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[VADAS

Motyvacija

Zvaigzdziy formavimasis yra viena i pagrindiniy dar neiSspresty astrofizikos
problemy. Nepaisant to, kad jau yra nustatyti jvairus empiriniai désniai sie-
jantys zvaigzdédarg su jvairiais aplinkos parametrais, vis dar néra visg procesa
detaliai ir kokybiskai aprasandios teorijos (McKee & Ostriker, 2007; Krumholz,
2014). Siam procesui perprasti reikalingi dar detalesni sarysiy tarp Zvaigzdziy
formavimosi bei ju aplinkos savybiy tyrimai.

Sio darbo tikslas yra iStirti aplinkos jtaks zvaigzdziy populiacijy formavi-
muisi mazos masés sistemose. Siam tikslui pasiekti buvo itirta netaisyklingoji
nykstukiné galaktika Leo A ir Zvaigzdziy spieciai Andromedos galaktikoje. Ty-
rimams panaudoti Hubble kosminio teleskopo bei antZeminio Subaru teleskopo
stebéjimai. Zvaigzdziy populiacijos tirtos analizuojant zvaigzdziy fotometrinius
duomenis.

Siame darbe tirta Leo A galaktika yra nedidelés masés, mazo metalingumo,
turi santykinai didelj kiekj duju bei yra izoliuota nuo kity galaktiky (McCon-
nachie, 2012). Galaktikos masé yra per maza, kad gravitacinis laukas sugebéty
pritraukti arc¢iau centro visas dujas, todél dujos yra pasklidusios placioje srity-
je ir yra mazo vidutinio tankio. Be to, Sios galaktikos izoliuotumas uztikrina,
kad jos zZvaigzdziy formavimosi procesai nebuvo paveikti sudétingy saveiky su
kitomis galaktikomis. Negana to, Leo A dujy metalingumas yra vienas i ma-
ziausiy tarp Vietinés Grupés galaktiky. Dél nedidelio tokiy sistemuy tyrimy
kiekio, zvaigzdziy formavimasis tokio mazo metalingumo aplinkose dar néra
gerai suprastas (Latif & Schleicher, 2019). Tai daro $ia galaktika puikiu tyri-
my objektu norint iSsiaiskinti iki Siol gerai nesuprasty zvaigzdédaros procesy
veikima tokiose aplinkose.

Taip pat, Siame darbe tirti Andromedos galaktikos Zvaigzdziy spieciai. Si
galaktika yra visiSka priesingybé nyksStukinei Leo A galaktikai. Tai didziau-
sia Vietinés Grupés galaktika, kuri per visa savo formavimosi laikotarpj yra
patyrusi jvairiy saveiky su aplinkinémis galaktikomis (Kafle et al., 2018; Ham-
mer et al., 2018). Tokio dydzio galaktika leidzia tirti zvaigzdziy formavimasi
ivairiausiose aplinkose — nuo tankios, auksto metalingumo centrinés dalies iki
rety, zemo metalingumo iSoriniy sri¢iy. Tuo paciu, gauty rezultaty palyginimas
su izoliuotos Leo A galaktikos tyrimy rezultatais padéty issiaiskinti galaktiky
saveiky jtaka zvaigzdédaros procesams.



Darbo tikslas

Istirti aplinkos jtaka zvaigzdziy populiacijy evoliucijai mazos maseés sistemose.
Pagrindiniai uzdaviniai
o Sukurti nykstukiniy galaktiky zvaigzdédaros istorijos nustatymo metoda.

o Istirti aplinkos jtaka zvaigzdziy populiacijy formavimuisi nykstukinéje ne-
taisyklingoje galaktikoje Leo A.

o Sukurti zvaigzdziy spieCiy parametry nustatymo metoda pagal zvaigzdziy
fotometrinius matavimus.

o Istirti M 31 galaktikos zvaigzdziy spieciy aplinkos jtaka ju formavimuisi

ir evoliucijai.

Pagrindiniai rezultatai ir ginamieji teiginiai

1. Sukurtas naujas metodas nykstukiniy galaktiky 1D ir 2D zvaigzdédaros
istorijai atkurti pagal Zvaigzdziy fotometrinius matavimus.

2. Nustatyta nykstukineés galaktikos Leo A Zvaigzdédaros istorija — didzioji
dalis zvaigzdziy susiformavo per pastaruosius 6 mlrd. mety; zvaigzdziy
formavimasis vyko pliupsniais.

3. Remiantis atkurta dvimate Leo A Zvaigzdédaros istorija, parodyta, kad
zvaigzdédaros sritis per pastaruosius ~300 mln. mety palaipsniui trau-
kési.

4. Sukurtas naujas metodas zvaigzdziy spieCiy parametrams nustatyti pagal

zvaigzdziy daugiaspalvius fotometrinius matavimus.

5. Nustatyti amziai ir tarpzvaigzdiné ekstinkcija 854 zvaigzdziy spieciams
M 31 galaktikoje. Nustatytas zvaigzdédaros suaktyvéjimo periodas jvykes
pries ~220 mln. mety.



Disertacijos struktura

Disertacija susideda is jvado, trijy skyriy, pagrindiniy rezultaty ir iSvady, san-
traukos angly kalba, bibliografijos bei autoriaus gyvenimo aprasSymo.

Pirmame skyriuje aprasyti literaturoje naudojami zvaigzdziy populiaciju
tyrimo metodai bei kity autoriy atlikti Leo A ir M 31 galaktiky zvaigzdziuy
populiacijy tyrimai.

Antrame skyriuje aprasSytas nykstukinés galaktikos Leo A Zvaigzdédaros is-
torijos tyrimas. Aptarti naudoti duomenys bei dirbtiniy zvaigzdziy populiacijy
generavimo metodas. Taip pat, aprasyti sukurti 1D ir 2D zZvaigzdédaros isto-
rijos nustatymo metodai bei jy taikymas Leo A galaktikai tirti. Aprasyti bei
iSanalizuoti gauti rezultatai.

Trec¢iame skyriuje aprasytas galaktikos M 31 Zvaigzdziy spieciy tyrimas.
Aptarti naudoti duomenys, aprasytas naujas metodas zvaigzdziy spieciy para-
metrams nustatyti, kuris pritaikytas M 31 galaktikos spieciy tyrimui. ApraSyti
bei isanalizuoti gauti rezultatai.

Pabaigoje trumpai aptarti pagrindiniai disertacijos rezultatai bei padarytos
iSvados.

Autoriaus indélis

Autorius sukuré nykstukiniy galaktiky zvaigzdédaros istorijos bei zvaigzdziy
spieciy parametry nustatymo metodus ir juy jgyvendinimui parasé kompiuteri-
nes programas. Remdamasis dirbtiniy zvaigzdziy testy rezultatais suskaic¢iavo
zvaigzdziy fotometriniy matavimy paklaidy bei pilnumo funkcijy priklausomy-
bes. Patikrino abu metodus pritaikius juos dirbtinéms zvaigzdziy populiaci-
joms. Autorius atkuré Leo A galaktikos 1D ir 2D Zvaigzdédaros istorijas bei
amziaus-metalingumo sarysj. Kartu su bendraautoriais nustaté 854-iy M 31 ga-
laktikos zvaigzdziy spieciy amziy bei tarpzvaigzdine ekstinkcija iki juy, ir atliko
rezultaty analize.
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1. ANKSTESNIU TYRIMU APZVALGA
1.1. Zvaigzdziy populiacijy tyrimo metodai literatiroje

Viena esminiy Visatos evoliucijos varomuyjy jégy yra zvaigzdziy formavimasis.
Zvaigzdés yra pagrindinis $viesos ir naujy cheminiy elementy Visatoje Saltinis.
Taciau, nepaisant desimtmecius trunkanciy tyrimy ir atrasty jvairiy empiriniy
sarysiy, zvaigzdédaros procesas iki Siol néra pilnai suprastas — vis dar néra vie-
ningos teorijos galincios kiekybiskai aprasyti ir paaiskinti visg zvaigzdédaros
procesa. Sis uzdavinys yra toks sudétingas daugiausia dél to, nes zvaigzdédara
priklauso nuo daugybeés labai skirtingy skaliy procesuy vykstanciy jos aplinkoje
— nuo subparseko dydzio (pvz. duju turbulencija, dujiniy branduoliy kolapso
bei i$ ju sekantis protozvaigzdiniy sistemy kurimasis) iki visa galaktika apiman-
¢iy (pvz. spiralinés vijos, tarpgalaktiniu dujy akrecija ar susiliejimai su kitomis
galaktikomis) procesy (McKee & Ostriker, 2007; Hopkins et al., 2013; Krum-
holz, 2014; Elmegreen, 2024). Vienas i§ budy, kaip buty galima iSsiaiskinti
siuos sarysius, yra aplinkos jtakos zvaigzdziy populiacijy formavimuisi tyrimai.
Nustacius, kaip priklauso zvaigzdziy populiacijy parametrai nuo aplinkos, ku-
rioje jos susiformavo, savybiy (pvz. dujy tankio, slégio bei cheminés sudéties,
gravitacinio potencialo, foninés spinduliuotés), buty galima issiaiskinti sarysius
tarp Sias aplinkos savybes apsprendzianciy procesy ir zvaigzdédaros. Siam tiks-
lui pasiekti, pirmiausia, reikia nustatyti zvaigzdziuy populiaciju parametrus ir
ju pasiskirstymus.

Zvaigzdziy populiacija laikoma Zvaigzdziy grupe, kurios narés turi tam tik-
rus vienodus parametrus (pvz. amziy ir chemine sudétj) ir yra susietos erdvéje
(pvz. yra to palio spiefiaus narés ar priklauso tai padiai galaktikai). Siy
populiacijy tyrimo metodus galima suskirstyti j keturias grupes pagal naudoja-
my duomeny tipus — integralinés fotometrijos, iSskirty zvaigzdziy fotometrijos,
integralinés spektroskopijos bei atskiry zvaigzdziy spektroskopijos duomenis
naudojantys metodai. Nepaisant siy skirtumy, visy metody tikslas nustatyti
zvaigzdziy parametrus (pvz. amziy, chemine sudétj, tarpzvaigzdine ekstinkcija
ir kt.) tiriant ju i$spinduliuota $viesa. Siame darbe buvo tirti fotometriniai
isskirty zvaigzdziy matavimai.

Metodai analizuojantys integralinius duomenis tiria iS karto visa zZvaigz-
dziy populiacija kaip vientisa sistema, taciau negali isskirti atskiry zvaigzdziy
ar foniniy objekty, todél gali susidurti su foninés tarsos problemomis. Nepai-
sant to, integraliniai matavimai reikalauja maziau resursy ir juos galima atlikti
tolimesniems arba tankesniems objektams, kuriuose jau nepavyksta isskirti at-
skiry zvaigzdziu. Kita vertus, atskiry zvaigzdziy matavimai leidzia patikimiau
atskirti fono tarsa bei detaliau istirti populiacija. Analogiski skirtumai ir tarp
spektroskopiniy bei fotometriniy matavimy. Spektroskopiniai stebéjimai daug
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brangesni, bet leidzia detaliau istirti zvaigzdziy populiacijas. Tuo tarpu, foto-
metrinius matavimus galima atlikti daug didesniam objekty kiekiui per tg patj
laika.

Integralinés spektroskopijos matavimai, zvaigzdziy populiacijy tyrimy kon-
tekste, dazniausiai naudojami galaktiky #vaigzdédaros istorijoms tirti. Siuo
atveju, paprastai iSmatuojamas viso galaktikos disko, kaip vieno objekto, Svie-
sos spektras. Kadangi Siems stebéjimams nebutina isskirti atskiry galaktikos
zvaigzdziy, todél §j metoda galima taikyti labai placiose atstumy ribose — nuo
artimiausiy Vietinés Grupés galaktiky iki tolimiausiy galaktiky, kuriy Sviesa
iki musy keliauja beveik nuo pat Visatos pradzios (z>12) (Robertson et al.,
2023; Wang et al., 2023). Zinoma, kuo tolimesné ir blausesné yra galaktika,
tuo didesnés matavimy paklaidos ir tuo maziau detaliy galima issiaiskinti apie
jos formavimosi istorija.

ISmatavus galaktikos spektra, toliau modeliuojami dirbtiniai spektrai atitin-
kantys jvairias galaktikos zZvaigzdédaros istorijas bei chemines evoliucijas. Tai
daroma pasitelkus Zvaigzdziy atmosfery evoliucijos modelius. Tuomet, naudo-
jant jvairius optimizavimo metodus ieskomas galaktikos modelis, kurio dirbtinis
spektras geriausiai atitikty iSmatuota integralinj spektra. Didzioji dalis skirtu-
my tarp jvairiy integralinés spektroskopijos analizés metody butent pasireiskia
naudojamuose optimizavimo algoritmuose. Kadangi visos galaktikos spektras
susideda i$ tukstanciy ar net milijardy skirtingy zvaigzdziy skleidziamy spekt-
ry, surasti geriausiai matavimus atitinkancia kombinacija yra itin sudétingas
uzdavinys. Jam spresti pasitelkiami jvairiausi algoritmai kaip: Gausiniai pro-
cesai (Iyer et al., 2019), neuroniniai tinklai (Lovell et al., 2019), Bajesinio mak-
simizavimo (Ocvirk et al., 2006) ar jvairiy matematiniy metody sujungimas }
viena algoritma (Gomes & Papaderos, 2017). Nepaisant to, i$ vieno integruoto
galaktikos spektro isskirti smulkiy galaktikos evoliucijos detaliy, kaip pavyz-
dziui trumpi intensyvios Zvaigzdédaros Zybsniai, dazniausiai nepavyksta (Smith
& Hayward, 2015). Nors, pastaraisiais metais, pasinaudojus aukstos kokybeés
spektroskopiniais stebéjimais, jau pavyksta Siais metodais atkurti zvaigzdéda-
ros istorijas savo detalumu beveik prilygstancias rezultatams metody, kurie
naudoja atskiry Zvaigzdziy fotometrinius matavimus (Ruiz-Lara et al., 2015,
2018; Martig et al., 2021).

Kitaip nei integralinés spektroskopijos metodai, atskiry zvaigzdziy spekt-
ry analizés paprastai apsiriboja maza zvaigzdziy imtimi i$ tiriamos galaktikos
arba tiria daug mazZesnes sistemas, tokias kaip zvaigzdziy spieéiai (Kolomiecas
et al., 2022). Kadangi geros kokybés spektrui gauti reikalingas daug didesnis
fotony kiekis, nei fotometrijos atveju, dél to sis metodas pritaikomas tik arti-
miausiy galaktiky ryskiausioms zvaigzdéms. Todél Sio tipo tyrimai paprastai
naudojami ne visos galaktikos zvaigzdédaros istorijai atkurti, o tirti duju bei
Zvaigzdziy kinematikas bei jvertinti cheminés evoliucijos istorija (Hunter et al.,
2012; Kirby et al., 2013, 2017; Ruiz-Escobedo et al., 2018; Gilbert et al., 2022).
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Atskiry zvaigzdziy spektroskopijos tyrimai populiariausi tirti musy Galakti-
kos spie¢iams, konkreciau jy cheminiy sudéciy tyrimams, kadangi jy zvaigzdés
yra pakankamai arti ir ryskios geriems spektrams gauti. Butent naudojantis
spektriniais matavimais neseniai buvo nustatyta, jog daugelis Pauksciy Tako
kamuoliniy spie¢iy yra sudaryti is keliy skirtingy cheminiy sudéciy zvaigzdziy
populiacijy (Bastian & Lardo, 2018).

Integralinés fotometrijos duomenys daznai naudojami zvaigzdziy spieciy ty-
rimuose, ta¢iau suteikia ir jvairios informacijos apie galaktikas. Pacios tolimiau-
sios stebimos galaktikos daznai tiriamos pasitelkus integraline fotometrija, nes
siuo budu galima lengvai pamatuoti didelius kiekius galaktiky, priesingai nei in-
tegralinés spektroskopijos atveju (Salim et al., 2016; Driver et al., 2018). Aigku,
$iuo metodu negalima atkurti sudétingy zvaigzdédaros ar cheminés evoliucijos
istorijy, taciau tokie matavimai leidzia nustatyti bendresnius galaktiky para-
metrus, kaip zvaigzdziy mase, tarpzvaigzdine ekstinkcija ar dabartine zvaigz-
dziy formavimosi sparta galaktikose. Be to, atliekant integraline fotometrija
su jvairiais apertury dydziais gaunamos pavirsinio Sviesio kreivés, kurios pa-
naudojamos tiriant galaktiky strukturas bei skirtingy zvaigzdziu populiacijy
amziy gradientus (Ruiz-Lara et al., 2017; Suess et al., 2020; Ge et al., 2021;
Casura et al., 2022). Taip pat, kaip jau minéta, integraliné fotometrija daznai
naudojama tirti kity galaktiky zvaigzdziy spieciams. Kadangi visos spie¢iaus
zvaigzdés yra vienodo amziaus ir panasios cheminés sudéties, visam spieiui
uztenka nustatyti viena parametry rinkinj ir integraliné fotometrija tam pui-
kiai tinka (Krienke & Hodge, 2007; Beerman et al., 2012; de Meulenaer et al.,
2013; Fouesneau et al., 2014a; de Meulenaer et al., 2017). Sie metodai jprastai
iesko geriausio spieciaus parametry sprendinio lygindami integralinés fotomet-
rijos matavimus jvairiose fotometrinése juostose su jvairiy parametry dirbtiniy
spiec¢iy banku. Vis délto, siems metodams foniniy objekty jtakos atmetimas
vis dar islieka didele problema (Naujalis et al., 2021).

Atskiry zvaigzdziy fotometrijos matavimai turbut universaliausias jrankis
tirti tiek galaktiky zvaigzdziy populiacijas, tiek ir zvaigzdziy spiecius. Nors Sie
duomenys, skirtingai nei spektroskopiniai stebéjimai, neleidzia nustatyti tikslios
zvaigzdziy cheminés sudéties ir, skirtingai nei integraliniai matavimai, neleidzia
tirti tolimy galaktiky, bet jie leidzia nustatyti tiek galaktikos zvaigzdédaros
ir cheminés evoliucijos istorijas (Cole et al., 2014), tiek galaktikos Zvaigzdziy
populiaciju strukturas (Les¢inskaité et al., 2021), tiek ir spieciy parametrus
(Johnson et al., 2016). Be to, Siuose stebé¢jimuose galima atmesti visus foninius
objektus, nors ir daznai tai reikalauja nemazai darbo. Dauguma sios kategori-
jos metody nustatinéja zvaigzdziy populiaciju parametrus lyginant zvaigzdziy
fotometriniy matavimy pasiskirstymus CMD diagramose su jvairiy parametry
dirbtiniy zvaigzdziy populiacijy kombinacijomis. Literaturoje sutinkami skir-
tingi metodai geriausios dirbtiniy populiacijy kombinacijos iesko pasitelkdami
ivairius optimizavimo algoritmus bei duomeny lyginimo procediras: Dolphin
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(2002) naudoja modifikuota FRPRMN algoritma (Press et al., 1992), Cole et al.
(2007) pasitelkia matematinj “dirbtinio atkaitinimo” (angl. simulated annea-
ling) metoda, Aparicio & Hidalgo (2009) naudoja genetinj algoritma. Taip pat,
kai kurie metodai nustato parametrus atskirai kiekvienai iSmatuotai zvaigzdei,
lyginant zvaigzdés matavimus tiesiogiai su zvaigzdziy atmosfery evoliucijos mo-
deliais. Sudéjus visy tiriamos sistemos zvaigzdziy rezultatus, nustatoma jos
evoliucijos istorija bei skirtingy zvaigzdziy populiacijy pasiskirstymai (Leséin-
skaité et al., 2022).

