut_rad"
circ_type_2="Hut_rad"
anomaly_steps=300
/ ! end of binary_controls namelist

Appendix B: GYRE input file

The GYRE stellar oscillations code requires a single input file that
collects all the user-specified parameters of the asteroseismic
calculations being performed26. Below is our example file
gyre.in. As in Appendix A, we have omitted any keywords
related to specific file names and have highlighted variables by

26 Details of each keyword in GYRE v. 6.0.1 input file can be found
at https://gyre.readthedocs.io/en/v6.0.1/ref-guide/
input-files.html

enclosing them in square brackets.

&constants
/
&model
model_type = "EVOL"
file_format = "MESA"
/
&mode
l = 2
m = 0
n_pg_min = -30
n_pg_max = 30
tag = "m0"
/
&mode
l = 2
m = 2
n_pg_min = -30
n_pg_max = 30
tag = "m2"
/
&osc
inner_bound = "REGULAR"
outer_bound = "VACUUM"
adiabatic = .true.’
nonadiabatic = .true.’
/
&rot
coriolis_method = "TAR"
Omega_rot_source = "MODEL"
/
&num
ad_search = "BRACKET"
nad_search = "AD"
diff_scheme = "MAGNUS_GL2"
/
&scan
grid_type = "LINEAR"
freq_min = [ f m=0

min ]

freq_max = [ f m=0
max ]

n_freq = [Nm=0
freq ]

freq_units = "CYC_PER_DAY"
grid_frame = "INERTIAL"
freq_frame = "INERTIAL"
tag_list = "m0"
/
&scan
grid_type = "LINEAR"
freq_min = [ f m=+2

min ]

freq_max = [ f m=+2
max ]

n_freq = [Nm=+2
freq ]

freq_units = "CYC_PER_DAY"
grid_frame = "COROT_I"
freq_frame = "COROT_I"
tag_list = "m2"
/
&grid
/
&ad_output
/
&nad_output
summary_file_format = "TXT"
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summary_item_list = "freq,l,m,n_p,n_g,n_pg"
freq_units = "CYC_PER_DAY"
freq_frame = "INERTIAL"

The frequency scan limits, f m=0
min , f m=0

max , f m=+2
min , and f m=+2

max ,
were calculated as described in Sect. 3.3. The total numbers of
discrete frequency points, Nm=0

freq , and Nm=+2
freq , were obtained as

follows,

Nm=0,+2
freq = ⌈( f m=0,+2

max − f m=0,+2
min )/(0.005 d−1)⌉, (B.1)

where ⌈ · ⌉ denotes the ceiling function.

Appendix C: Data used by MESA

Our work uses the MESA stellar evolution code, which incorpo-
rates a vast compilation of knowledge, mainly from micro- and
macrophysics, collected by many authors. The MESAeos mod-
ule is a mixture of OPAL (Rogers & Nayfonov 2002), SCVH
(Saumon et al. 1995), FreeEOS (Irwin 2004), HELM (Timmes
& Swesty 2000), PC (Potekhin & Chabrier 2010) and Skye
(Jermyn et al. 2021) equation of states. Radiative opacities are
taken primarily from OPAL (Iglesias & Rogers 1993, 1996),
with low-temperature data from Ferguson et al. (2005) and
the high-temperature, Compton-scattering dominated regime by
Poutanen (2017). Electron conduction opacities are from Cas-
sisi et al. (2007) and Blouin et al. (2020). Nuclear reaction rates
are from JINA REACLIB (Cyburt et al. 2010), NACRE (An-
gulo et al. 1999) and additional tabulated weak reaction rates
from Fuller et al. (1985), Oda et al. (1994) and Langanke &
Martínez-Pinedo (2000). Screening is included via the prescrip-
tion of Chugunov et al. (2007). Thermal neutrino loss rates are
taken from Itoh et al. (1996). Roche lobe radii in binary systems
are computed using the fit of Eggleton (1983).

Appendix D: Adjustable parameters of the UMAP

UMAP, as a highly flexible method, is prone to returning mis-
leading results in the case of inappropriately set free parame-
ters. On the one hand, they can lead to the appearance of spuri-
ous groups and, on the other hand, to the loss of finer topologi-
cal structure. The vital UMAP parameters that need adjustment
are n_neighbors, min_dist, n_components and metric. The
n_neighbors parameter is the most important, as it controls
the balance between the local and global structure present in
the data that will be mapped to the embedding. We experi-
mented with different values of this parameter ranging from 5 to
1,000 (the default is 15) and concluded that the resonance curves
(summarised by the proposed statistics) always form a single
group, almost independently of the choice of n_neighbors.
Later, min_dist sets the minimum distance between two dif-
ferent points on the embedding. We tested its values from 0.0 to
0.5 and do not observe any significant effect on manifold. We
took the last two parameters, namely n_components that spec-
ifies the number of dimensions of the embedding, and metric
specifying the metric used for similarity calculation, as default
values. Finally, we used the following set of free parameters:
n_neighbors = 500, min_dist = 0.1, n_components = 2
and metric = ’euclidean’.
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9 PODSUMOWANIE

9 Podsumowanie

Chociaż szczegółowe wnioski wypływające z każdej pracy zaprezentowanej w części II

znajdują się w samych tekstach tych prac, chciałbym w tym miejscu podsumować, moim

zdaniem, najważniejsze wyniki i konkluzje będące ich efektem.