1.2. Ankstesni Leo A galaktikos tyrimai

Vienas i$ objekty tirty siame darbe yra nykstukiné Leo A galaktika. Tai ne-
didelés masés (Zvaigzdine maseé M, = 3+ 1 x 105Mg (Cole et al., 2014))
netaisyklinga nykstukiné galaktika Vietinéje Grupéje. Nuo musy Pauksciy Ta-
ko galaktikos ji nutolusi apie 820kpc (m — M = 24.58 mag (Les¢inskaité et al.,
2021)). Kiti Leo A parametrai nurodyti 1.1 lenteléje. Leo A galaktika buvo
atrasta Zwicky (1942) beieskant silpniausio Sviesumo galaktiky. Tadiau pir-
mas detalesnis jos tyrimas buvo atliktas tik praéjus beveik 40 mety — Allsopp
(1978). Allsopp atliko neutralaus vandenilio stebéjimus galaktikoje ir nusta-
té, jog Leo A neturi centrinés branduolio strukturos, turi didelius neutralaus
vandenilio dujy rezervus bei sukasi 1étai, palyginus su didesnémis galaktiko-
mis. Taip pat, vienas pirmyjy argumentavo, kad Leo A yra arciau nei 1 Mpc
atstumu ir gali priklausyti Vietinei Grupei. Ne uz ilgo prasidéjo ir pirmieji
Zvaigzdziy populiacijy tyrimai. Demers et al. (1984) iSmatavo atskiras ryskiau-
sias jaunas mélynas zvaigzdes. Jie nustateé, jog galaktikoje dar visai ne seniai
< 30 Myr vyko zvaigzdédara. Taciau dar negaléjo nieko pasakyti apie senesnes
zvaigzdziy populiacijas.

Véliau, sparciai tobuléjant astronominiy stebéjimy jrangai, Young & Lo
(1996) sudaré detaly neutralaus vandenilio dujy tankio zemélapj Leo A galak-
tikoje. Jy darbas atskleidé didelj neutralaus vandenilio dujy hala aplink galak-
tika, siekiantj net tris kartus toliau nei iki tol stebétos tolimiausios zvaigzdés.
Taip pat, jie nustaté, jog dujos Leo A galaktikoje greic¢iausiai nesisuka aplink
centra kaip didesnése diskinése galaktikose ir yra palaikomos dujy greiciy dis-
persijos, kuri visoje galaktikoje siekia ~9km/s. O stebétame netvarkingame
duju pasiskirstyme aptiktos mazo tankio zonos parodé pirmuosius zvaigzdziy
griztamojo rysio, t.y. dujuy kaitinimo bei iSstumimo dél supernovy sprogimuy,
zvaigzdziy véju, jonizuojancios spinduliuotés bei spinduliuotés slégio (Hopkins
et al., 2012), irodymus sioje galaktikoje.

Pasinaudodami pirmaisiais Leo A stebéjimais su Hubble kosminio teleskopo
(HST) Plataus Lauko ir Planety Kamera 2 (angl. Wide Field and Planetary
Camera 2 WFPC2) Tolstoy et al. (1998) pirma karta pabandé Sioje galaktikoje
nustatyti zvaigzdédaros istorija per visa jos gyvavimo laikotarpj. Tiesa, turimy
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1.1 lentelé: Siame darbe naudoti Leo A galaktikos parametrai bei juy Saltiniai.

Parametras Verte Saltinis

a, § (J2000) 9"5924.5%, +30°44’47”  Vansevicius et al. (2004)

PA 114° Vansevicius et al. (2004)

b/a 0.6 Vansevicius et al. (2004)
Holmbergo 3.5 Mateo (1998)

spindulys

Ap, Ay, A 0.075, 0.057, 0.031 Schlafly & Finkbeiner (2011)
AF475W7AF814W 0068, 0.032 Schlaﬂy & Finkbeiner (2011)
(m — M)g 24.58£0.04 (824415 kpe)  Leicinskaité et al. (2021)

M, 3.3 x 10 M, Kirby et al. (2017)

My 6.9 x 10° Mg, Hunter et al. (2012)

M/Ly 20+ 6Mg/Lg Brown et al. (2007)

12 +1log(O/H)  7.38+0.1 van Zee et al. (2006)

12 +1og(O/H) 74402 Ruiz-Escobedo et al. (2018)
([Fe/H]) 1677009 Kirby et al. (2017)

Zymenys: o,0 — Leo A galaktikos centro ekvatorinés koordinatés; PA
— didziojo elipsés pusasio pozicinis kampas; b/a — elipsés pusasiy santykis;
Holmbergo spindulys — spindulys, ties kuriuo pavirsinio Sviesio tankis pasiekia
26.5 mag/arcsec2; AB;AV7A17AF475W3AF814W — foniné Paukéélq Tako
ekstinkcija; (m — M) — tikrasis atstumo modulis; M, — ZvaigZdiné masé;
My — neutralaus vandenilio dujy masé; M/Ly — masés ir Sviesio santykis;
12 +log(O/H) — deguonies gausa tarpzvaigzdinése dujose; ([Fe/H]) — vidutinis
raudonyjy milziniy metalingumas.

duomeny kokybé dar neleido patikimai nustatyti paciy seniausiy populiacijy
buvimo, bet pavyko jvertinti virSutine jy masés riba. Jie jvertino, kad senesnés
nei 9 Gyr Zvaigzdziy populiacijos turéty sudaryti ne daugiau nei 10% visy ga-
laktikos zvaigzdziy. Taip pat, su tam tikromis paklaidomis, pavyko nustatyti,
jog didzioji dalis Leo A Zvaigzdziy susidaré per paskutinius 2 Gyr.

Po poros mety, Dolphin et al. (2002) patvirtino seniausiy zvaigzdziy po-
puliaciju (>10 Gyr) buvima galaktikoje, aptikdami RR Lyros tipo kintamasias
Zvaigzdes. Be to, ju stebéjimai atskleidé, jog seny zvaigzdziy (>2 Gyr) popu-
liacija yra iSplitusi daug toliau nei jaunos zvaigzdés. Vansevicius et al. (2004)
detaliau istyré visy zvaigzdziuy pasiskirstyma galaktikoje ir parodé, jog seny
zvaigzdziy diskas yra iSplites net toliau nei vandenilio dujy halas — beveik iki
8 arcmin nuo centro. Tuo tarpu, van Zee et al. (2006) patvirtino, jog Leo A turi
itin maza dujy metalinguma (12 + log(O/H) = 7.38 £ 0.10) nepaisant jos ilgos
Zvaigzdeédaros istorijos. O Brown et al. (2007) i$ Zvaigzdziy greic¢iy dispersijos
nustateé, jog ne maziau kaip 80% visos Leo A masés turéty sudaryti tamsioji
materija.

Tais paciais metais, Cole et al. (2007) atliko Leo A stebéjimus su HST paZan-
giaja apzvalgy kamera (angl. Advanced Camera for Surveys ACS) ir sugebéjo
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iSmatuoti zvaigzdes Zemiau seniausiy populiacijy postikio tasko. Tai leido jiems
nustatyti zvaigzdédaros istorijg per visa Leo A gyvavimo laikotarpj. Nustatyta,
kad daugiau nei 90% viso zvaigzdziy formavimosi jvyko per paskutinius 8 Gyr.
Pasak autoriy, per pirmuosius kelis milijardus mety tik labai maza dalis du-
ju pavirto | zvaigzdes, grei¢iausiai dél UV foninés spinduliuotés ir supernovy
sukelto dujy kaitinimo. Karstos dujos negaléjo greitai nusésti i$ halo ir taip
nesuteiké medziagos palaikyti didesnei zvaigzdédaros spartai. Pasak nustaty-
tos zvaigzdédaros istorijos, intensyviausias zvaigzdziy formavimosi laikotarpis
Leo A prasidéjo pries ~4 Gyr ir tesési apie 2.5 Gyr. Jo metu zvaigzdés buvo
formuojamos nuo 5 iki 10 karty greiciau nei siuo metu stebima zvaigzdédaros
sparta galaktikoje. Nepaisant tokio santykinai intensyvaus ir ilgo zvaigzdéda-
ros laikotarpio, galaktikoje vis tiek liko daugybé neisnaudoty ir neismesty dujy
— maziausiai 3 kartus daugiau nei zvaigzdziy masé. Be to, pagal nustatyta
zvaigzdédaros istorija buvo sumodeliuota galaktikos cheminé evoliucija ir gau-
ta galutiné metalingumo verté sutampa su dabartiniais matavimais. Dél itin
didelio vandenilio duju kiekio galaktikoje, tokio intensyvumo zvaigzdédaros pe-
riodas buvo nepakankamas stipriau praturtinti tarpzvaigzdinés terpés chemine
sudeét;j.

Taciau, Bernard et al. (2013) pateikeé Siek tiek kitokia Leo A cheminés evo-
liucijos hipoteze. Atlike detalius kintanciyjuy Zvaigzdziy bei seny populiacijy
stebéjimus, jie nustaté, jog pries 10 Gyr galaktikos metalingumas turéjo buti
bent 3 kartus mazesnis nei Siandieniné jo verté. Tai reiksty, kad visgi zvaigzde-
dara praturtino tarpzvaigzding terpe sunkiaisiais elementais daugiau nei atrodé
iki tol, tiesiog Leo A metalingumas pries 10 Gyr buvo dar mazesnis nei tiké-
tasi. Kiek véliau, $ia hipoteze patvirtino Kirby et al. (2017) atlikti raudonyjy
milziniy sekos, RGB (angl. Red Giant Branch) Zvaigzdziu spektroskopiniai
stebéjimai Leo A galaktikoje. Gauti rezultatai parodé, jog duju metalingu-
mas buvo itin Zemas (([Fe/H]) ~ —2) iki prasidedant aktyviam Zvaigzdédaros
epizodui pries 5 Gyr, kurio pabaigoje ir buvo pasiekta dabartiné metalingumo
verté. Taip pat, iS Zvaigzdziy metalingumy pasiskirstymo jie nustaté tris ga-
limus Leo A cheminés evoliucijos scenarijus: zvaigzdédaros metu turéjo vykti
naujy dujy akrecija i$ tarpgalaktinés terpés; arba galaktika pradéjo formuotis
i$ jau Siek tiek metalais praturtinty duju (pradiné metalingumo verté turéjo
biiti ([Fe/H]) = —2.477019); arba jvyko abu ankstesni scenarijai kartu tik ma-
zesniais mastais. Be to, iSmatuotos zvaigzdziy kinematikos neparodé jokios
tvarkingos strukturos juy sukimesi. Tai patvirtino ankstesnius spéjimus, kad
Leo A yra palaikoma tik dinaminio slégio, kurj sukelia tamsiosios materijos
halas.

Lescinskaité et al. (2021) detaliai iStyré seny zvaigzdziuy >2 Gyr pasiskirs-
tyma Leo A galaktikoje ir nustaté, jog senesniy zvaigzdziy populiacijos yra
labiau isSplitusios nei jaunesniy. Tai galima paaiskinti i galaktikos iSorés j

centra besitraukiancia zvaigzdédaros istorija arba labai efektyviu zvaigzdziy
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migracijos j iSore mechanizmu. Panasius rezultatus, tik daug jaunesnéms po-
puliacijoms, gavo ir Les¢inskaité et al. (2022). Jie iStyré jauniausiy, <300 Myr
amziaus, zvaigzdziy pasiskirstymus ir nustaté, jog zvaigzdédara traukeési is pla-
tesnés disko dalies j siaurg sritj, kur siuo metu matomi didziausi dujy tankiai.
Tokie zvaigzdziy pasiskirstymai vien efektyvia migracija nepaaiskinami, nes jos
turéjo per mazai laiko numigruoti tokius atstumus. Taip pat, nustatytos dide-
lés mazo dujy tankio zonos susidarymo tikétiniausios priezastys. Po ilgo apie
300 Myr trukusio ramybés periodo, vakarinéje Sios zonos srityje jvyko zvaigz-
dédaros epizodas pries maziau kaip 20 Myr ir naujai susidariusi masyviy jauny
zvaigzdziy grupe galéjo iSpusti aplinkines dujas. Arba galéjo susidaryti labai
masyvi zvaigzdé ir po trumpo gyvenimo pries mazdaug 15 Myr sprogti II tipo
supernova bei iSsklaidyti dujas. Sias hipotezes taip pat patvirtina ir aptiktas
smuginis frontas ribojantis vakarinj mazo tankio srities krasta.

1.3. Zvaigzdziy spie¢iy tyrimo metodai literatiiroje

Siame darbe zvaigzdziy spie¢iai buvo tirti pasitelkus atskiry zvaigzdziy fotomet-
rinius matavimus, todél vertéty atskirai aptarti literaturoje sutinkamus spiec¢iy
tyrimo metodus, naudojancius tokius duomenis. Daugumos tokiy metody pag-
rindinés problemos nustatant zvaigzdziy spieciy parametrus atsiranda dél lauko
Zvaigzdziy tarSos bei jvairiy iSsigimimy tarp spieciaus parametry. Paprasciau-
sias ir labiausiai paplites budas apeiti sias problemas yra izochrony priderinimas
“i§ akies” prie spieciaus Zvaigzdziy pasiskirstymo CMD diagramoje (Bonatto &
Bica, 2009; Garro et al., 2022; Pace et al., 2023). Nors Sis metodas gali duoti
patikimy rezultaty, ypac jei tai daro ekspertai, rezultaty pakartojamumas dél
subjektyvaus derinimo proceso islieka didele problema. Be to, Sis metodas yra
labai neefektyvus laiko atzvilgiu, ypac kai taikomas dideléms zvaigzdziy spieciy
imtims.

Kitas placiai naudojamas metodas zvaigzdziy spieCiy parametrams nustaty-
ti yra dirbtinai sugeneruoty paprasty zvaigzdziy populiaciju (SSP) pasiskirsty-
my CMD diagramoje lyginimas su stebéjimy duomenimis (Romeo et al., 1989;
Sandrelli et al., 1999; Cignoni et al., 2011; Bonatto et al., 2012; Johnson et al.,
2016; Wainer et al., 2022). Taikant $j metoda, lauko Zvaigzdziy tarSa galima
tiesiogiai jskaityti sugeneruojant lauko zvaigzdziy populiacijg kartu su dirbti-
némis zvaigzdziy populiacijomis pasitelkus fono zvaigzdziy modelj. Nepaisant
to, Sis metodas vis tiek yra jautrus lauko zvaigzdziy uzterstumo lygiui. Be to,
rezultaty patikimumas labai priklauso nuo tikslaus fotometriniy paklaidy pa-
siskirstymuy bei matavimy pilnumo funkcijos Zinojimo (Li & Liu, 2023), kas ne
visada budinga ekstragalaktiniy zvaigzdziy spieciy stebéjimams. Tokiose siste-
mose zvaigzdziy tankis greitai didéja iS spieciaus pakrascio | centra ir atitinka-
mai prastéja fotometriniy matavimy kokybé. Tokie staigus matavimy kokybés
kitimai spieciaus viduje dazniausiai neleidzia nustatyti tiksliy fotometriniy ma-
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tavimy paklaidy bei pilnumy pasiskirstymny.

Yra daug metody skirty spieCiaus zvaigzdziy atskyrimui nuo fono tarsos.
Patys tiksliausi i$ ju naudojasi ne tik fotometriniais matavimais, bet ir spie-
¢iaus Zvaigzdziy savujy judéjimy matavimais (Sanders, 1971; Sarro et al., 2014).
Deja, tokie matavimai dazniausiai neprieinami ekstragalaktiniams zvaigzdziy
spieciams. Kai turimi tik fotometriniai matavimai ir spie¢ius néra labai uz-
terstas lauko zvaigzdziy populiacija, vienas paprastas sprendimas yra iSmesti
zvaigzdes, kurios CMD diagramoje nutolusios nuo pagrindinés sekos (MS) tam
tikru atstumu (Claria & Lapasset, 1986; Roberts et al., 2010). Tadiau, jprastai
Zvaigzdziy spieciai buna per daug uztersti lauko zvaigzdémis, kad buty gali-
ma taikyti Sj metoda. Tokiais atvejais naudojami sudétingesni lauko tarsos
atmetimo algoritmai. Dauguma juy veikia jvairiais budais lygindami spieciaus
zvaigzdziy pasiskirstymus erdvéje bei CMD diagramose su analogiskais lauko
zvaigzdziy skirstiniais (Baade, 1983; Mateo & Hodge, 1986; Bonatto & Bica,
2007; Pavani et al., 2011; Piatti & Bica, 2012; Perren et al., 2015). Nepai-
sant to, atmesti lauko zvaigzdes galima ir nelyginant zvaigzdziy pasiskirstymuy
su gretimais lauko regionais. Tai galima pasiekti analizuojant spiec¢iaus aper-
turoje esanciy zvaigzdziy klasterizacija jvairiose iSmatuoty parametry erdvése
(Krone-Martins & Moitinho, 2014; Pera et al., 2021).

Taciau, vien tik lauko zZvaigzdziy atmetimo neuztenka nustatyti spieciy pa-
rametrams. Foniniy zvaigzdziy atmetimo algoritmai daznai naudojami kartu su
izochrony derinimo (Monteiro et al., 2010; Pavani et al., 2011; Cantat-Gaudin
et al., 2018) arba sintetiniy ZvaigZzdziy spie¢iy priderinimo (Kerber et al., 2002;
Perren et al., 2015) metodais ZvaigzdZziy spiefiy parametrams nustatyti.

1.4. Ankstesni Andromedos galaktikos zvaigzdziy spieciy tyrimai

Andromedos (M31) galaktikos ZvaigZzdZiy spieéiy tyrimai vykdomi jau nuo pra-
eito amziaus septintojo desimtmecio (Kinman, 1963; van den Bergh, 1969). Jau
tada pastebéta, kad skirtingai nei musy Pauksciy Tako galaktikoje, Androme-
dos galaktikoje yra masyviy, galbut kaip kamuoliniai spieciai musy galaktikoje,
tac¢iau meélyny, vadinasi, jauny spiec¢iy. Vélesni Siy ryskiy mélyny spieciy ty-
rimai patvirtino jaung ju amziy bei parodé, kad juy pasiskirstymas primena
galaktikos duju pasiskirstyma ir, greiciausiai, seka galaktikos tankias spiralines
vijas, kur turéty vykti zvaigzdédara (Hodge, 1979; Hodge et al., 1987). Tuo
tarpu, Elson & Walterbos (1988) jvertino ju mases — nuo 10* iki 10° M, bei
isskyré dvi galaktikos spieciy populiacijas: auksto metalingumo disko spiecius
ir zemo metalingumo halo spieCius. Véliau, su geresnés kokybés stebéjimais,
Barmby et al. (2000) patvirtino sia hipoteze.

Didéjant atrasty Andromedos galaktikos spieciy skaic¢iui bei nustatant juy
parametrus i$ vis geresnés kokybés stebéjimy, galutinai isryskéjo esminis skir-
tumas tarp Andromedos ir Pauks¢iy Tako galaktiky spieciy populiacijy — skir-
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tingai nei Paukséiy Take, Andromedos galaktikoje yra didelé jauny ir masyviy
kamuoliniy spie¢iy populiacija iSsidés¢iusi ne hale, bet diske. Siems skirtumams
paaiskinti, Burstein et al. (2004) igkélé hipoteze, kad | Andromedos galaktika
greiciausiai jkrito reikSmingas kiekis kompanioniy nykstukiniy galaktiky per
pastaruosius 5 Gyr, skirtingai nei musy Galaktikoje. Pastaraisiais metais $i hi-
potezé buvo patvirtinta tyrimais pasitelkiant naujausius stebéjimy duomenis
(Williams et al., 2015; Hammer et al., 2018; Bhattacharya et al., 2019).

Augant astronominiy stebéjimy technologiju pazangai, pradétos placios
Andromedos zZvaigzdziy spieciy apzvalgos ir tyrimai. Caldwell et al. (2009,
2011) nustaté amzius bei mases didelei jauny spie¢iy iméiai per visa galaktika.
Jie nustaté, kad dauguma juy susidaré per paskutinius 2 Gyr ir ju masiy ver-
tés apima platy diapazona nuo 300 iki 150 000 M. Taip pat, buvo jvertintos
spieciy vidinés struktiros — dauguma juy turi mazg tankj ir yra panasus j pa-
drikuosius spiecius, taciau dalis turi didele koncentracija kaip musy Galaktikos
kamuoliniai spieciai. Vansevi¢ius et al. (2009) atliko pladia (apimanéia ~15%
galaktikos disko) spie¢iy paieska pietvakarinéje M31 galaktikos disko dalyje.
Jie aptiko skaitlinga vidutinisky masiy 1000 — 20 000 M, spiec¢iy populiacija
su amziais nuo 30 Myr iki 3 Gyr. Be to, sioje imtyje spieciy skaiciaus maksi-
mumas ties 70 Myr amziumi parodé galima zvaigzdédaros aktyvumo epizoda.
Panasius rezultatus gavo ir Kang et al. (2012) istyre 700 patvirtinty Zvaigzdziy
spieciy pasklidusiy po visa galaktikos diska. Juy tirty spieciy gautas vidutinis
amzius lygus 30 Myr ir masé — 10* M. Jy rezultatai taip pat parodé didele jau-
ny (<100 Myr) spieciy koncentracija ties 10 kpe spindulio zvaigzdédaros ziedu,
ypaé pietingje galaktikos dalyje. Tokia jaunu (<100 Myr) spieciy koncentracija
ties 10kpc ziedu patvirtino ir Wang et al. (2012). Be to, i$ spie¢iy amziy pa-
siskirstymo nustaté du galimus zvaigzdédaros zybsnius pries ~60 ir ~250 Myr.
Jie iskelé hipoteze, kad 10 kpc ziedas galéjo susidaryti pries maziau nei 100 Myr
pro Andromedos galaktikos diska praskridus jos palydovei M32 galaktikai.

Po keliy mety buvo atlikta didziausia iki tol kada nors daryta Andromedos
galaktikos stebéjimy apzvalga PHAT (angl. The Panchromatc Hubble And-
romeda Treasury) (Dalcanton et al., 2012), kurios aukstos raiskos stebéjimai
su kosminiu Hubble teleskopu aprépé trecdalj viso galaktikos zvaigzdziy dis-
ko. Remiantis Siais stebéjimais buvo sudarytas naujas 2753 spieciy katalogas
(Johnson et al., 2012, 2015) pasitelkus daugiau kaip 30-ies tukstanciy savano-
riy pagalba atskiriant zvaigzdziy spiecius nuo foniniy galaktiky ir kity objektuy.
Naudodamiesi Siais rezultatais Fouesneau et al. (2014a) ir Johnson et al. (2016,
2017) nustaté parametrus (amzius, mases bei ekstinkcijos vertes) Simtams jau-
ny spieciy. Jy rezultatai parodé, jog zZvaigzdziy spieciy formavimosi ypatumai
priklauso nuo aplinkos. Fouesneau et al. (2014a) pasiulé hipoteze, kad spie-
¢iy maseés funkcijos forma gali priklausyti nuo aplinkos parametry, o Johnson
et al. (2017) gauti rezultatai tai i$ dalies patvirtino. Jie parodé, jog maksi-
mali galima spiefiaus masé beveik tiesiskai (Mcmax X (Xspr)'!) priklauso
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nuo vidutinio zvaigzdédaros spartos pavirsinio tankio — iSreiskiama suformuo-
ty zvaigzdziy mase per metus per galaktikos disko pavirsiaus ploto vieneta.
Tuo tarpu, Johnson et al. (2016) parodé, jog Zvaigzdziy spiefiy formavimo-
si efektyvumas (kokia dalis zZvaigzdziy pasilieka spie¢iuose) irgi priklauso nuo
zvaigzdédaros spartos pavirSinio tankio.

IS Zvaigzdziy spiediy integralinés fotometrijos de Meulenaer et al. (2015,
2017) nustaté amziaus, masés, metalingumo ir ekstinkcijos parametrus 1363
PHAT katalogo spieciams neapsiribodami vien tik jaunais. Juy gauti rezulta-
tai parodeé, jog bendra, amziais neapribota spie¢iy masiy funkcija Andromedos
galaktikoje sutampa su kitose galaktikose gautomis funkcijomis. Be to, jie pa-
rodé, jog sioje galaktikoje masyvesni nei > 3000 Mg, zvaigzdziy spieciai iSlieka
beveik nepaveikti ardomujy procesy ~300 Myr.

Weisz et al. (2015) taip pat pasinaudojo PHAT apzvalgos stebéjimy duome-
nimis ir tirdami zvaigzdziy pasiskirstymus spieciuose nustaté pradinés zZvaigz-
dziy mases funkcija, IMF (angl. initial mass function) Andromedos galakti-
kai. Jie gavo Siek tiek didesnj IMF laipsnio rodiklj o = +2.45f8:82 Zvaigz-
déms, kuriy masé > 2 Mg nei ankstesniy tyrimy gauti rodikliai Pauksciy Takui
a = +2.15 +£ 0.1 ir Didziojo Magelano Debesies galaktikai o = +2.3 4+ 0.1.
Nepaisant to, jie nerado reikSmingy IMF priklausomybiy nuo spiec¢iy maseés,
dydzio ar amziaus.
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2. LEO A GALAKTIKOS ZVAIGZDEDAROS ISTORIJA

Nykstukinés galaktikos yra vienas is svarbiausiy Visatos komponenty nepai-
sant jy mazos masés. Ir ne vien dél to, kad i visy galaktiky tipy, nykstukiniy
galaktiky yra daugiausia. Pagal dabar vyraujancia kosmologinés konstantos
bei Saltosios tamsiosios materijos (ACDM) teorija, visos didziosios galaktikos
susiformavo besijungiant butent nykstukinéms galaktikoms (Zvaigzdiné masé
M, < 10° — 1019 Mgy). Dél to, nykstukiniy galaktiky formavimosi procesy su-
pratimas padéty issiaiskinti ir didziyjy galaktiky evoliucijos ypatumus. Negana
to, nykstukinés galaktikos yra maziausios ir paprasciausios is galaktiky, dél to
ju zvaigzdziy populiaciju tyrimai yra vienas iS paprastesniy budy iSsiaiskinti,
kaip veikia dar ne iki galo suprasti zvaigzdédaros procesai.

Viena i$ tokiy galaktiky yra Leo A. Si nykstukiné galaktika nuo miusy Pauks-
¢iy Tako galaktikos nutolusi apie 820kpc (m — M = 24.58 mag (Lesc¢inskaiteé
et al., 2021), Leo A atstumu 1’ = 230pc) ir, taip pat, panasiais atstumais
nuo kity galaktiky Vietinéje Grupéje — palyginimui Andromedos ir Pauksciy
Tako virialiniai atstumai siekia tik ~ 300kpc (McConnachie, 2012). Todél
manoma, kad 8i galaktika néra saveikavusi su kitomis. Tai suteikia unikalig
galimybe suprasti, kaip nykstukinés galaktikos formuojasi ir evoliucionuoja be
iSoriniy veiksniy. Pagal ACDM modelj panasios masés galaktikose Zvaigzdéda-
ra turéty buti nuslopinama pragjus ~1 Gyr nuo Visatos pradzios dél vandeni-
lio atomy rejonizacijos (Benson et al., 2002; Sawala et al., 2016). Susidarius
pirmosioms masyvioms zvaigzdéms, ju spinduliuoté po truputj uzpildé visa-
ta ir jonizavo vandenilio atomus tarpzvaigzdinése dujose. Tik didelés masés
(Mpy > 108 — 109 M) galaktikoms uzteko gravitacijos tokioms dujoms pri-
traukti ir pradéti formuoti i$ ju naujas zvaigzdes (Finlator et al., 2017). Leo A
masé kaip tik yra ties Sia riba, taciau net ir po rejonizacijos zvaigzdédara joje
neuzgeso visam laikui (Cole et al., 2007). Galaktikoje atrastos RR Lyros tipo
kintamosios zvaigzdés (Dolphin et al., 2002) atskleidé labai senos, daugiau nei
10 Gyr amziaus, zvaigzdziy populiacijos buvima. Tuo tarpu, jonizuoto vande-
nilio (H II) sri¢iy buvimas jrodo esant jaunuy zvaigzdziy — maziau nei 30 Myr
amziaus.

Leo A galaktikos zvaigzdédaros tyrimai taip pat gali pasitarnauti iSnarplio-
jant ir kita neiSsprestg problemg astrofizikoje — nuo ko priklauso zvaigzdédaros
sparta. PrieS daugiau nei pusSimtj mety Schmidt (1959) atrado sarysj tarp
zvaigzdédaros spartos tankio ir dujy tankio. Véliau pageréjus stebéjimy koky-
bei, Kennicutt (1989, 1998) parodé detalesnj sarysj tarp Zvaigzdédaros spartos
pavirsinio tankio Ygpg ir dujy pavirsinio tankio Ygns = Y + Xp, (neutralaus
vandenilio HI ir molekulinio vandenilio Hy dujy pavirSiniy tankiy suma):

ZSFR 0.8 Zgas’ (2.1)
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kur n = 1.4 £ 0.15 artimose spiralinése ir zvaigzdédaros pliupsniy galaktikose.
Ju garbei si priklausomybé buvo pavadinta Kennicutt-Schmidt désniu (toliau
KS désnis). Vélesni vietiniy galaktiky stebéjimai parodé, jog sis KS désnis
galioja aplinkose, kur pavirsinio dujy tankio ¥g,s vertés nenukrenta Zemiau ke-
liy Mgppe=? (Bigiel et al., 2008, 2010; Daddi et al., 2010; Kennicutt & Evans,
2012; Wong et al., 2013). Zemiau $ios tankio vertés, priklausomybé smarkiai
statéja — n ~2-3 (Bigiel et al., 2008; Elmegreen & Hunter, 2015). Buvo paste-
béta, kad neutralaus vandenilio pavirsinis tankis jsisotina mazdaug ties Sia riba
Y1 ~ 9Mepce=2 (Wong et al., 2013). Tai aiskinama tuo, jog dujos tampa uz-
tektinai tankios apsaugoti centrines dujy debesy sritis nuo ardancio foniniy UV
spinduliy poveikio (Krumbholz et al., 2008, 2009a; McKee & Krumbholz, 2010).
Dél to, neutralus vandenilis ima efektyviai jungtis j Hy molekules. Zemiau $io
dujuy tankio, molekulinio vandenilio dalis smarkiai krenta ir tuo paciu krenta
zvaigzdédaros sparta. Be to, kai kurie analitiniai modeliai rodo, kad $§i jsiso-
tinimo riba didéja augant dujy metalingumui (Krumholz et al., 2009a,b). Dél
mazo metalingumo sulétéja molekuliy formavimasis (Glover & Clark, 2012b).
Taip pat, sumazéja dulkiy kiekis, kurios apsaugo nuo didelés dalies jonizuojan-
Ciosios foninés spinduliuotés ardancios susidarancias molekules (Rémy-Ruyer
et al., 2013; Fisher et al., 2014; Hunt et al., 2014).

Visa tai lyg ir rodo, jog zvaigzdédaros sparta priklauso nuo molekuliy buvi-
mo. Tadiau, maZzo metalingumo ir kartu mazo tankio aplinkose (nykstukinése
galaktikose bei galaktiky disky pakrasciuose) visai neaptinkama molekulinio
vandenilio pédsaky. Nepaisant to, Siose sistemose zvaigzdédara vis tiek vyksta,
nors ir mazesne sparta. Molekulinio vandenilio kiekis dujose paprastai nusta-
tomas pagal empirinj sarysj su anglies oksido CO molekuliy kiekiu. Taciau Sis
sarysis darosi labai netikslus prie mazy metalingumy. Kai kurie autoriai argu-
mentuoja, jog CO molekuliy kiekis daug labiau priklauso nuo dujy tankio bei
metalingumo, nei molekulinio vandenilio kiekis (Shetty et al., 2011; Shi et al.,
2015; Hunt et al., 2015). Todél nepaisant mazo CO kiekio ar i$ vis jo nebuvimo,
molekulinio vandenilio Siose aplinkose vis tiek yra. Kita vertus, kai kurie teori-
niai modeliai rodo, kad ypa¢ mazo metalingumo dujose zvaigzdés gali formuotis
ir tiesiogiai i$ neutralaus vandenilio dujy (Glover & Clark, 2012a; Krumbholz,
2012). O Elmegreen (2015, 2018) pateiké dinaminj ZvaigZdédaros modelj, ap-
répiantj visas dujy tankio skales. Pagal ji dujos yra visa laika kolapsuojancios
i zvaigzdes arba iSsklaidomos jauny zvaigzdziy griztamojo rysio. Tarpzvaigzdi-
nés terpés dujy tankis ir fazé nustato kiekvieno is siy procesy sparta vienas kito
atzvilgiu ir taip gaunamos skirtingos zvaigzdédaros spartos priklausomybés nuo
duju tankio.

Sioms problemoms iSspresti biitini Zvaigzdedaros tyrimai maziausio dujy
tankio bei metalingumo aplinkose, kur matomi didziausi skirtumai tarp mode-
liy prognoziy. Butent tokios salygos yra nykstukinéje Leo A galaktikoje: dujy
metalingumas siekia vos ~2% Saulés metalingumo ([Fe/H]) = —1.67 (Kirby
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et al., 2017), o pavirSinis dujy tankis diske nevirsija log(Xu1) < 1.5 Mepce™2 ir
vietomis nukrenta net iki log(Xg;) > —0.5 Mgpce=2 (Hunter et al., 2012). To-
dél naudodamiesi antzeminio Subaru teleskopo bei Hubble kosminio teleskopo
(angl. Hubble Space Telescope, HST) stebéjimais nustatéme integraline Leo A
zvaigzdédaros istorija per visa galaktikos amziy bei dvimate zvaigzdédaros evo-
liucija galaktikos diske per pastaruosius kelis Simtus milijony mety.

2.1. Leo A duomenys

Zvaigzdédaros tyrimai buvo atlikti pasitelkus LCID (angl. Local Cosmology
from Isolated Dwarfs) projekto metu gautas HST ACS kameros nuotraukas
(Cole et al., 2007) bei i§ Subaru teleskopo Suprime-Cam mozaikinés kameros
nuotrauky gauta fotometrijos kataloga (Stonkuté et al., 2014). Pastarasis kata-
logas aprépia visa galaktikos diska ir dar toli uz jo riby, bet matavimy kokybé
leidzia iSmatuoti zvaigzdes tik iki 24-25 mag. Tuo tarpu HST ACS matavimai
aprépia tik dalj galaktikos disko (2.1 pav. pazymeéta mélynu keturkampiu), bet
puiki nuotrauky kokybé leidzia iSmatuoti zvaigzdes zemiau seniausiy populia-
ciju pagrindinés sekos posukio tasko (angl. main-sequence-turn-off, MSTO)
FAT5W > 27.5 mag.

Subaru teleskopo Suprime-Cam kameros nuotrauky fotometrijos katalogas
buvo naudojamas iSskirtinai tik jauny (<500 Myr) ZvaigZdziy populiaciju tyri-
mams. Buvo pasinaudota kataloge pateikiamais zvaigzdziy matavimais visose
trijose B, V ir I fotometrinése juostose. IS 20583 pradiniame kataloge esan-
¢iy objekty, tyrimui buvo atrinktos $viesios zvaigzdés (V' < 24), patenkancios
i elipse, kurios didysis pusasis lygus Holmberg’o spinduliui a = 3'.5 (Mateo,
1998) (~800 pc pazyméta 2.1 pav. raudona elipse, Leo A atstumu 1’ = 230pc).
tyrimui buvo panaudota 2412 zZvaigzdziy duomenys.

HST ACS stebéjimai F475W ir F'814W fotometrinése juostose paimti is
Mikulski Archive for Space Telescope (MAST)!. Nuotraukos buvo apdorotos
internetinio archyvo automatiniu algoritmu: pasalintas bias signalas, padaryta
tolygaus lauko korekcija ir jskaitytas kruvio pernasos efektyvumas (angl. charge
transfer efficiency, CTE). Zvaigzdziy fotometrija atlikta naudojant DOLPHOT
2.0 programinj paketa (Dolphin, 2000). Jis automatizuoja ZvaigzdZiy paies-
ka skaitmeninése nuotraukose bei ju fotometrija, pasiremiant tasko iSplitimo
funkcijos (angl. point spread function, PSF) matavimu. Zvaigzdziy PSF buvo
ivertinta pasitelkus izoliuoty etaloniniy zvaigzdziy matavimus. Tai pavienés
zvaigzdés izoliuotose nuotraukos dalyse, kur néra salutiniy objekty galinciy
paveikti ju Sviesos pasiskirstymus. Toliau katalogas buvo iSvalytas nuo jvai-
riy foniniy bei blogai iSmatuoty objekty pritaikius jvairius atrinkimo kriteri-
jus. Pirmiausia, atmesti visi objektai su signalo-triuksmo santykiu nesiekianciu

Lhttp://archive.stsci.edu
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2.1 pav.: Leo A galaktikos trijy B, V ir I fotometriniy juosty kompozici-
né nuotrauka gauta su Subaru Suprime-Cam kamera (Stonkuté et al., 2014).
Raudona elipsé (asiy santykis b/a = 0.6, pozicinis kampas PA = 114°) zy-
mi Holmbergo spindulj, kur pavirsinio Sviesio tankis B fotometrinéje juostoje
pasiekia 26.5 mag/arcsecz. Elipsés didysis pusasis lygus a = 3'.5 (~800pc)
(Mateo, 1998), o centro koordinatés agagen = 9759™24.5°%, §39000 = +30°44'47"
(Vansevicius et al., 2004). HST ACS stebéjimy laukas pazymeétas mélynu ke-
turkampiu (Cole et al., 2007). Siaurés kryptis i virsy, o ryty i kaire.