Dzięki wysiłkom podjętym w pracach I oraz II, próbka znanych nam EEV zwiększyła się

ponad pięciokrotnie. Zbiór ten obejmuje dwie główne grupy gwiazd o zupełnie odmien-

nych własnościach, tj. gwiazdy ciągu głównego o średniej i dużej masie oraz gwiazdy na

późnych etapach ewolucji, w tym czerwone olbrzymy. Niezależnie od rodzaju zidentyfiko-

wanych EEV, stanowią one doskonały materiał obserwacyjny dla szeroko pojętych badań

weryfikujących różne teorie oddziaływań pływowych w układach podwójnych o różnym

statusie ewolucyjnym. Warto przypomnieć, że to, jak opisujemy oddziaływania pływowe

w układach podwójnych, rzutuje w fundamentalny sposób na efekty naszych przewidywań

różnych scenariuszy ewolucyjnych gwiazd. Należy również podkreślić, że rezultatem prac

I oraz III jest detekcja łącznie ponad 100 modów TEO w kilkudziesięciu EEV, co pozwoliło

m.in. po raz pierwszy zweryfikować obserwacyjnie zależność pomiędzy numerem harmo-

niki częstości orbitalnej TEO oraz ekscentrycznością EEV (praca III). Zarówno w pracy I jak

i pracy III odnotowujemy fakt współistnienia TEO oraz oscylacji samowzbudnych w wielu

EEV, co umożliwia dalsze badania interakcji pomiędzy tymi rodzajami oscylacji gwiazd.

Szczegółowa analiza krzywych blasku układu ExtEEV, o której traktuje praca IV, zaowoco-

wała kilkoma zaskakującymi odkryciami. Przede wszystkim, ExtEEV jest pierwszym tego

typu obiektem, w którym zaobserwowano silne i względnie nagłe zmiany amplitud TEO.

Co więcej, częstotliwości przynajmniej dwóch TEO występujących w ExtEEV podlegają

istotnym wahaniom, najprawdopodobniej powiązanym ze zmianami ich amplitudy – to

także pierwsza detekcja takiego zachowania TEO wśród znanych nam EEV. Kolejną niewąt-

pliwą „osobliwością” ExtEEV jest obecność TEO odpowiadającego bardzo wysokiej krotno-

ści częstotliwości orbitalnej równej 230. Przytoczony tu numer harmoniki częstości orbital-

nej jest największy spośród wszystkich znanych dotychczas TEO występujących w gwiaz-

dach masywnych. Z punktu widzenia teorii, wzbudzenie TEO o wspomnianej cesze nie

jest prawdopodobne przy obecnej ekscentryczności tego układu, co stanowi motywację do

poszukiwania innego rozwiązania. Przykład warunków panujących w składniku głównym

ExtEEV z pewnością skłania do dalszych rozważań nad procesem wzbudzania i właściwo-

ściami TEO, które mogą odpowiadać modom císnieniowym, a nawet tzw. modom dziwnym

w otoczkach gwiazd masywnych zdominowanych przez císnienie promieniowania.

Symulacje teoretyczne, które przeprowadzilísmy w pracy V, wskazują na powszechność

rezonansów pomiędzy siłami pływowymi, a oscylacjami własnymi gwiazd, zachodzących
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w EEV ze składnikami o średniej i dużej masie na ciągu głównym. Rozkład wspomnianych

rezonansów w czasie charakteryzuje się bardzo dużą różnorodnością i zależy w znacznej

mierze od początkowych parametrów EEV na ZAMS. Otrzymane przez nas krzywe rezo-

nacyjne zdradzają także obecność tzw. długich rezonansów, bez potrzeby odwoływania się

do zjawiska „zablokowania rezonacyjnego” (ang. resonance locking). Wartym podkreślenia

jest fakt, iż średnio rzecz biorąc to właśnie EEV z masywnymi składnikami powinny do-

świadczać częstszych rezonansów na ciągu głównym w porównaniu do gwiazd o średniej

masie. Szczególną uwagę należy zwrócić na ten moment ewolucji EEV, w którym jeden

z jego składników znajduje się w okolicach TAMS. Dochodzi wówczas do nagromadze-

nia znacznej liczby rezonansów w stosunkowo krótkim czasie, co może istotnie rzutować,

m.in. na dalszą dynamiczną ewolucję układu oraz transport momentu pędu we wnętrzach

składników.