S/N < 5. Taip pat, atmesti objektai esantys arciau nei per 8 pikselius nuo nuo-
traukos krasty, kur didelis defekty skaicCius. Po to, vizualios atrankos metu,
buvo atmesti visi objektai pasitaike ant akivaizdziy foniniy galaktiky, ryskiy
Pauksciy Tako zvaigzdziy ar nuotraukos defekty. Tuomet, katalogas buvo isva-
lytas nuo isplitusiy objekty (pvz. foninés galaktikos arba besiprojektuojancios
kelios Zvaigzdés i viena PSF) pasitelkus fotometrijos algoritmo sharpness pa-
rametra. Sis dydis rodo, kiek gerai objekto profilis atitinka zvaigzdziy PSF —
platesni profiliai turi teigiamas sharpness vertes, o siauresni — neigiamas. Ka-
taloge buvo palikti tik objektai su —0.2 < sharpness < 0.2 parametro vertémis
— dauguma foniniy galaktiky turi didesnes vertes nei sharpness > 0.2, o ma-
tavimo defektai — mazesnes nei sharpness < —0.2. Galiausiai, buvo apsiribota
objektais su F475W < 29 (ties Sia verte Zvaigzdziy matavimy pilnumai svy-
ruoja nuo 40% iki 60% priklausomai nuo zvaigzdziy aplinkos tankio), atmetant
silpniausio $viesio objektus su didziausiomis matavimy paklaidomis bei labiau-
siai paveiktus matavimy pilnumo. Po siy atrankos etapy kataloge liko 125401
objektai.

Tiriant Leo A Zvaigzdédara, be Zvaigzdziy matavimy, dar buvo pasinaudota
Hunter et al. (2012) neutralaus vandenilio dujy tankio matavimais galaktikos

24



diske. Taip pat, panaudoti jvairus kiti Leo A parametrai nurodyti 1.1 lenteléje.

2.1.1. Subaru fotometrijos paklaidos ir pilnumai

Detaliems zvaigzdédaros tyrimams butina zinoti ne tik zvaigzdziy ryskius, bet
ir 8iy ryskiy matavimo paklaidy priklausomybes bei pilnumo funkcijas (kokia
dalis Zvaigzdziy su konkreciais parametrais nebuvo iSmatuota). Jiems nustatyti
buvo pasitelktas dirbtiniy Zvaigzdziy testo (angl. artificial star test, AST) me-
todas (Stonkuté & Vansevicius, 2015). Pagal §] metoda, dirbtinai sugeneruoty
zvaigzdziy Sviesos profiliai patalpinami ant galaktikos nuotrauky, is kuriy gauta
zvaigzdziy fotometrija. Tuomet, iS naujo atliekama pilna fotometrijos procedu-
ra ir ziurima kaip iSmatuojamos patalpintos dirbtinés zvaigzdés. Tokiu budu,
sugeneravus didelj skai¢iy jvairiy ryskiy ir spalvy zvaigzdziy bei patalpinus jas
ivairiose galaktikos nuotrauky vietose, galima nustatyti realiy zvaigzdziy ma-
tavimy paklaidy bei pilnumo funkcijos priklausomybes nuo zZvaigzdés ryskiy ir
spalvy bei padéties nuotraukoje (pvz. tankesnése nuotrauky vietose daugiau
Zvaigzdziy neiSskiriama is fono, didesnés ryskiy paklaidos).

Subaru teleskopo Suprime-Cam kameros nuotraukoms dirbtinés AST
zvaigzdés buvo patalpintos j 13’ x 9’ dydzio keturkampj laukg apimantj Leo A.
Sis laukas aprépia visg galaktika ir toliau uz jos halo riby. I & lauka buvo
patalpinta 8000 AST Zvaigzdziy tinklelio rikiuote (100 x 80) su ~ 7" atstumu
tarp zvaigzdziy, siekiant iSvengti bet kokio AST zvaigzdziy Sviesos profiliy per-
siklojimo. Sis procesas buvo pakartotas antrg kartg, taip padvigubinant AST
zvaigzdziy skaiCiy ir tankj. Antrasis AST Zvaigzdziy tinklelis buvo pastum-
tas jstrizai — kiekviena koordinaté pastumta per ~ 3.5”. Si procediira buvo
pakartota 34 kartus, taip gaunant po atskira laukelj su 16 000 dirbtiniy AST
Zvaigzdziy kiekvienam i 34-iy atskaitos tasky CMD diagramoje (2.2 pav.).

AST Zvaigzdés buvo patalpintos j nuotraukas naudojantis DAOPHOT mo-
duliu (Stetson, 1987) IRAF programiniame pakete (Tody, 1993). Kiekvienos
AST zvaigzdés dirbtiniai PSF modeliai patalpinti atskirai j kiekvienos ekspo-
zicijos kadra. Tuomet atskirai kiekvienam i$ 34 gauty nuotrauky rinkiniy, su
AST 7Zvaigzdémis, atlikta pilna fotometrijos procedura. Taip gauti 34 atskiri
zvaigzdziy katalogai, i$ kuriy iSrinkti patalpinty AST Zvaigzdziy matavimai.

Norint atsizvelgti j matavimo paklaidy bei pilnumo funkcijy priklausomybe
nuo padéties nuotraukoje, visas AST Zvaigzdziy padengtas laukas buvo pada-
lintas j patj Leo A centra apimancia elipse bei j 16 koncentriniy elipsiniy zieduy.
Elipsés centruotos ties Leo A centru, o ju pusasiy santykis b/a = 0.6 bei di-
dziosios asies pozicinis kampas PA = 114°. Centrinés elipsés didysis pusasis
a = 25", o visy sekanciy ziedy plotis ties didziuoju pusasiu Aa = 25”. To-
liau aprasytos matavimy paklaidy bei pilnumy analizés buvo atliktos atskirai
kiekvienai i$ Siy sric¢iy, tokiu budu gaunant priklausomybes ne tik nuo padéties
CMD diagramose, bet ir nuo padéties nuotraukoje.
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2.2 pav.: AST testy rezultatai Leo A zvaigzdziy fotometrijai, gautai i§ Subaru
teleskopo Suprime-Cam kameros nuotrauky (Stonkuté & Vansevicius, 2015).
Virsutinése (a, b, ¢) diagramose pateikti rezultatai is elipsés centruotos ties
Leo A centru. Elipsés parametrai i§ Vansevicius et al. (2004) — didysis pusasis
a = 2/, pusasiy santykis b/a = 0.6, didZiosios asies pozicinis kampas PA = 114°.
Apatinése diagramose AST rezultatai is elipsinio Ziedo 5.3/ < a < 6.0’. AST
zvaigzdés generuotos is 34 atskaitos tasky — a diagramoje pazyméta baltais ap-
skritimais, b, c, e ir f diagramose atitinkamose vietose — juodais taskais. Kiek-
vienam is 8ity 34 atskaitos tasky buvo sugeneruota po 16 000 dirbtiniy AST
zvaigzdziy. Juy iSmatuoti duomenys atvaizduoti pilkais taskais b ir e diagramo-
se. Siy matavimy paklaidos bei pilnumy vertés parodytos c ir f diagramose —
skaiciai nurodo pilnumo funkcijos vertes procentais. Tikry zvaigzdziy matavi-
mai atvaizduoti juodais taskais a ir d diagramose.
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Matavimy pilnumai suskaiciuoti pasinaudojus uzduotais bei iSmatuotais
AST Zvaigzdziy ryskiais. Kiekvienam atskaitiniam CMD taskui (2.2 pav.) su-
skaiciuota matavimy pilnumo verté — to tasko su visais trimis ryskiais (B, V,
I) iSmatuoty AST Zvaigzdziy skai¢ius padalintas i§ viso tame taske sugene-
ruoty zvaigzdziy skaic¢iaus. Tokiu budu gaunant pilnumy priklausomybe nuo
zvaigzdés padéties CMD diagramoje.

Ivertinant zvaigzdziy matavimy paklaidas buvo padaryta prielaida, jog pa-
klaidy forma atitinka daugiadimensinj normalyjj skirstinj. Vadovaujantis sia
prielaida, atskirai kiekvienam atskaitiniam CMD taskui buvo nustatytos paklai-
dy kovariacijos matricos pasinaudojus uzduotais bei iSmatuotais AST Zvaigz-
dziy ryskiais:

N
EJCy = N_1 Z(mglrl: - mg%)(mzlrlzt - m;nn)a T,y € {Bv V= I}7 (2'2)
n=1
kur g, — x stulpelio ir y eilutés paklaidy kovariacijos matricos elementas; N —
visy atskaitiniame CMD taske generuoty AST Zvaigzdziy skaicius; x, y — Zymi

out
Tn

viena i$ triju B, V, I fotometriniy juosty; m2%* — iSmatuotas regimasis n-os
AST Zvaigzdés ryskis o fotometrinéje juostoje; mi%, — uzduotas regimasis n-os
AST Zvaigzdés ryskis z fotometrinéje juostoje.

Konkreciy realiy zvaigzdziy matavimy paklaidos bei pilnumo vertés skai-
¢iuotos tiesiskai interpoliuojant trijy artimiausiy atskaitiniy CMD tasky kova-
riacijos matricy bei pilnumy vertes toje nuotraukos srityje, kurioje yra tiria-
moji zvaigzdé. Butina pastebéti, jog paklaidy kovariacijos matricy nepatartina
interpoliuoti tiesiogiai, dél galimy skaitmeniniy paklaidy eksponentinio iSaugi-
mo. Todél, vietoj kovariacijy matricy, buvo interpoliuojamos juy atvirkstinés
matricos. Po to, gauta matrica invertuota vél ir taip gauta suinterpoliuota

kovariacijos matrica.

2.1.2. HST fotometrijos paklaidos ir pilnumai

HST ACS duomenims fotometrijos paklaidos bei pilnumo funkcijos buvo jver-
tintos pasinaudojus AST metodu, analogiskai kaip ir Subaru duomenims (ziure-
ti 2.1.1 skyriy). Tik Siuo atveju dirbtinés AST Zvaigzdeés i laukelj patalpintos at-
sitiktinai parenkant koordinates, tokiu budu tolygiai padengiant visa stebéjimy
lauka. Taip pat ir CMD diagramoje zvaigzdés generuotos atsitiktinai parenkant
pradinius ryskius is srities 20 < F475W < 33, —2 < FATSW — F814W < 5,
o ne konkreciuose atskaitos taskuose. Tokiu budu buvo tolygiai padengta visa
dominanti ryskiy erdvé. IS viso tam panaudota 1780265 AST zvaigzdziy.
Panasiai kaip ir Subaru duomeny atveju, stebéjimy laukas buvo padalintas
i centrine elipse su didziuoju pusasiu ag = 45” ir 5 ziedus su tokiais didziojo
pusasio atstumais nuo galaktikos centro: a; = 45" — 70"; a9 = 70" — 95"; a3 =
95" — 125";a4 = 125" — 175";a5 > 175”. Elipsiy pusasiy santykis b/a = 0.6
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2.3 pav.: Leo A Zvaigzdziy fotometrijos, darytos HST ACS nuotraukose, mata-
vimy pilnumy pasiskirstymai stebétame lauke ties skirtingomis F475W ryskio
vertémis (nurodytos kiekvienos diagramos virsutiniame kariame kampe). Pil-
numy vertés uzkoduotos spalvomis pagal nurodyta spalvy skale. ASyse nuro-
dytos CCD kameros pikseliy koordinatés (1 pikselis — 0.05”). Elipsiy pusasiuy
santykis b/a = 0.6 bei didziosios aSies pozicinis kampas PA = 114°. Baltos
zonos zymi atmestas matavimy sritis, kur negalimi patikimi matavimai — foni-
niy objekty tarsa ar blogi pikseliai. Matyti, jog pilnumy vertés mazéja artéjant
link galaktikos centro, kur didesnis Leo A Zvaigzdziuy tankis.

bei didziosios asies pozicinis kampas PA = 114°. Be to, centriné elipsé bei
kiekvienas ziedas dar buvo suskaidyti j 8 dalis poline kryptimi, kaip maty-
ti nustatytuose matavimy pilnumy pasiskirstymuose stebéjimy lauke 2.3 pav.
Toks sri¢iy iSdéstymas parinktas pagal Leo A zvaigzdziy koncentracijos kitima
bei islaikant pakankama skaiciy iSmatuoty AST Zvaigzdziu patikimiems jver-
¢iams gauti kiekvienoje srityje. Matavimy paklaidy bei pilnumy analizés buvo
atliktos atskirai kiekvienai is Siy sric¢iy.

Pilnumy analizei ryskiy erdvé 20 < FA7T5W < 33; —2 < FATBW —F814W <
5 buvo suskaidyta tinkleliu j AF475W x A(F475W — F814W) = 0.5 x 0.5 mag?
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2.4 pav.: Leo A Zvaigzdziy fotometrijos, darytos HST ACS nuotraukose, mata-
vimy pilnumy pasiskirstymai CMD diagramose. Kairéje diagramoje atvaizduoti
pilnumai centrinéje elipséje su didZiuoju pusasiu ag = 45”. Desinéje — pilnumai
tolimiausiame regione nuo centro, uz elipsés su didziuoju pusasiu ag = 175" ri-
by. Pilnumy vertés uzkoduotos spalvomis pagal nurodyta spalvy skale. Mazos
pilnumy vertés virsuje desinéje yra dél zvaigzdziy perlaikymo F'814W fotomet-
rinéje juostoje.

dydzio langelius (2.4 pav.). Kiekviename i$ siy langeliy suskai¢iuotos pilnumo
vertés: iSmatuoty (ryskiai gauti abiejuose fotometrinése juostose) AST Zvaigz-
dziy skaic¢ius padalintas i8 viso uzduoty AST zvaigzdziy skaiciaus tame lan-
gelyje. Taip gautos zvaigzdziy ryskiy matavimy pilnumy priklausomybés nuo
zvaigzdés padéties rySkiu erdvéje (2.4 pav.) bei stebétame lauke (2.3 pav.).
Matyti, jog pilnumai tuo mazesni, kuo arciau galaktikos centro yra zvaigzdeé.
Paklaidy analizei ryskiy erdvé irgi buvo padalinta j analogiska tinklelj su
0.5 x 0.5mag? dydzio langeliais. Taciau, analizuojant fotometrijos paklaidas i$
AST testo rezultaty, buvo pastebéta, jog maziau ryskiy (F475W > 25) zZvaigz-
dziu nuokrypiu skirstiniai yra labai nesimetrigki (2.5 pav.). Dél to, dirbtiniy
zvaigzdziy generavimui, paklaidy skirstiniai nebuvo aproksimuojami norma-
liuoju skirstiniu. Vietoj to, dirbtiniy zvaigzdziy ryskiy nuokrypiai buvo at-
sitiktinai parenkami i$ trijy artimiausiy CMD langeliy nuokrypiy skirstiniy,
gauty i AST Zvaigzdziy matavimy. Kiekvieno is triju langeliy atsitiktinio pa-
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2.5 pav.: Leo A zvaigzdziy fotometrijos, darytos HST ACS nuotraukose, dirb-
tiniy AST Zvaigzdziy ryskiy matavimy paklaidy skirstiniai CMD diagramoje.
Kairéje skirstiniai centringje elipséje su didziuoju pusasiu ag = 45”. DeSinéje
— pilnumai tolimiausiame regione nuo centro, uz elipsés su didziuoju pusasiu
ag = 175" riby. Zali taskai nurodo uzduotas dirbtiniy AST Zvaigzdziy padétis,
mélyni taskai — 8iy zvaigzdziy fotometriniy matavimy rezultatus. Paklaidos tuo
didesnés, kuo arciau tankios centrinés galaktikos zonos yra matuojama zvaigz-
de.

sirinkimo tikimybé tiesiskai proporcinga zvaigzdés atstumui iki langelio centro
CMD diagramoje. Galiausiai, prie gauty ryskiy nuokrypiy dar papildomai pri-
déti atsitiktinai sugeneruoti nuokrypiai pagal dvimatj normalyjj skirstinj su
paklaidomis o475 = opgiaw = 0.01. Taip uztikrinant tolygesnius ryskiy
iSplitimus.

Kadangi dvimatés zvaigzdédaros istorijos analizei buvo tiriamos tik rys-
kios (F475W > 25) zvaigzdés, todél joms naudotos dvimaciais normaliaisiais
skirstiniais aproksimuotos paklaidos. Paklaidy kovariacijos matricy skaiéiavi-
mo procediura buvo analogiska Subaru duomeny atveju, aprasyta 2.2 lygtyje.
Paklaidy vertés tiesiskai interpoliuotos tarp trijy artimiausiy CMD langeliy
centry.
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2.2. Dirbtiniy zvaigzdziy populiacijos

Siame darbe apradytas integralinés zvaigzdedaros istorijos nustatymo metodas
paremtas dirbtiniy zvaigzdziy populiacijy lyginimu su realiy zvaigzdziy mata-
vimais. Todél, pirmiausia btitina aptarti dirbtiniy zvaigzdziuy populiacijas ir ju
generavimo metodika.

Zvaigzdés negimsta po viena. Visi zvaigzdziy formavimosi tyrimai rodo, jog
zvaigzdés susidaro grupémis i$ kolapsuojanciy ir fragmentuojanciy milzinisky
molekuliniy dujuy debesu (angl. giant molecular clouds, GMC) (McKee & Ost-
riker, 2007). Manoma, kad Siuose debesyse, pries prasidedant fragmentacijai,
dujos jau buna pilnai i$simaisiusios, t. y. cheminé sudétis visose srityse vienoda.
Dél to, i vieno GMC susidariusiy zvaigzdziy cheminé sudétis (metalingumas)
bei amzius jprastai buna vienodi. Nors, deréty paminéti, jog pastaraisiais me-
tais pastebétos cheminiy elementy gausy variacijos tarp tos pacios populiacijos
Zvaigzdziy Pauksciy Tako kamuoliniuose spieciuose (Carretta et al., 2009; An-
derson et al., 2009; Bastian & Lardo, 2018).

Kolapsuojanc¢io GMC fragmentacija apsprendzia susidaranc¢iy zvaigzdziy
mases (André et al., 2010). Dar praeito amziaus viduryje buvo pastebéta,
jog 7vaigzdziy masés seka tam tikra skirstinj (Salpeter, 1955). Sis skirstinys
vadinamas pradine masés funkcija (angl. initial mass function, IMF). Vélesni
stebéjimai parodeé, jog sis zvaigzdziy pradiniy masiy pasiskirstymo désnis yra
universalus (Kroupa, 2001; Bastian et al., 2010). Nors Sis procesas dar pilnai
néra suprastas, taciau, manoma, kad GMC debesyje dujuy turbulencija sukuria
sutankéjimus, kurie duoda pradzia fragmentacijai (McKee & Ostriker, 2007).
Toliau kiekvienas is 8iy fragmenty kolapsuoja atskirai ir centre susikuria po
zvaigzde, kuri jsiziebusi iSpucia likusias dujas. Nors tik maza dalis viso dujy
debesies fragmento sukuria nauja Zvaigzde, stebéjimai rodo, jog Siy fragmenty
masiy pasiskirstymy forma labai primena zvaigzdziy IMF (André et al., 2010).
IS to galima spresti, kad susidariusiy zvaigzdziy masés tiesiogiai proporcingos
fragmenty maséms, i$ kuriy susidaro. O kadangi Siy fragmenty susidaryma su-
kelia dujy turbulencija, todél manoma, jog tuo paciu turbulencija apsprendzia
ir zvaigzdziy pradiniy masiy skirstinj.

Atsizvelgus | visa tai, kiekviena dirbtiniy zvaigzdziy populiacija galima,
supaprastintu atveju, aprasyti trimis parametrais: amziumi, metalingumu bei
pradine visos populiacijos mase. Amzius bei metalingumas kiekvienai dirbtinés
populiacijos zvaigzdei bus vienodas, kaip ir visos populiacijos. Taciau kiekvie-
nos atskiros zvaigzdés masé turi buti skirtinga. Dél to, dirbtiniy zvaigzdziy
masés atsitiktinai generuojamos pagal pasirinkta IMF funkcija, kol jy suma
pasiekia uzduota visos populiacijos masés verte.

Siame darbe buvo naudojama Kroupa (2001) empiriskai nustatyta IMF
funkcija. Tai keturiy daliy laipsniné funkcija nurodanti, kokia dalis populiacijos
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zvaigzdziy gimsta su tam tikra pradine mase:

IMF(m) = C; m™,

ap=0.3+0.7, 0.01<m/M < 0.08,

a; =1.3+0.5, 0.08 <m/Mg < 0.50, (2.3)
as =2.3£0.3, 0.50 <m/Mg < 1.00,

a3 =2.3£0.7, 1.00 <m/Mg < Mumax,

¢ia C; — normavimo konstantos uztikrinancios, kad f;Z:ix IMF(m)dm = 1; m —
pradiné zvaigzdés maseé; Mg — Saulés masé; mpyax — maksimali zvaigzdés mase.
Siame darbe naudota verté M. = 120 M.

Dirbtinés zvaigzdés masé gaunama sugeneruojant atsitiktinj skaiciy X, ga-
lintj jgyti vertes nuo 0 iki 1. Istacius §j skaic¢iy j atvirkstine kumuliatyvine IMF

funkcija CIMF, gaunama pradiné zvaigzdés masé. Sis procesas kartojamas tol,
kol visy sugeneruoty zvaigzdziy masiy suma tampa lygi arba virsija uzsibrézta
generuojamos populiacijos mase. Kadangi tai stochastinis procesas, todél su-
generuoty zvaigzdziy masiy suma dazniausiai nebuna visiskai lygi uzsibréztai
populiacijos masei. Taciau, atsitiktinai atmetant paskuting sugeneruota zvaigz-
de su 50% tikimybe uztikrinama, kad bent vidutiné sugeneruojama populiacijos
masé buty lygi uzsibréztai vertei.

Atvirkstiné kumuliatyviné IMF funkcija CIMF suskaic¢iuojama tokiu budu:

CIMF(X) = CIMF ! (m) = M,(X), (2.4)
CIMF(m) = /m IMF (m)dm,
0.08

kur M, — sugeneruota pradiné zvaigzdés mase.

Ivairus musy Galaktikos Zvaigzdziy tyrimai rodo, jog ~50% Zvaigzdziy yra
gravitaciskai susietos su viena ar daugiau kompanioniy Zvaigzdziy (Raghavan
et al., 2010; Sana et al., 2013; Tokovinin, 2014; Kobulnicky et al., 2014). Todél
generuojant dirbtines populiacijas, taip pat reikia jskaityti daugianares siste-
mas. Bet, stebéjimai rodo, jog kompanioniy zvaigzdziy masés neseka IMF
funkcijos. Nustatyta, kad kompanionés ir pagrindinés zvaigzdés masiy san-
tykiai seka tolyguy pasiskirstyma (Tokovinin, 2014; Kobulnicky et al., 2014).
Vadovaujantis Siais tyrimy rezultatais, generuojant dirbtines zvaigzdes, atsi-
tiktinai kas antrai zvaigzdei sugeneruojama ir jos kompanioné. Suskaiciuoti
abiejy zvaigzdziy absoliutiniai ryskiai susumuojami ir tik tada jiems imituoja-
mi fotometriniy matavimy efektai. Sitaip atsizvelgiama j neiSskiriamy dvinariy
sistemy efektus fotometriniams matavimams. Kompanionés masé generuojama
pagal tolygu masiy santykio skirstinj: ¢ = m/mp; 0.2 < ¢ < 1. Kompanioniy
maseés taip pat jskaitomos j visos populiacijos masés skaic¢iavima.

Turint visy dirbtiniy zvaigzdziy mases, toliau joms suskai¢iuojami absoliu-
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tiniai ryskiai pasitelkus zvaigzdziy evoliucijos modeliy banka. Pagal uzduo-
tas dirbtinés populiacijos amziaus ir metalingumo vertes, pasirenkama tokiy
pat parametry izochrona — vieno amziaus ir metalingumo zvaigzdziy populia-
cijos sumodeliuoty absoliutiniy ryskiy rinkinys. Kiekvienai dirbtinei Zvaigz-
dei suskaic¢iuojami absoliutiniai ryskiai interpoliuojant pagal Zvaigzdés mase
tarp dviejy izochronos tasky su artimiausiomis masés vertémis. Siame darbe
naudotas zvaigzdziy evoliucijos modeliy bankas — PAdova and tRieste Stellar
Evolutionary Code (PARSEC)-COLIBRI v1.25? (Bressan et al., 2012; Mari-
go et al., 2017). Naudoto izochrony banko parametrai: Subaru duomenims —
log(t) = 6.6 — 10.1 su zingsniu At = 0.05 dex ir Z = 0.0008; HST duomenims
— log(t) = 6.6 — 10.13 su zingsniu At = 0.01 dex ir metalingumuy intervalas
Z =0.0001 — 0.0015 su zingsniu AZ = 0.0001.

Toliau, prie kiekvienos dirbtinés zvaigzdés ryskiy pridedamas atstumo mo-
dulis bei Pauksciy Tako ekstinkcijos vertés stebéjimy kryptimi is 1.1 lentelés,
taip gaunant regimuosius zvaigzdziy ryskius, jeigu jos buty Leo A galaktiko-
je. Dél itin mazo dujy metalingumo, laikoma, kad Leo A galaktikos vidinés
ekstinkcijos efektai mazesni nei matavimy paklaidos, todél j ja nebuvo atsi-
zvelgiama. Atsizvelgiant j realiy zvaigzdziy matavimy kokybés priklausomy-
be nuo zvaigzdeés padéties stebéjimy lauke, kiekvienai dirbtinei zvaigzdei taip
pat atsitiktinai sugeneruojamos padétys stebéjimy lauke. Zvaigzdziy padétys
generuojamos pagal dvimatj normalyjj skirstinj atitinkantj Leo A Zvaigzdziy
pasiskirstyma: centro koordinatés agagog = 9759™24.5%, 10000 = +30°44/47"
standartinis nuokrypis elipsés didziosios asies kryptimi lygus a = 3'.5, standar-
tinis nuokrypis mazosios asies kryptimi, b = 0.6 - a, skirstinys pasuktas pagal
galaktikos pozicinj kampa PA = 114° (Vansevicius et al., 2004; Mateo, 1998).

Gautiems regimiesiems dirbtiniy zvaigzdziy ryskiams toliau imituojami fo-
tometriniy matavimy efektai. Kiekvienai dirbtinei zvaigzdei suskai¢iuojamos
pilnumo vertés is AST testy rezultaty pagal 2.1.1 ir 2.1.2 skyriuose aprasyta
metodika. Tuomet, Sioms zvaigzdéms generuojamas atsitiktinis skaicius nuo
0 iki 1. Jei gautas skaiCius didesnis nei zvaigzdei priskirta pilnumo verté, ji
atmetama ir laikoma neiSmatuota. Jei skaic¢ius mazesnis — zvaigzdé laikoma
iSmatuota, Sitaip imituojant matavimy pilnumo efekta. Galiausiai, likusioms
zvaigzdéms sugeneruojami atsitiktiniai ryskiy nuokrypiai pagal 2.1.1 ir 2.1.2
skyriuose aprasytus nurodymus, taip imituojant matavimy paklaidas. Tokiu
budu gaunama dirbtiné zvaigzdziy populiacija su matavimy kokybe atitinkan-
¢ia tikry Leo A Zvaigzdziy matavimus.

2http://stev.oapd.inaf.it /cgi-bin/cmd

33


http://stev.oapd.inaf.it/cgi-bin/cmd

2.3. Leo A integraliné zvaigzdédaros istorija

2.3.1. Integralinés zvaigzdédaros istorijos nustatymo metodas

Galaktikos yra didelés ir sudétingos sistemos, sudarytos i$ tamsiosios materijos,
ivairiy dujuy bei daugybés skirtingy zvaigzdziy. Tiriant kity galaktiky zvaigz-
dziy formavimosi istorijas, siuolaikiniy stebéjimy kokybé kol kas dar neleidzia
visoms zvaigzdéms patikimai nustatyti jy parametry. Taciau, zvaigzdes galima
suskirstyti | jvairiy amziy ir metalingumy populiacijas. Tokiu budu galaktiky
zvaigzdédaros istorijos nustatymo uzdavinys supaprastinamas nuo daugybés
atskiry zvaigzdziy tyrimy iki geriausiai stebéjimus atitinkancios zvaigzdziy po-
puliacijy kombinacijos paieskos.

Siame darbe naudotas integralinés zvaigzdedaros istorijos nustatymo meto-
das paremtas dirbtiniy zvaigzdziy populiacijy lyginimu su galaktikos zvaigzdziy
fotometriniy stebéjimy duomenimis. Pirmiausia, pagal 2.2 skyriuje aprasy-
ta metodika, sugeneruojamas dirbtiniy zvaigzdziy populiacijy bankas, tolygiai
aprépiantis visas amziy ir metalingumy vertes, kurias galéty turéti zvaigzdés
tiriamoje galaktikoje. Nepageidaujamiems stochastiniams efektams sumazin-
ti, kiekviena banko populiacija turéty buti pakankamai masyvi, kad tolygiai
uzpildyty jos parametrus atitinkancia izochrona. Toliau, stebéjimus apimanti
ryskiy ir spalvy erdvé suskaidoma j daug mazy sri¢iy (paprastumo délei to-
liau darbe bus vadinama langeliais) adaptyvaus tinklelio pagalba. Kiekvienam
tinklelio langeliui suskaic¢iuojamas j ji patenkanciy stebéty zvaigzdziy skaicius
bei analogiskai dirbtiniy populiacijy banko zZvaigzdziy skaic¢ius. Taip gauna-
mi realiy galaktikos zvaigzdziy bei dirbtiniy populiacijy zvaigzdziy skaic¢iaus
tankio pasiskirstymai matavimy erdvéje.

Lyginant Siuos skirstinius kiekviename langelyje is eilés, nustatoma, ku-
riose srityse sugeneruota per daug ar per mazai dirbtiniy zvaigzdziy. Pagal
tai atitinkamy dirbtiniy zZvaigzdziy populiacijy masés sumazinamos arba padi-
dinamos, kad geriau atkurty stebéjimus. Pagal gautus rezultatus pakoregavus
kiekvienos dirbtinés populiacijos mases, is naujo generuojamas dirbtiniy zvaigz-
dziy populiacijy rinkinys. Kiekviena populiacija sugeneruojama po 10 karty ir
suskaic¢iuojamas vidutinis Siy realizacijuy zvaigzdziy pasiskirstymas, tokiu bu-
du sumazinant stochastikos efektus. Sis Zvaigzdziy pasiskirstymas matavimy
erdvéje vél lyginamas su realiy zvaigzdziy matavimais ir vél koreguojamos su-
generuoty populiacijy masés. Sis procesas iteraciskai kartojamas tol, kol pa-
sirinktas zZvaigzdziy skirstiniy atitikima nusakantis parametras nustoja keistis
(Leo A atveju tai pasiekiama per kelis Simtus iteraciju).

Paskutinés iteracijos dirbtiniy populiacijy masiy pasiskirstymas nusako ge-
riausia integralinés zvaigzdédaros istorijos sprendinj — t. y. nusako kiek zvaigz-
dziy galaktikoje susikuré pries kiek mety ir kokio metalingumo. Antroji pusé
visy iteracijy panaudojama rezultaty patikimumy intervalams nustatyti, taip
i§ dalies atsizvelgiant | matavimy paklaidy, parametry iSsigimimy bei stochas-
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tikos efektus rezultatams. Reikia paminéti, jog nustatytos masés nurodo visy
konkrecios populiacijos gimimo metu susidariusiy zvaigzdziy mase, o ne dabar-
tine populiacijos mase, nes nemaza dalis zvaigzdziy nuo to laiko turéjo sprogti
supernovomis arba prarasti dalj maseés, vélyvosiose savo evoliucijos stadijose
nusimesdamos isorinius sluoksnius.

Dirbtiniy populiacijy lyginimui su stebétomis zvaigzdémis, matavimy erd-
vé padalinama } daug mazy sri¢iy (langeliu) pasitelkiant adaptyvu tinkle-
li. Naudojant tolygy mazy langeliy tinklelj, mazo zvaigzdziy skaic¢iaus srity-
se (pvz. vélyvyju evoliuciniy stadiju zonose) labai iSauga stochastikos efek-
ty jtaka zvaigzdédaros nustatymui. Todél matavimy erdve reikia skaidyti
i tokj tinklelj, i kurio langelius patekty bent uzsibréztas minimalus stebéty
zvaigzdziy skaiCius. Tam pasiekti, pirmiausia, visa matavimy erdvé suskai-
doma j vienodo dydzio langelius — Subaru duomeny atveju naudotas lange-
lio dydis AB x AV x AI = 0.1 x 0.1 x 0.1 mag® ir HST duomeny atveju
AFATSW x A(FATSW — F814W) = 0.075 x 0.04 mag?. Toliau sie langeliai
suskirstomi | Zvaigzdziy evoliucija paremtas grupes: pagrindinés sekos (angl.
main-sequence, MS), submilziniy sekos (angl. sub-giant branch, SGB), rau-
donyju milziniy sekos (angl. red giant branch, RGB) bei likusiy evoliuciniy
stadijy zonos langelius. Kiekvienas langelis priskiriamas prie konkrecios gru-
pés pagal tai, kurios rusies zvaigzdziy j ji patenka daugiausia, skirstant pradinio
dirbtiniy populiacijy banko zZvaigzdes. Langeliai, neapimantys jokiy dirbtiniy
populiacijy banko zvaigzdziy, pasalinami ir toliau nenaudojami. Todél svarbu,
kad sugeneruotas zvaigzdziy bankas padengty visas matavimy erdvés zonas su
zvaigzdziy stebéjimais.

Tos pacios grupés langeliai yra sujungiami, kol j nauja langelj patenka bent
3 stebétos galaktikos zvaigzdés arba kol 4 is eilés prijungti langeliai neturi nei
vienos galaktikos zvaigzdés. Sis procesas pradedamas nuo pacius ryskiausius
ryskius (spalvy atveju — mélyniausias) turinéio langelio ir tesiama toliau i$ eilés
tikrinant langelius, vieng koordinate keic¢iant iki trijy karty. Po to, pakeic¢iama
antroji koordinateé ir toliau tikrinami langeliai, vél kei¢iant pirmaja koordinate
iki triju karty i$ eilés. Analogiskai antraja koordinate pakeitus tris kartus is
eilés, pakeiciama trecioji koordinaté. Tokiu principu, langeliy jungima galima
atlikti taip pat ir matavimy erdvése su daugiau nei trimis dimensijomis.

Toliau, kiekvienam naujai sudaryto adaptyvaus tinklelio langeliui, suskai-
¢iuojamas j ji patenkanciy stebétos galaktikos zvaigzdziy ir dirbtiniy zvaigzdziy
skaiciai. Realiy ir dirbtiniy zvaigzdziy skaiciy santykis nurodo dirbtinés popu-
liacijos masés pataisa — kiek sekancioje iteracijoje reikia padidinti ar sumazinti
dirbtinés populiacijos mase, kurios zvaigzdés patenka j ta langelj. Taciau kiek-
vienos dirbtinés populiacijos zvaigzdés pasiskirsto po daugybe langeliy. Todél
masés pataisa suskaiciuojama kaip vidurkis visy langeliy, i kuriuos pakliuva
konkrecios dirbtinés populiacijos zvaigzdziy. O jai priklausanciy zvaigzdziuy
skai¢ius langelyje panaudojamas, kaip ta langelj atitinkancios masés pataisos
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svoris. Konkrecios dirbtinés populiacijos masés verté sekanciai iteracijai skai-

¢iuojama taip:

N r;

Zi k“nji(ZJ)

N b
> nyi(Z,t)

¢ia M;(Z,t) — Z metalingumo ir ¢ amziaus dirbtinés zvaigzdziy populiacijos

Mj+1(Z7 t) = Mj(Z, t) X (25)

masé j iteracijoje; N — visas adaptyvaus tinklelio langeliy skaicius; r; — rea-
liy galaktikos Zvaigzdziy skaicius i-jame langelyje; k;; — bendras visy dirbtiniy
populiacijy zvaigzdziy skaiius i-jame langelyje j iteracijoje; nj;(Z,t) — Z meta-
lingumo ir ¢ amziaus dirbtinés populiacijos zZvaigzdziy skaicius ¢-jame langelyje
J iteracijoje.

2.3.2. Metodo testai

Sukurto metodo patikimumui jvertinti, buvo atlikti testai su dirbtinémis zvaigz-
dziy populiacijomis. Taikymo ribos patikrintos atskirai Subaru ir HST duome-
nims.