10 Propozycje dalszych badań

Cykl prac składających się na niniejszą rozprawę nie wyczerpuje oczywíscie całej tema-

tyki badawczej ogniskującej się wokół EEV oraz występujących w nich TEO. Wyniki oraz

wnioski, które zostały zaprezentowane we wspomnianych pracach, w naturalny sposób

zachęcają do podjęcia kolejnych badań. Poniżej prezentuję kilka propozycji takich badań,

które wydają mi się szczególnie istotne z punktu widzenia tematyki rozprawy.

• Kontynuacja poszukiwań masywnych EEV oraz ich TEO w danych fotometrycznych

misji TESS. Warto w tym miejscu przypomnieć, że praca I dotyczyła jedynie pierw-

szych szesnastu sektorów TESS, znajdujących się w większości na północnej półkuli

ekliptycznej. Wraz ze współpracownikami podjęlísmy się zatem rozszerzenia badań

zaprezentowanych w pracy I na południowe sektory TESS (Kołaczek-Szymański & Pi-

gulski, w przygotowaniu). Wspominana praca zdążyła już zaowocować detekcją 21

EEV ze składnikami o średniej lub dużej masie, w tym jednego EEV o silnie zmie-

niającej się amplitudzie TEO. Poszukiwanie masywnych EEV powinno być jednak

kontynuowane nie tylko w oparciu o znane spektroskopowe układy podwójne. War-

tościowym projektem badawczym byłaby analiza krzywych blasku układów zaćmie-

niowych o znanym typie widmowym lub swoistym wskaźniku barwy. Jednym z takich

katalogów, który powstał na bazie danych misji TESS i stanowi wręcz idealny punkt

startowy do tego typu poszukiwań, jest katalog zmiennych zaćmieniowych o typie

widmowym O, B lub A autorstwa IJspeerta i in. (2021). Wraz z grupą uczniów XIII

Liceum Ogólnokształcącego w Szczecinie zaczęlísmy już analizować ww. katalog pod

kątem EEV i TEO (Kołaczek-Szymański i in., w przygotowaniu). Szczególny nacisk

należy położyć w tym przypadku na EEV, które są zlokalizowane w tzw. obszarach

stałej widoczności TESS (ang. TESS continuous viewing zones), ponieważ dostępne są
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dla nich niemal nieprzerwane pomiary fotometryczne o długości około jednego roku

lub nawet dwóch lat z roczną przerwą pomiędzy nimi. Tak długie krzywe blasku

TESS pozwalają na analizę zmian amplitud TEO.

• Na gruncie teorii, występowanie TEO nie jest ograniczone wyłącznie do układów

podwójnych o niezerowym mimośrodzie orbity. Chociaż jest to znacznie mniej praw-

dopodobne, TEO mogą pojawić się również w układach o kołowej orbicie, pod wa-

runkiem, że przynajmniej jeden ze składników rotuje niesynchronicznie lub jego oś

rotacji nie jest prostopadła do płaszczyzny orbity. Stąd, interesującym projektem ba-

dawczym byłaby próba odnalezienia i przeanalizowania takich układów podwójnych,

których krzywe blasku zdradzają obecność TEO, ale jednocześnie ekscentryczność

układu jest zerowa lub bardzo bliska zeru. Mając w pamięci wyniki pracy III, część

EEV z TEO zawartych w katalogu OGLE charakteryzuje się zaskakująco niskimi eks-

centrycznościami. Powstaje zatem pytanie, czy fakt ten jest wytłumaczalny przez parę

wspomnianych wyżej własności składników układu, czy może istnieje pewien inny

niezależny proces, który umożliwia wzbudzanie TEO w warunkach niskiej lub nawet

zerowej ekscentryczności. Z drugiej strony, detekcja TEO w układach z (prawie) ko-

łową orbitą mogłaby służyć za wskaźnik informujący o niesynchronicznej rotacji lub

braku równoległości wektorów orbitalnego i rotacyjnego momentu pędu. Co więcej,

w przypadkach, w których zewnętrzna część otoczki składnika rotuje synchronicznie,

obecność TEO i ich późniejsza analiza mogłyby służyć do określenia stopnia niesyn-

chroniczności rotacji w jego wnętrzu. Wydaje się to potencjalnie cennym narzędziem

diagnostycznym z zakresu astrosejsmologii pływowej.