Metodo patikimumas, taikant Subaru teleskopo duomenims, buvo patikrin-
tas pritaikius ji dirbtinei galaktikai su keturiomis skirtingy amziy bei masiy
Zvaigzdziy populiacijomis (Zr. 2.6 pav.). Populiacijos sugeneruotos pagal
2.2 skyriuje aprasyta metodika, dirbtinai imituojant Subaru stebéjimy foto-
metrijos duomeny kokybe. Visos Siame teste generuotos zvaigzdés jaunesnés
nei 500 Myr, nes Subaru stebéjimai leidzia iSskirti tik jaunesnes nei 1 Gyr bei
RGB sekos zvaigzdes. Taciau RGB sekos zvaigzdziy ryskiy priklausomybé nuo
ju amziy yra itin silpna — pokyc¢iai daug mazesni nei fotometrijos paklaidos,
todeél is Siy stebéjimy joms patikimai nustatyti amzius neijmanoma. Dél to, Su-
baru duomenys buvo panaudoti tik jauny t < 500 Myr zvaigzdziy populiacijy
tyrimams. Tuo pacdiu ir testams sugeneruotos panasiy amziy populiacijos su, j
jaunesnius ir senesnius amzius iSplitusiais, zvaigzdédaros maksimumais ties 10,
60, 170 ir 375 Myr amziais (zr. 2.7 pav.). Tokiu budu bandyta imituoti ketu-
ris realistiskus zvaigzdédaros pliupsnius, kuriy trukmeés mazéja laikui bégant.
Visos keturios populiacijos sugeneruotos su vienodu metalingumu Z = 0.0008
atitinkanc¢iu Leo A galaktikos dabarting dujy cheming sudétj van Zee et al.
(2006).

Kaip matyti iS testy rezultaty 2.6 ir 2.7 pav., metodas tiksliai atkuré visy
keturiy zvaigzdédaros maksimumy padét] bei aukstj ir net jy iSplitimo forma
su nedideliais nuokrypiais. Be to, gana tiksliai atkurti dirbtiniy zvaigzdziy
pasiskirstymai ryskiy erdvéje. Taip pat, tiksliai atkurta bendra sugeneruoty
populiacijy pradiné masé: uzduota verté — 3 x 10° Mg, atkurta verté — (3 +
2) x 10° M. Sie testy rezultatai rodo, jog sukurtas metodas gali patikimai
nustatyti Leo A galaktikos integraline zvaigzdédaros istorija per pastaruosius
500 Myr, naudojant Subaru stebéjimy duomenis.
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2.6 pav.: Zvaigzdédaros istorijos nustatymo testo rezultatai su Subaru tele-
skopo stebéjimuy kokybe atitinkanciomis dirbtinémis zvaigzdziy populiacijomis.
Kairéje — keturiy dirbtiniy populiacijy, kurioms buvo nustatyta zvaigzdéda-
ros istorija, zvaigzdziy skai¢iaus tankio pasiskirstymas CMD diagramoje (viso
7vaigzdziy — 915). Viduryje — atkurtas zvaigzdziy skaic¢iaus tankio pasiskirsty-
mas — atkurtos Zvaigzdédaros istorijos deSimties realizaciju vidurkis (atkurtas
zvaigzdziy skaiCius — 915). Desinéje — skirtumai tarp tiriamy Zvaigzdziy pasi-
skirstymo ir atkurto. Visose trijose CMD diagramose, pagal zemiau nurodytas
skales, spalvomis uzkoduoti zvaigzdziy skaiciai atitinkamuose diagramy lange-
liuose. Raudona, mélyna ir zalia kreivéemis atvaizduotos trijy amziy izochronos:
atitinkamai 50, 200 ir 500 Myr.
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2.7 pav.: Dirbtinés testinés galaktikos su keturiomis zvaigzdziy populiacijo-
mis zvaigzdédaros spartos priklausomybé nuo zvaigzdziy amziaus bei atkurta
zvaigzdédaros istorija. Raudona punktyriné kreive parodyta tikroji tirtos dirb-
tinés galaktikos zvaigzdédaros istorija. Mélyna kreivé — atkurta zvaigzdédaros
istorija. Sviesiai mélynos zonos — rezultaty patikimumo intervalai. Tikroji tir-
tos galaktikos zvaigzdziy populiacijy pradiné masé Moriginal = 3 X 105 Mg.
Atkurta pradiné zvaigzdziy masé — Mperived = (3 £2) x 10° M.

Metodo patikimumas, HST ACS duomeny taikymui, irgi buvo patikrin-
tas pritaikius ji dirbtinai sugeneruotai galaktikai su SeSiomis jvairiy amziy,
masiy bei metalingumy Zvaigzdziy populiacijomis (Zr. 2.6 pav.). Dirbtinés
galaktikos zvaigzdziy populiacijos generuotos pagal 2.2 skyriuje aprasSyta me-
todika. HST duomeny kokybé leidzia isskirti visy amziy zvaigzdes, todél te-
stams populiacijos buvo sugeneruotos su isplitusiais zvaigzdédaros maksimu-
mais nuo jauniausiy iki paciy seniausiy amziy: maksimumy centrai ties —
log(t) = 7.2,7.7,8.3,8.7,9.2,9.9 (Zr. 2.7 pav.). Imituojant galaktikos chemine
evoliucija, populiacijos generuotos su skirtingomis, laikui bégant auganciomis,
metalingumy vertémis: Z = 0.0001, 0.0002, 0.0004, 0.0006, 0.0008, 0.0009 (nuo
jauniausios iki seniausios, zr. 2.7 pav.).

Sio testo rezultatai rodo, jog sukurtas metodas pajégus atkurti visa ga-
laktikos gyvenima apimancia integraling zvaigzdédaros istorija bei amziaus-
metalingumo sarysj, naudojant HST ACS stebéjimy kokybés duomenis (Zr. 2.6
ir 2.7 pav.). Metodas gana tiksliai atkuré visy Sesiy zvaigzdédaros maksimumy
padétis bei juy iSplitimus. Taip pat, su mazais nuokrypiais atkurta zvaigzdziy
metalingumo priklausomybé nuo ju amziaus. Labai tiksliai atkurta pradiné
7vaigzdziy populiacijy masés verté: uzduota masé — 4.4 x 10 M, atkurta ma-
sé — (4.440.1) x 10° M.
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2.8 pav.: Zvaigzdédaros istorijos nustatymo testo rezultatai su HST ACS ste-
béjimy kokybe atitinkanciomis dirbtinémis zvaigzdziy populiacijomis. Kairé-
je — Sesiy dirbtiniy populiacijy, kurioms buvo nustatyta zvaigzdédaros istori-
ja, zvaigzdziy skaiCiaus tankio pasiskirstymas CMD diagramoje (viso Zvaigz-
dziy — 90260). Viduryje — atkurtas zvaigzdziy skaiciaus tankio pasiskirsty-
mas — atkurtos Zzvaigzdédaros istorijos deSimties realizaciju vidurkis (atkur-
tas Zvaigzdziy skaicius — 88529). DesSinéje — skirtumai tarp tiriamu Zvaigz-
dziy pasiskirstymo ir atkurto. Langeliy spalvos nurodo zvaigzdziy skaiciy pa-
gal zemiau pateiktas spalvos skales. Skirtingy spalvy kreivémis atvaizduo-
tos izochronos zymincios Sesiy populiacijy zvaigzdédaros maksimumus: gel-
tona — log(t) = 7.2,Z = 0.0009; zydra — log(t) = 7.7,Z = 0.0008; raudo-
na — log(t) = 8.3,Z = 0.0006; violetiné — log(t) = 8.7,Z = 0.0004; zalia —
log(t) = 9.2, Z = 0.0002; mélyna — log(t) = 9.9, Z = 0.0001.
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2.9 pav.: Testo rezultatai su dirbtine galaktika, kurios zvaigzdziy duomenys
sugeneruoti imituojant HST ACS stebéjimy kokybe. Virsuje: atkurta zvaigzdé-
daros istorija pazymeéta mélyna linija. Raudona punktyriné linija zymi tikraja
galaktikos zvaigzdédaros istorija. Dirbtinés galaktikos zvaigzdziy populiacijy
pradiné masé — 4.4 x 106 M. Atkurta jos vertée — (4.4+0.1) x 10 M. Apacioje
kairéje: atkurtas galaktikos amziaus-metalingumo sarysis. Apacioje desinéje:
tikrasis galaktikos amziaus-metalingumo sarysis. Spalvomis, pagal nurodyta
spalvy skale, uzkoduota zvaigzdédaros spartos verté ties konkrecia amziaus ir
metalingumo verte.
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2.3.3. Leo A integralinés zvaigzdédaros istorijos tyrimo rezultatai

Pasitelkus 2.3.1 skyriuje aprasyta metoda, buvo nustatyta integraliné nykstu-
kinés galaktikos Leo A Zvaigzdédaros istorija bei amziaus-metalingumo sarysis.

Naudojantis visa galaktika aprépianciais Subaru teleskopo Suprime-Cam
kameros stebéjimy duomenimis, buvo nustatyta pastaryjy 500 Myr zvaigzdziy
formavimosi istorija (2.10 ir 2.11 pav.). Nustatytoje Zvaigzdédaros istorijo-
je, matomi trys zvaigzdédaros aktyvumo epizodai jvyke pries ~10, ~70-170
ir ~400-500 Myr. Sie rezultatai paremia plitipsninés zvaigzdédaros scenarijy
(Teyssier et al., 2013; Oforbe et al., 2015). Pagal ji intensyvi ZvaigZdédara
nykstukinése galaktikose sustabdo naujy zvaigzdziy formavimasi susildydama
bei iSsklaidydama tarpzvaigzdines dujas. Tokiu budu naujos zvaigzdés nebegali
formuotis iki kol dujos vél atausta ir sutankéja. Taip po kiekvieno intensyves-
nio zvaigzdédaros epizodo seka ramybés periodas, o po jo vél kartojasi aktyvios
zvaigzdedaros epizodas. Sis procesas kartojasi galaktikoje iki tol, kol nebelie-
ka pakankamai dujy naujoms zvaigzdéms susidaryti. Be to, zvaigzdédaros ir
ramybeés epizody trukmés vis trumpéja galaktikos dujy rezervams mazéjant.
Kuo mazesnis dujuy kiekis galaktikoje, tuo lengviau jas paveikti ir tuo mazes-
nio kiekio naujai gimusiy masyviy zvaigzdziy griztamojo rysio uztenka joms
iSstumti is galaktikos. Panasius pliupsninius zvaigzdédaros epizodus, tik senes-
néms Leo A populiacijoms, nustaté ir Cole et al. (2007) bei Ruiz-Lara et al.
(2018).

Taip pat, buvo atkurta Leo A Zvaigzdédaros istorija per visa jos gyvavi-
mo laikotarpj panaudojus geresnés kokybés, bet iSoriniy galaktikos zony ne-
apimancius, HST kosminio teleskopo ACS kameros stebéjimy duomenis (2.12
ir 2.13 pav.). Nustatyta per visa savo gyvenima Leo A susikurusiy Zvaigzdziy
masé M, = 3.3ff:§ x 10 M sutampa su kity autoriy jverciais (Cole et al.,
2007, 2014; Kirby et al., 2017). Pagal nustatyta Zvaigzdédaros istorija, Leo A
didZiaja dalj (~80%) savo ZvaigzdZiy suformavo tik per pastaruosius 6 Gyr.
Nors iki tol zvaigzdédara vyko pastoviai, taciau labai mazais tempais. Taip
pat, rezultatai patvirtina senos >10 Gyr, bet nelabai masyvios, populiacijos
egzistavima, Sitaip papildydami ankstesniy autoriy iSvadas apie seniausios po-
puliacijos egzistavima (Dolphin et al., 2002; Cole et al., 2007; Ruiz-Lara et al.,
2018).

Tokia vélyva zvaigzdédaros pradzia Leo A galaktikoje nepaaiskinama dujy
trukumu zvaigzdédarai maitinti, kadangi Sioje galaktikoje iki Siol dar yra islikes
didelis duju rezervas nepaverstas | Zvaigzdes (Hunter et al., 2012). Be to,
Leo A yra izoliuota galaktika, ir dél to visas savo dujas ji galéjo sukaupti
tik formavimosi pradzioje. Dél 8Siy priezasciy, tikétiniau, kad pradzioje tik
maza dalis Leo A dujy galéjo sudalyvauti zvaigzdziy formavime. Likusi dalis,
tikriausiai, buvo jkaitinta UV foninés spinduliuotés arba supernovy sprogimy
ir ilga laika isliko hale. Ir tik pries 6 Gyr, po ilgo ausimo periodo, galiausiai
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2.10 pav.: Leo A galaktikos zvaigzdziy stebéjimy su Subaru teleskopu duome-
nys bei juy atkurimas pagal nustatyta zvaigzdédaros istorija. Kairéje — Leo A
Zvaigzdziy skaiCiaus tankio pasiskirstymas CMD diagramoje (viso tyrimui pa-
naudotas zvaigzdziy skaicius 2412). Viduryje — atkurtas Zvaigzdziy skaiciaus
tankio pasiskirstymas — atkurtos zvaigzdédaros istorijos deSimties realizacijy vi-
durkis (atkurtas zvaigzdziu skaicius — 2 350). Desinéje — skirtumai tarp Leo A
zvaigzdziy pasiskirstymo ir atkurto. Langeliy spalvos nurodo zvaigzdziy skai-
¢iy pagal Zemiau pateiktas spalvos skales. Zalia, mélyna ir raudona kreivemis
atvaizduotos trijy amziy izochronos: atitinkamai 50, 200 ir 500 Myr.
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2.11 pav.: Atkurta Leo A zZvaigzdédaros istorija per pastaruosius 500 Myr pa-
sinaudojus Subaru teleskopo stebéjimais. Rausvos zonos zymi rezultaty neapi-
bréztumy ribas. Nustatyta visa per pastaruosius 500 Myr susidariusi zvaigzdiné
masé — 34_“8:? x 10° M. Matomi trys zvaigzdédaros aktyvumo epizodai su mak-
simumais ties 10, 100 ir 400 Myr populiacijy amziais.
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2.12 pav.: Leo A galaktikos zvaigzdziy stebéjimy su HST ACS duomenys bei
ju atkurimas pagal nustatyta Zvaigzdédaros istorija. Kairéje — Leo A Zvaigz-
dziy skai¢iaus tankio pasiskirstymas CMD diagramoje (viso tyrimui panaudotas
Zvaigzdziy skai¢ius 125401). Viduryje — atkurtas Zvaigzdziy skai¢iaus tankio
pasiskirstymas — atkurtos zvaigzdédaros istorijos desimties realizacijy vidur-
kis (atkurtas zvaigzdziy skaicius — 113632). Desinéje — skirtumai tarp Leo A
zvaigzdziy pasiskirstymo ir atkurto. Langeliy spalvos nurodo Zvaigzdziy skai-
¢iy pagal zemiau pateiktas spalvos skales.
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2.13 pav.: Atkurta Leo A Zvaigzdédaros istorija bei amziaus-metalingumo sa-
rysis pasinaudojus HST ACS stebéjimy duomenimis. Virsuje — atkurta zvaigz-
dédaros istorija per pastaraji 1 Gyr (mélyna kreivé). Viduryje — per visa ga-
laktikos gyvavimo laikotarpi. Purpuriné kreivé Zymi Cole et al. (2014) gauta
Leo A zvaigzdédaros istorija. Apacioje — atkurtas amziaus metalingumo sary-
sis. Spalvomis uzkoduota, pagal nurodyta skale, zvaigzdédaros spartos verté
ties konkrediu amziumi ir metalingumu. Mélyni taskai nurodo pagal zvaigzdziy
mase pasvertg metalingumo vidurkj ties atitinkamais amziy intervalais. Pur-
puriniai taskai nurodo Cole et al. (2014) gauta amziaus-metalingumo sarysj
Leo A galaktikoje.
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2.14 pav.: Palyginimas atkurty Leo A Zvaigzdédaros istorijy per pastaruosius
500 Myr pasinaudojus skirtingais stebéjimais: Subaru teleskopo (raudona krei-
vé) bei Hubble teleskopo (mélyna kreive). Visi Zyméjimai tokie patys kaip ir
2.11 pav. Rezultaty palyginimui Zvaigzdédaros istorija, nustatyta su Hubble
duomenimis, suintegruota tokiu pat logaritminiu zZingsniu, kaip ir Subaru at-
veju. Matyti, kad rezultatai gauti pasinaudojus skirtingy teleskopy duomenis
gana gerai sutampa tarpusavyje.

pakankamai atvésio ir pradéjo nusésti centrinése dalyse, kur pagaliau galéjo
isiziebti aktyvi zvaigzdédara.

Tarpusavyje palygintos zvaigzdédaros istorijos per paskutinius 500 Myr gau-
tos naudojantis Subaru ir HST teleskopy stebéjimais (ziuréti 2.14 pav.). Pa-
lyginimo tikslais rezultatai gauti su HST duomenimis suintegruoti tokiu pat
logaritminiu zingsniu, kaip ir Subaru atveju. Matyti, kad abiem atvejais gau-
tos zvaigzdédaros istorijos gerai atitinka viena kita, nepaisant to, jog rezultatai
gauti naudojantis labai skirtingy teleskopy stebéjimais. Toks atitikimas tik
patvirtina nustatytos zvaigzdédaros istorijos patikimuma.

Gauta zvaigzdédaros istorija sudaryta is daug jvairios trukmés intensyvios
zvaigzdedaros epizody, po kuriy visuomet seka ramesnis periodas. Sis rezulta-
tas praplecia pries tai iS Subaru duomeny analizés gautas iSvadas, jog zvaigzde-
dara vyksta epizodiskai. Be to, Sie rezultatai patvirtina ir Cole et al. (2007) bei
Ruiz-Lara et al. (2018) nustatytus pliupsninius zvaigzdédaros epizodus pries 2
ir 5 Gyr. Tokia pliupsniné zvaigzdédara turéty buti budinga visoms nykstu-
kinéms netaisyklingoms galaktikoms, ka patvirtina ir galakty modeliai. Pagal
siuo metu vyraujancia ACDM teorija modeliuojamos nykstukinés galaktikos
turi didelius tamsiosios materijos sutankéjimus galaktiky centruose, jeigu ne-
pakankamai atsizvelgiama } griztamuosius barioninés materijos procesus. Tuo
tarpu, dauguma mazos masés galaktiky dujy greic¢iy dispersijos stebéjimy ne-

45



rodo tokiy sutankéjimy tamsiosios materijos tankio profiliuose. Vienas i$ sio
neatitikimo sprendimy yra pliupsninés zvaigzdédaros epizody panaudojimas
modeliuojant tokias galaktikas (Teyssier et al., 2013; Ofiorbe et al., 2015). Ma-
zose galaktikose modeliuojant zvaigzdédara plitipsniskais epizodais, zvaigzdziy
griztamasis rySys pastoviai iSstumia dujas i$ galaktikos centro, o jos savo ruoz-
tu, gravitacinés saveikos déka, issinesa dalj tamsiosios materijos ir stabdo jos
kaupimasi galaktikos centre. Tokiu budu atkuriami tamsiosios materijos tankio
profiliai daug geriau atitinka realiy galaktiky stebéjimus.

Auksta HST ACS matavimy skiriamoji geba bei mazos paklaidos leido nu-
statyti ir detaly Leo A amziaus-metalingumo sarysj parodyta 2.13 pav, nenau-
dojant jokiy isankstiniy galaktikos cheminés evoliucijos apribojimy. Gautas
zvaigzdédaros istorijos pasiskirstymas nuo zvaigzdziy populiaciju amziaus bei
metalingumy atitinka ankstesniy autoriy rezultatus (Cole et al., 2007; Ruiz-
Lara et al., 2018; Cole et al., 2014) bei atskleidzia anksc¢iau neisskirty papil-
domy detaliy. Vidutinis galaktikos zvaigzdziy metalingumas pradzioje buvo
itin zemas (Z < 0.0001), bet augo su kiekvienu zvaigzdédaros epizodu. Ne-
paisant to, dél mazo bendro zvaigzdédaros kiekio, zvaigzdziy metalingumas
iSaugo nezymiai. Gautas jauniausiy Zvaigzdziy vidutinis metalingumas tesie-
kia tik Z = 0.0011 ir atitinka galaktikos duju cheminés sudéties matavimus
(van Zee et al., 2006; Ruiz-Escobedo et al., 2018). Vis délto, nustatytos kelios
7vaigZzdziy populiacijos (amziai ¢ < 800 Myr bei 1.8 < ¢ < 5 Gyr) su mazes-
némis metalingumo vertémis nei turi dauguma kity tuo metu susiformavusiy
populiacijy. Kirby et al. (2017) iSmatavo keliasdesimties Leo A Zvaigzdziy
metalingumus ir kai kurioms zvaigzdéms nustaté panasius rezultatus. Be to,
ju atlikta statistiné zvaigzdziy metalingumy pasiskirstymo analizé parodé, jog
zvaigzdziy formavimo epizody metu (¢ < 6 Gyr) i Leo A turéjo papildomai
kristi nepraturtinty dujy i$ tarpgalaktinés erdvés. Surastos mazesnio meta-
lingumo populiacijos patvirtina §j spéjima. Siy populiacijy atsiradimas biitent
pries 5-6 Gyr tuo paciu ir patvirtina hipoteze, jog intensyvi zvaigzdédara Leo A
prasidéjo tik pries 6 Gyr, kai pagaliau karstos halo dujos atvéso ir sukrito j ga-
laktika. Be to, is Siy santykinai mazo metalingumo populiacijy nenutrukstamo
kurimosi visus pastaruosius 6 Gyr galima daryti iSvada, jog dujy atSalimo ir
kritimo i§ galaktikos halo procesas vis dar tesiasi iki Siy dieny.
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2.4. Dvimaté Leo A zZvaigzdédaros istorija

2.4.1. Dvimates zvaigzdédaros istorijos nustatymo metodas

Vienas svarbiausiy galaktikos morfologija formuojanciy veiksniy yra zvaigzdé-
dara. Susikurusiy naujuy zvaigzdZiy griztamasis rySys (pvz. Zvaigzdziy véjai, jo-
nizuojanti spinduliuoté, supernovy sprogimai bei spinduliuoteés slégis) smarkiai
paveikia aplinkine tarpzvaigzding terpe. Supernovy sprogimai arba masyviy
zvaigzdziy grupé gali iSpusti aplinkui esancias dujas, sukurti milziniskas mazo
tankio tarpzvaigzdinés terpés ertmes bei sutankéjimy apvalkalus (Weisz et al.,
2009; Bastian et al., 2011; Cannon et al., 2011; Pokhrel et al., 2020). Sekanti
zvaigzdziy karta jau formuojasi smarkiai pasikeitusioje tarpzvaigzdinéje terpéje
ir vél savo ruoztu paveikia dujas, i$ kuriy formuosis dar sekanti karta. Tokiu
budu zvaigzdédaros pasiskirstymas galaktikoje nuolatos kinta. Taciau kiekvie-
nas toks zvaigzdédaros epizodas palieka pédsakus, kuriy taip lengvai neistarso
sekantys zvaigzdédaros pliupsniai ir kurie gali atskleisti praéjusios zvaigzde-
daros morfologijos kitimus, — suformuotas #vaigzdes. Zvaigzdziy struktiiros
nykstukinése galaktikose gali iSsilaikyti nesusimaisiusios daugiau nei kelis Sim-
tus milijony mety (Bastian et al., 2011). Todél jauny zZvaigzdziy tyrimai gali
atskleisti galaktikos zvaigzdédaros morfologijos istorija per pastaruosius kelis
Simtus milijony mety.

Dvimatei galaktiky zvaigzdédaros istorijai nustatyti buvo sukurtas naujas
metodas pasiremiantis tikimybiniu zZvaigzdziy parametry nustatymu. Kiekvie-
nos tiriamos zvaigzdés matavimai lyginami su teoriniy zvaigzdziy evoliucijos
modeliy banku (izochrony banku) ir nustatomas tikimybinis skirstinys Zvaigz-
dei turéti konkredius parametrus — amziy, metalinguma, mase ir kt. Pasi-
naudojus Siais zvaigzdziy parametry tikimybiniais skirstiniais bei atsizvelgus i
kiekvienos zvaigzdés pozicija galaktikoje, gaunami skirtingy amziy zvaigzdziy
populiacijy pasiskirstymai galaktikoje. Atsizvelgus j matavimy pilnumy jtaka
kiekvienai zvaigzdziy populiacijai bei i$ zvaigzdziy evoliucijos modeliy suskai-
¢iavus, vidutinia zvaigzdziy dalj populiacijoje, kuri yra jau uzgesusi, atkuriama
kiekvienos populiacijos visa pradiné masé. Sitaip atkuriamas pradinés zvaigz-
dziy maseés pasiskirstymas laike ir erdvéje — dvimaté galaktikos zvaigzdédaros
istorija.

Zvaigzdziy tikimybes turéti konkre¢ius parametrus skai¢iuojamos lyginant
zvaigzdés ryskiy matavimus su kiekvienu atitinkamy parametry izochronos tas-
ku. Laikant, kad ryskiy matavimy paklaidos seka normalyjj skirstinj, tiriamos
zvaigzdeés tikimybeé, turéti parametrus (Ay, Z,t, m;), lygi:

P(AVa Zv ta mz)

exp(—3(F - L)"S7(F - I,)) /W“*WW
(2m)kdet™ (

C(.’L‘, Y, Iz)

IMF(m)dm, (2.6)

mi+m;_1)/2
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kur Ay — diferencialinés ekstinkcijos verté; Z — metalingumas; ¢ — amzius; I;
— amziaus ¢ bei metalingumo Z izochronos i-ojo tasko ryskiy vektorius parau-
donintas Ay ekstinkcija; m; — $ios izochronos i-ojo tasko zvaigzdés pradinés
mases verte; C(z,y,I;) — matavimy pilnumo funkcijos verté gauta pagal i-ojo
izochronos tasko ryskiy vektoriaus I; vertes bei tiriamos Zvaigzdés padéti (z, y)
stebéjimy lauke; F — tiriamos Zvaigzdés ryskiy vektorius F = {Fy, Fs, ..., Fi. };
k — F vektoriaus ilgis, t.y. tyrimui naudojamy skirtingy fotometriniy juosty
skaiCius; Fj — zvaigzdés ryskis k fotometrinéje juostoje; 3 — tiriamos zvaigz-
dés ryskiy matavimo paklaiduy kovariacijos matrica; IMF(m) — pradiné masés
funkcija.

Skaic¢iuojant Sig tikimybe atsizvelgiama j matavimy pilnumo funkcijos ver-
te C(x,y,I;) ties lyginamos izochronos tasku bei tiriamos Zvaigzdés padétimi
stebéjimy lauke. Be to, skirtingose evoliucinése stadijose zvaigzdés praleidzia
skirtinga laiko tarpa. Priklausomai nuo Sios trukmes, tikimybé surasti zvaigzde
konkrecioje evoliucinéje stadijoje skiriasi. | tai atsizvelgiama padauginus tiki-
mybe iS IMF integralo vertés, kur IMF suintegruojama izochronos taska ati-
tinkanc¢iame pradiniy masiy intervale — (m; + m;—1)/2 — (m;+1 +m;)/2. Kuo
trumpesné evoliuciné stadija, tuo siauresnj pradiniy masiy intervala apima Sia
stadija atitinkanti izochronos dalis.

Anksciau gauta tikimybé suskaic¢iuojama visiems izochronos taskams ir su-
sumuojama — taip gaunant bendra tikimybe, jog Zvaigzdé turi (Ay, Z,t) para-
metrus:

P(Ay, Z,t) =Y P(Av, Z,t,m;). (2.7)

Sj procesa pakartojus visoms parametry kombinacijoms, gaunamas zvaigz-
dés parametry tikimybinis skirstinys. Taip pat, kiekvienai zvaigzdei parenkama
tikétiniausia pradiné maseé konkrediai parametry (Ay, Z,t) kombinacijai, pagal
didZiausia tikimybe P(Ay, Z,t,m;) turintj atitinkamos izochronos taska.

Norint gauti zvaigzdziy populiacijy pradines mases jskai¢iuojami matavimuy
pilnumy efektas bei uzgesusiy zvaigzdziy dalis. Kiekvienos tiriamos zvaigzdés
padédiai erdvéje (pilnumy funkcija priklauso nuo padéties stebéjimy lauke) ir
kiekvienam galimam Zvaigzdés parametry rinkiniui (Ay, Z,t) suskaic¢iuojama,
kokia masés dalis tokiy parametry populiacijos zvaigzdziy turéty buti iSmatuo-
ta bei dar Svieéianti:

(miy14+mi)/2
R(e.y Av.2:6) = Y 1) [ mIMF(m)dm,  (23)

i (mi+mi—1)/2
¢ia zymeéjimai tokie patys kaip ir 2.6 lygtyje. Padalinus nustatytas pradines
Zvaigzdziy mases i$ atitinkamo dydZio R(z,y, Ay, Z,t), gaunami zZvaigzdziy

populiacijy pradiniy masiy skirstiniai stebéjimy lauke bei parametry erdvéje.
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Paskirscius kiekvienos zvaigzdés atitinkama populiacijos pradinés masés dalj
per parametry erdve pagal jos tikimybinj skirstinj, gaunamas galutinis zvaigz-
dziy populiacijy pradiniy masiy pasiskirstymas parametry erdvéje (tuo paciu
ir laike) bei galaktikos diske — dvimaté Zvaigzdédaros istorija.

2.4.2. Dvimateés zvaigzdédaros istorijos nustatymo testai

Pasitelkus dirbtines zvaigzdziy populiacijas, patikrintos dvimatés zvaigzdéda-
ros istorijos nustatymo metodo taikymo ribos bei patikimumas (2.15 pav.).
Naudojantis anksciau aprasytu metodu, atkurtas dirbtinés galaktikos zvaigz-
dédaros morfologijos kitimas per pastaruosius 500 Myr.

Dirbtinés galaktikos zvaigzdziy duomenys sugeneruoti pagal 2.2 skyriuje
apraSyta metodika, imituojant Subaru teleskopo Suprime-Cam kameros Leo A
galaktikos stebéjimy kokybe. Zvaigzdziy populiacijos sugeneruotos pagal to-
kia pacia zvaigzdédaros istorija, kokia buvo naudojama 2.3.2 skyriuje Subaru
duomeny tyrimy testams (2.6 ir 2.7 pav.) — keturios skirtingy amziy bei masiy
populiacijos. Dirbtinés zvaigzdés patalpintos Leo A galaktikos disko paramet-
rus atitinkanciame elipsiniame Ziede: didZiojo pusaSio ribos 2'.5 < a < 3'.5,
pusasiy santykis b/a = 0.6, pozicinis kampas PA = 114° (Vansevicius et al.,
2004). Kiekvienos i$ keturiuy populiacijy zvaigzdés atsitiktinai ir tolygiai pa-
skirstytos po keturis vienodo ploto ziedo segmentus, kaip parodyta 2.15 pav.

Atkurta dirbtinés galaktikos dvimaté Zvaigzdédaros istorija parodyta
2.15 pav. Atkurtos ir uzduotos zvaigzdédary istorijy pasiskirstymai suglotninti
naudojantis 0'.4 x 0".4 dydzio langu (Leo A atstumu (m — M)e = 24.58 ati-
tinka 90 x 90pc?), ji stumdant 0.02 dydzio zingsneliu. Atkurtos visy keturiy
populiacijy morfologijos. Dviejy senesniy populiacijy pasiskirstymai atkurti su
gana dideliu tikslumu. Taciau dviejy jaunesniy populiacijy skirstiniai atkurti
prasciau. Juy forma isskirta, taciau gautos absoliutinés zvaigzdédaros spartos
tankio vertés dvigubai mazesnés. Dél daug mazesnés Siy dviejy populiacijy
maseés, jy atkuriamai zvaigzdédarai daug didesne jtaka turi mazo zvaigzdziy
skaiciaus stochastika.
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2.15 pav.: Dvimatés zvaigzdédaros istorijos nustatymo testo rezultatai. Vir-
Sutinés eilutés (su nurodytais amziy intervalais) — sugeneruota dirbtinés ga-
laktikos dvimaté Zvaigzdédaros istorija. Apatinés eilutés — atkurta dvimaté
zvaigzdedaros istorija. Zvaigzdziy formavimo spartos pavirSinis tankis uzko-
duotas pagal nurodyta spalvy skale. Dirbtinés galaktikos keturios populiacijos
sugeneruotos keturiuose vienodo ploto elipsinio ziedo segmentuose. Elipsinio
ziedo parametrai atitinka Leo A galaktikos disko iSoring sritj: didziojo pusasio
ribos 2/.5 < a < 3.5, pusasiy santykis b/a = 0.6, pozicinis kampas PA = 114°
(Vansevicius et al., 2004).
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2.4.3. Leo A dvimateés zvaigzdédaros istorijos tyrimo rezultatai

Laikui bégant zvaigzdés dél chaotiniy gravitaciniy saveiky issisklaido po visa
galaktika, taciau tai uztrunka. Butent mazos masés nykstukinése galaktikose,
tokiose kaip Leo A, Sis procesas uztrunka kelis Simtus milijony mety ar net
ilgiau (Bastian et al., 2011). Dél Sios priezasties Leo A galaktikoje zvaigzdéda-
ros morfologijos kitima galima atsekti iki keliy simty Myr atgal, tiriant esamas
zvaigzdziy populiacijas.

Pasitelkus 2.4.2 skyriuje aprasyta metoda, buvo atkurta nykstukinés ga-
laktikos Leo A dvimaté Zvaigzdédaros istorija per pastaruosius 500 Myr
(2.16 pav.). Rezultatai gauti panaudojus du duomeny rinkinius: aukstesnés
kokybés HST ACS stebéjimy duomenis apribotus F475W < 25, bet kurie ne-
apima visos per tirta laikotarpj zvaigzdes formavusios srities; bei visa galakti-
kos diska apimancius, bet prastesnés kokybés, Subaru Suprime-Cam stebéjimy
duomenis apribotus V' < 24. Nepaisant skirtingos naudoty duomeny kokybés,
abejais atvejais atkurtas beveik vienodas zvaigzdédaros morfologijos kitimas.

Gauti rezultatai rodo, jog zvaigzdédaros regionas Leo A galaktikoje per
pastaruosius 500 Myr traukesi | centrines sritis (2.16 pav.). Tai patvirtina
siuo metu vyraujanciag nuomone, jog nykstukinéms galaktikoms budingas besi-
traukiancios zvaigzdédaros (angl. outside-in) scenarijus (Bernard et al., 2007;
Zhang et al., 2012; Hidalgo et al., 2013; Benitez-Llambay et al., 2016). Pagal jj,
zvaigzdes formuojantis regionas nykstukinése galaktikose laikui bégant traukia-
si. Susiformavus naujoms zvaigzdéms, stiprus ju griztamasis rysys (pvz. super-
novy sprogimai, zvaigzdZiy véjas, jonizuojancioji spinduliuoté) issklaido dujas
i aplinkines sritis. Taciau dél mazos galaktikos masés, didelé dalis pakrasciuose
buvusiy dujy issviedziamos j halg ar net visai pabéga i$ galaktikos ir nebesu-
grizta j zZvaigzdes formuojancia sriti. Tokiu budu traukiasi galaktikos sritis su
zvaigzdédarai pakankamu duju tankiu ir tuo paciu zvaigzdes formuojanti sritis.
Tokj scenarijy patvirtina ir pastaryjuy 200 Myr zvaigzdédaros issidéstymas pa-
lei tankiausia arkos formos dujy sritj Salia centro (duju tankio pasiskirstymas
parodytas baltais konturais 2.16 pav. pagal Hunter et al. (2012) matavimus).
Pries ~200 Myr zvaigzdes formuojanti sritis, i§ platesnio regiono aplink cent-
ra, pradéjo pereiti j siauresne arkos formos sritj, sekdama likusiy dujy tankio
profili. Greiciausiai, aktyvi zZvaigzdédara centre praretino dujas Siek tiek ma-
ziau tankioje pietinéje srityje, taip sioje srityje sustabdant tolimesnj zvaigzdziy
formavima. Nepaisant to, tiriant dvimacius skirstinius deréty nepamirsti, kad
Leo A galaktika yra trimaté struktura ir jos diskas grei¢iausiai yra labai storas
ar net labiau primenantis sfera, nei diska (Kirby et al., 2017). Todél, detales-
niems galaktikos evoliucijos tyrimams reikéty papildomy stebéjimy duomeny
apie trimatj duju ir zZvaigzdziy iSsidéstyma.

Atkurtoje Leo A dvimatéje zvaigzdeédaros istorijoje matomos galimos uzuo-
minos, kaip vyksta zZvaigzdédaros srities mazéjimas nykstukinése galaktikose.

51



Dujy tankio zemélapyje, atvaizduotame baltais konturais 2.16 pav., i pietvaka-
rius nuo galaktikos centro yra matoma didelé rety vandenilio dujuy sritis (toliau
darbe bus vadinama HI “skyle”). Tokios HI dujuy “skylés” yra gana daznos
zvaigzdes formuojanciose nykstukinése galaktikose (Warren et al., 2011; Pokh-
rel et al.,, 2020). Manoma, kad jas sukelia zvaigzdédaros griztamasis rysSys.
Butent siuo Leo A atveju, pagal LeS¢inskaiteé et al. (2022) bei Pokhrel et al.
(2020) si didelé HI “skylé” grei¢iausiai atsirado po II tipo supernovos sprogimo
pries ne daugiau kaip 30 Myr. Sj spéjima patvirtina ir siame darbe atkurta
dvimaté zvaigzdédaros istorija. Pagal ja, pastaruosius 100-200 Myr sioje zonoje
zvaigzdédara beveik nevyko ir tik per pastaruosius 30 Myr matyti jos suakty-
véjimas. Greiciausiai, butent per §j paskutinj zvaigzdziy formavimo epizoda ir
buvo suformuota viena ar kelios didelés masés zZvaigzdés, kurios véliau sprogo 11
tipo supernovomis ir issklaidé aplinkines dujas. Deja, rezultaty laikinés skyros

neuztenka nustatyti tikslesniam amziaus jverciui.