• Do tej pory, pływową analizę astrosejsmiczną wykonano wyłącznie dla EEV ze skład-

nikami na ciągu głównym. Dzięki katalogowi EEV sporządzonemu na podstawie da-

nych OGLE (praca II) oraz detekcji TEO w układach EEV z wyewoluowanym składni-

kiem (praca III) otwiera się szansa analizy czerwonych olbrzymów za pomocą tech-

nik pływowej astrosejsmologii. Wspomniany katalog jest wartościowy również pod

innym względem – dostarcza on obszernego materiału obserwacyjnego pod kątem

EEV z czerwonymi olbrzymami na asymptotycznej gałęzi olbrzymów, które mogą

być prekursorami np. ekscentrycznych układów podwójnych w jądrach powstających

mgławic planetarnych. Dalsza analiza tych wyewoluowanych EEV, w tym szczegó-

łowa analiza spektroskopowa, wydają się szczególnie wartościowe, m.in. z punktu

widzenia badań mechanizmów opóźniających cyrkularyzację orbity lub zwiększają-

cych ekscentryczność, czy np. mechanizmów intensywnej utraty masy przez wzmac-

niany pływowo, silnie nieizotropowy wiatr gwiazdowy.

• Z wielu powodów obiekt ExtEEV zdecydowanie zasługuje na dalsze badania. Po

pierwsze, w pracy IV pokazalísmy, że dominujący mod TEO występujący w tym
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układzie znacząco zredukował swoją amplitudę, co może sugerować bardzo szyb-

kie zmiany warunków rezonacyjnych zachodzące w okolicach TAMS (praca V). Po-

wstaje zatem pytanie, jak będą zachowywać się amplitudy TEO w ExtEEV na prze-

strzeni kolejnych lat. Po drugie, rekordowo duży zakres zmian jasności ExtEEV do

tej pory nie jest wyjaśniony żadnym modelem związanym z efektami bliskości. Naj-

prawdopodobniej duża część wspomnianych wahań jasności ma swoje źródło w zde-

rzeniu wiatrów gwiazdowych (np. Parkin & Gosset 2011; Ignace i in. 2022), co czyni

ten układ jeszcze bardziej fascynującym. Pozostaje również kwestia dostrzeżenia li-

nii składnika wtórnego w widmie ExtEEV, aby móc lepiej określić masy jego oby-

dwu składników. Wraz ze współpracownikami otrzymalísmy już kilkadziesiąt widm

ExtEEV przy użyciu teleskopu Southern African Large Telescope oraz wykonalísmy po

raz pierwszy dla tego obiektu krzywe blasku w pasmach fotometrycznych U oraz B.

Mamy nadzieję, że zebrane przez nas dane obserwacyjne pozwolą nam otrzymać mo-

del ExtEEV, który poprawnie wyjaśni zmienność fotometryczną tego „ekstremalnego”

i masywnego układu (Kołaczek-Szymański i in., w przygotowaniu).

• Jak podkreślalísmy w pracy V, okres, w którym jeden ze składników EEV znajduje

się w fazie ewolucji blisko TAMS, jest wyróżniony pod względem nagromadzenia du-

żej liczby rezonansów we względnie krótkim czasie. Należałoby zatem zweryfikować

teoretycznie i obserwacyjnie efekty naszych symulacji. Jeśli chodzi o stronę teore-

tyczną, wartościowym byłoby wykonanie w pełni konsystentnych modeli ewolucji

EEV w okolicach TAMS, aby sprawdzić jaki jest wpływ dużej liczby TEO na ewolucję

orbity oraz na transport momentu pędu wewnątrz składników. Z kolei podchodząc

do zagadnienia od strony obserwacyjnej, należałoby przyjrzeć się w sposób szcze-

gólny krzywym blasku EEV, o których wiemy, że jeden ze składników opuszcza już

ciąg główny. Niewykluczone, że (jak sugerowalísmy w pracy V) TEO są szczególnie

częste w takich układach i przejawiają wówczas wahania amplitudy na skutek szybko

zmieniających się warunków rezonacyjnych.

• Coraz większe zainteresowanie w astrofizyce budzą warunki niskiej metaliczności,

które towarzyszyły wcześniejszym stadiom ewolucji Wszechświata. Z powodu znacz-

nie mniejszej zawartości metali, funkcja mas gwiazd III i II populacji oraz ich własno-

ści sejsmiczne znacząco różnią się od tych samych cech dla gwiazd ze słoneczną me-

talicznością. Można więc postawić pytanie o ewolucję masywnych EEV w środowisku

o niskiej metaliczności oraz znaczenie TEO w tych układach. Oprócz rozważań i sy-

mulacji teoretycznych, całe zagadnienie wydaje się być również osiągalne na gruncie

astrofizyki obserwacyjnej, jeśli wziąć pod uwagę możliwość rozdzielenia masywnych

EEV w pobliskich galaktykach Grupy Lokalnej o metaliczności mniejszej od Małego

Obłoku Magellana, np. w galaktyce karłowatej Sextans A (np. Lorenzo i in. 2022).
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Część IV
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Oświadczenie do pracy V oraz potwierdzenie przyjęcia do
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