Pasinaudojus atkurta dvimate zvaigzdédaros istorija, buvo istirta ir zvaigz-
dédaros spartos pavirsinio tankio priklausomybé nuo dujy pavirsinio tankio
Leo A galaktikoje (2.17 pav.). Gauta priklausomybé (krypties koeficientas
1.6 & 0.2) atitinka kity autoriy rezultatus nykstukinéms galaktikoms bei ma-
7o tankio iSorinéms diskiniy galaktiky sritims (Bigiel et al., 2008, 2010). Be
to, gauti rezultatai praplecia Sias priklausomybes j Siuo klausimu mazai tirtus
maziausius dujy metalingumus. Nors Leo A galaktikos metalingumas yra vie-
nas i$ maziausiy Vietinéje grupéje, taciau nustatytoje zvaigzdédaros spartos
pavirsinio tankio priklausomybéje nuo dujy pavirsinio tankio nematyti dideliy
skirtumy nuo kity mazo tankio, bet didesnio metalingumo, galaktiky rezultaty,
prieSingai nei kai kuriy autoriy pateikti spéjimai (Krumholz et al., 2009b), jog
Si priklausomybé turéty smarkiai statéti krentant dujy metalingumui. Nepai-
sant to, Leo A gali buti tik iSimtis taisyklei ir todél, Siai hipotezei patikrinti

reikia daugiau tokio mazo metalingumo sistemy tyrimy.

Nustatytame zvaigzdédaros spartos pavirsinio tankio pasiskirstyme nuo
dujy pavirsinio tankio matyti keletas atsiskyrusiy ver¢iy — trys taskai ties
log¥srr = —3.1, log¥py = —0.2 vertémis (2.17 pav.). Sie tagkai atitinka
matoma HI “skyle” | pietvakarius nuo Leo A galaktikos centro (2.16 pav.).
Greiciausiai, kai Sioje srityje kazkada per pastaruosius 30 Myr gimé jauny
zvaigzdziy populiacija, jos aplinkoje dujy tankis buvo bent viena eile didesnis
iki kol zvaigzdziy griztamasis rysSys neiSstumé dujy. Vadovaujantis rezultatais
i§ kity sri¢iy, galima daryti iSvada, kad laikui bégant dujos turéty grizti ir vél
uzpildyti sia ertme. Tokiu budu trys anomalus taskai nustatytame pasiskirsty-
me pasistumty j desine ir grizty prie bendro skirstinio. Remiantis siuo atveju,
galima spéti, kad daugelis Zvaigzdédaros zony patyré panasiy dujy tankio fluk-
tuacijy, tik gal mazesniais mastais. Sig hipoteze patvirtina ir Pokhrel et al.
(2020) rastos dar trys HI “skylés” Leo A galaktikoje, nors jos ir yra Zymiai

mazesneés.
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Nustatyta priklausomybé Leo A galaktikoje tarp zvaigzdédaros spartos pa-
virsinio tankio ir dujy pavirsinio tankio islieka ir integruojant rezultatus skir-
tinguose masteliuose (2.18 pav.). Tai parodo, jog Zvaigzdédaros procesai Siame
masteliy intervale (nuo 50 iki 150 pc) seka tuos pacius désnius — t.y. tarpZvaigz-
diniy dujy debesy kolapsas vyksta vienodai, nepriklausomai nuo juy dydzio (bent
jau Siame dydziy intervale). Vienintelis matomas skirtumas virsutinéje kairéje
diagramy dalyje yra sukeltas minétos didelés “skylés” HI dujy pasiskirstyme.
Mazesnio mastelio 50 pc skaic¢iavimuose Sio darinio jtaka rezultatams yra la-
bai iSreiksta, tuo tarpu ties didesniais masteliais rezultatai beveik iSsividurkina
su aplinkinémis didesnio tankio zonomis. Be to, mazesnio mastelio rezulta-
tuose matomas neutralaus vandenilio HI dujy tankio jsisotinimo efektas ties
~9 Mg pc~? dujy tankio verte (Wong et al., 2013). I$ to galima spresti, kad
Leo A galaktikoje turéty buti maza dalis iki Siol dar neuzfiksuoty molekulinio
vandenilio Hy dujy tankiausiose dujy srityse, kur jvyko didziausi zvaigzdédaros
Zybsniai.

Per pastaruosius 100 ir 200 Myr vykusios zvaigzdédaros spartos pavirsinio
tankio pasiskirstymai nuo dujy pavirsinio tankio seka ta pacig priklausomybe.
Tai patvirtina Bastian et al. (2011) rezultatus, jog Zvaigzdziy ir dujy struktiros
nykstukinése galaktikose kaip Leo A islieka susietos bent 200 Myr.

Galiausiai, nustatyti zvaigzdédaros efektyvumai (kokia dalj visu toje srityje
esanciy duju zvaigzdédara paversty Zvaigzdémis per 100 Myr) Leo A galakti-
koje per pastaruosius 100 Myr svyruoja nuo 0.1% iki 10%, ir vidutiné verté
kiek mazesné nei 1%. Jei Leo A toliau nesustodama formuoty tokiu tempu
zvaigzdes, tai visg savo dujy rezerva iSnaudoty tik per 10 Gyr. Gautos vertés
atitinka kity nykstukiniy galaktiky zvaigzdédaros efektyvumus (Bigiel et al.,
2008, 2010).
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2.16 pav.: Atkurta Leo A galaktikos dvimaté zvaigzdédaros istorija per pasta-
ruosius 500 Myr. VirSutinés eilutés (su nurodytais amziy intervalais) — atkur-
ta Zvaigzdédaros istorija naudojantis HST ACS stebéjimy duomenimis, kurie
neapima Siuo metu zvaigzdes formuojancios srities krasty. Apatinés eilutés
— atkurta zvaigzdédaros istorija per visa galaktikos diska, pasitelkus Subaru
Suprime-Cam stebéjimy duomenis. Zvaigzdziy formavimo spartos pavirsinis
tankis uzkoduotas pagal nurodyta spalvy skale. Balti konturai nurodo vieno-
do HI dujy tankio linijas (Hunter et al., 2012). Matyti, jog per pastaruosius
500 Myr zvaigzdédaros sritis traukeési j centrines galaktikos sritis — j lanko for-
mos sritj, kur Siuo metu yra didziausi HI dujy tankiai. Visose diagramose siauré
yra virsuje, rytai — kairéje.
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2.17 pav.: Gauta zvaigzdédaros spartos pavirsinio tankio priklausomybé nuo
dujuy pavirsinio tankio. Leo A galaktikoje néra rasta molekulinio vandenilio
pédsaky, todél laikoma, kad HI dujy tankis rodo visy dujy tankj. Kairéje re-
zultatai gauti i$ atkurtos Leo A dvimatés Zvaigzdédaros istorijos suintegravus
SFR per pastaruosius 100 Myr. Desinéje — per pastaruosius 200 Myr. Pilkos
punktyrinés linijos nurodo vienodo zZvaigzdédaros efektyvumo linijas, o skaiciai
salia — per kiek mety tokio efektyvumo zvaigzdédara isnaudoty visas dujas.
Raudona linija — maziausiy kvadraty metodu priderinta tiesé (krypties koefi-
cientas 1.6 £ 0.2) atmetus tris anomalius atsiskyrusius taskus virSuje kairéje.
Rezultatai skaiCiuoti su slenkanéiu 0'.4x 0".4 (Leo A atstumu (m— M)y = 24.58
tai atitinka 90 x 90 pc?) dydzio langeliu. Trys atsiskyre taskai virsuje kairéje
atitinka didele mazo tankio dujy sritj i pietvakarius nuo Leo A centro.
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2.18 pav.: Gauta zvaigzdédaros spartos pavirsinio tankio priklausomybés nuo
dujy pavirsinio tankio integruojant rezultatus skirtinguose masteliuose (virsuje
50x 50 pc?, apacioje 150 x 150 pc?). Visi Zyméjimai tokie patys kaip ir 2.17 pav.
Matyti, kad ta pati priklausomybé islieka skirtinguose galaktikos masteliuose.
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3. ANDROMEDOS GALAKTIKOS ZVAIGZDZIU SPIECIAI

Norint suprasti pagrindinius désnius vadovaujancius galaktiky formavimuisi ir
evoliucijai, butina iSsiaiskinti ne tik maziausiy nykstukiniy, bet ir didziyjy ga-
laktiky formavimosi ypatumus. Dvi didziausios Vietinés grupés galaktikos yra
musy Paukscéiy Tako galaktika bei uz 785 kpc (m — M = 24.47) esanti And-
romedos (M31) galaktika (McConnachie et al., 2005). Atrodytu, lengviausia
buty tirti musy Galaktika, kurioje esame, deja, buvimas jos viduje itin apsun-
kina viso galaktikos disko stebéjimus ir evoliucijos tyrimus — dujos ir dulkés
uzstoja didziaja dalj disko. Todél, netolima Andromedos galaktika, kurios dis-
ka galime stebéti is iSorés, yra daug geresnis tyrimy objektas didziyjy galaktiky
evoliucijos procesams tirti.

Andromedos galaktika yra Vietinés grupés diskiné galaktika su skerse cent-
re. Taij Pauksciy Taka panasi Siek tiek masyvesné galaktika (Penarrubia et al.,
2014; Kafle et al., 2018). Taciau, nepaisant panasumy, Andromedos galaktikos
evoliucijos istorija smarkiai skiriasi. Manoma, kad skirtingai nei musy Galak-
tika, Andromedos galaktika patyré bent kelis stambius susijungimus su ma-
Zesnémis galaktikomis per pastaruosius 4 Gyr (Williams et al., 2015; Hammer
et al., 2018; Bhattacharya et al., 2019). Tai gali buti viena i$ priezasc¢iy, kodél
musy Galaktikoje nerandama masyviy vidutinio amziaus zvaigzdziy spieciy,
skirtingai nei Andromedos galaktikoje (Vansevicius et al., 2009). Yra Zinoma,
kad galaktiky saveikos gali sukelti didelio aktyvumo zvaigzdédaros zybsnius bei
paskatinti dideliy spieCiy formavimasj (Barton et al., 2000; Di Matteo et al.,
2007). Todeél detalesni Zvaigzdziy spieciuy tyrimai galéty atskleisti tokiy dideliy
kaip Andromedos ir Pauksciy Tako galaktiky evoliucijos ypatumus.

Dauguma zvaigzdziy gimsta butent zvaigzdziy spieciuose. Nors laikui bé-
gant mazesnés masés spieciai yra palaipsniui ardomi dviejy kuny saveiky, po-
tvyniniy jégy bei kity procesy, taciau kamuoliniai spieciai bei kiti masyvus
spieciai islieka ilgai ir leidzia atsekti buvusius zvaigzdédaros aktyvumo epizo-
dus toli j praeit].

3.1. Zvaigzdziy matavimy duomenys bei spie¢iy imtis

Andromedos galaktikos zvaigzdziy spieciy tyrimai buvo atlikti pasitelkus PHAT
(angl. The Panchromatic Hubble Andromeda Treasury) apzvalgos duomenis
gautus su HST teleskopu (Dalcanton et al., 2012; Williams et al., 2014). PHAT
apzvalga apima didele dalj Andromedos galaktikos disko — nuo tankaus centro
iki rety iSoriniy Siaurés-ryty disko daliy. Taciau, dél itin didelés lauko Zvaigz-
dziy tarsos centrinéje galaktikos dalyje, §i sritis buvo nepanaudota spieciy ty-
rime (3.1 pav.). Stebéjimai buvo atlikti su trimis HST kameromis naudojantis

Sesiomis fotometrinémis juostomis, apimanciomis nuo UV srities iki artimo-
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sios IR srities: F275W ir F336W stebéjimai atlikti su WFC3/UVIS kamera,
FA75W ir F814W — su ACS/WFC kamera, F110W ir F160W —su WFC3/IR
kamera.

Siame tyrime panaudoti Zvaigzdziy fotometriniai matavimai i§ PHAT ap-
7zvalgos Zvaigzdziy fotometrinio katalogo Williams et al. (2023). Siame kataloge
pateikti 138 milijony objekty fotometriniai matavimai visuose Sesiuose PHAT
apzvalgos filtruose. Taciau, F110W ir F160W duomenys buvo panaudoti tik
spiec¢iy nariy atrankai, bet ne spieciy parametry nustatyme, dél prastesnés
ju kokybés bei mazo jautrumo skirtingiems spieciy parametrams. Nepaisant
to, likusios keturios fotometrinés juostos apima pakankamai placiag zvaigzdziuy
spektry sritj patikimam spieéiy parametry nustatymui.

Siame tyrime buvo analizuota 854 zvaigzdziy spieciy imtis i§ PHAT apzval-
gos 2753 spieciy katalogo Johnson et al. (2015). Siame kataloge esantys spieciai
buvo aptikti remiantis tukstanciy savanoriy klasifikacijomis, kurie iSskyré spie-
¢ius nuo galaktiky ir kity foniniy objekty. Taciau ne visy spieciy zZvaigzdziy
fotometriniai matavimai leidzia patikimai nustatyti ju parametrus. Todél bu-
vo pasirinkta tik 1181 spieCiy imtis, su kokybiskiausiais stebéjimais, atrinkta
de Meulenaer et al. (2017), Naujalis et al. (2021) ir Kris¢iunas et al. (2023)
darbuose, is kurios dar buvo atmesti spieciai senesni nei 1 Gyr, nes matavimy
pilnumai neleidzia tokio amziaus spieciams patikimai nustatyti jy parametrus.
Po siy atmetimy is viso liko 854 zvaigzdziy spieciai.

Zvaigzdziy spie¢iy parametrai buvo nustatyti tiriant jy Zvaigzdes patenkan-
Cias | Naujalis et al. (2021) darbe nurodytas aperturas — apskritiminig sritj
apimancia didziaja dalj spieCiaus zvaigzdziy. Kai kuriy spieciy itin tankios
centrinés dalys, su blogai iSmatuotomis zvaigzdémis, buvo atmestos i$ analizés
zony. Sie apertiiry pataisymai buvo atlikti perzitirint kiekvieno spie¢iaus CMD
diagramas bei stebéjimy nuotraukas visose Sesiose fotometrinése juostose.

Ivertinti naudojamos fotometrijos kokybei buvo nustatytos fotometriniy pa-
klaidy bei matavimy pilnumo funkcijy priklausomybés nuo Zvaigzdziy ryskiy
Sesiose skirtingo tankio aplinkose (3.2 pav.). Sios priklausomybés suskai¢iuotos
is PHAT fotometrijos AST testy rezultaty pateikty Williams et al. (2023). Skir-
tingy aplinky zvaigzdziy tankiams jvertinti buvo pasitelkti matavimai F475W
fotometrinéje juostoje, su kuria gaunama giliausia fotometrija. Objekty tan-
kiai AST testy laukeliuose skaiciuoti kaip zZvaigzdziy su F475W < 26 skaicius

2. Analizuojant spieéius, kiekvieno i3 jy

kvadratinéje lanko sekundéje, arcsec
zvaigzdéms priskirtos fotometrinés paklaidos bei matavimy pilnumai pagal to
spieCiaus aperturos laukelio atitinkamai suskaiciuota objekty tankj.

Spieciy tyrimams buvo panaudotos tik zvaigzdés su F475W ryskiais virs
30% matavimy pilnumo ribos bei su bent vienu kitu iSmatuotu F'336W arba
F814W ryskiu virs§ 30% pilnumo riby.
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3.1 pav.: Analizuoty 854 spie¢iy pasiskirstymas Andromedos galaktikoje, at-
vaizduotas ant GALEX NUV nuotraukos. Briksnine linija pazymétos elipsés
nurodo 9, 14 ir 19 kpc atstumus nuo galaktikos centro deprojektuotame diske.
Tiesios bruksninés linijos nurodo kampus nuo didziosios asSies deprojektuotame
galaktikos diske. Siauré nukreipta j virsy, rytai — i kaire.
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3.2 pav.: M31 zvaigzdziuy spieCiy tyrime panaudotos zvaigzdziu fotometrijos
paklaidy (vientisos linijos) bei matavimuy pilnumo funkcijos (taskinés linijos)
priklausomybeés nuo zvaigzdziy ryskiy Sesiose skirtingo tankio aplinkose. Sios
priklausomybés suskaic¢iuotos i§ PHAT fotometrijos AST testy rezultaty pa-
teikty Williams et al. (2023). Skirtingomis spalvomis pazyméti keturiy foto-
metriniy juosty rezultatai: F275W violetine, F336W zalia, FA475W juoda ir
F814W Zydra. Vertikalios punktyrinés linijos zymi 50% matavimy pilnumy
riba atitinkamose fotometrinése juostose. Kiekvienoje diagramoje nurodytas
AST laukelio, kuriame gauti rezultatai, tankis — zvaigzdziy su F475W < 26

skaicius kvadratinéje lanko sekundéje, arcsec”.
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3.2. Zvaigzdziy spieciy parametry nustatymo metodas

Zvaigzdziy spiecius tiksliai apibrézti sudétinga (Renaud, 2018), bet jprastai
laikoma, kad tai gravitaciskai susieta vienodo amziaus ir cheminés sudéties
zvaigzdziy populiacija. Vis délto, pastaraisiais metais randama vis daugiau
masyviy spietiy su tam tikrais amziaus ir cheminés sudéties skirtumais tarp
spie¢iaus populiacijos Zvaigzdziy (Bastian & Lardo, 2018). Nepaisant to, Sie
skirtumai paprastai buna mazesni nei kity galaktiky zvaigzdziy spieciy foto-
metriniy tyrimy paklaidos, todél sio darbo kontekste galima daryti prielaida,
kad spieciaus zvaigzdés turi vienoda amziy ir chemine sudétj. Atsizvelgiant j
visa tai, kiekviena zvaigzdziy spieciy galima apibudinti jo amziumi, metalin-
gumu (apibendrintu cheminés sudéties parametru), mase bei ju stebima Sviesa
paveikusia tarpzvaigzdine ekstinkcija.

Andromedos zvaigzdziy spieciy tyrime buvo naudojamas Pauksé¢iy Tako eks-
tinkcijos désnis Ry = 3.1 (Schlafly & Finkbeiner, 2011), Andromedos atstumo
modulis m — M = 24.47 (McConnachie et al., 2005) bei Kroupa (2001) IMF
funkcija (2.3 lygtis) Zvaigzdziy maséms nuo 0.1 iki 120 M.

PHAT apzvalgos zvaigzdziy fotometrija leidzia patikimai nustatyti paramet-
rus zvaigzdziy spieciams iki beveik 1 Gyr amziaus. Per tokj laika M31 galakti-
kos metalingumas turéjo pasikeisti santykinai nedaug, todél siame darbe zZvaigz-
dziy metalingumo verté buvo fiksuota ties Saulés metalingumu [M/H] = 0, atsi-
zvelgiant j galaktikos dujy cheminés sudéties matavimus (Sanders et al., 2012;
Zurita & Bresolin, 2012). Dél 8iy priezasCiy, Siame tyrime Zvaigzdziy spie-
¢iams buvo nustatyti tik amziaus bei tarpzvaigzdinés ekstinkcijos parametrai.
Nepaisant to, naudotas metodas bus aprasytas bendresne forma su skirtingy
metalingumo verciy jskaitymu, atsizvelgiant j galimybe pritaikyti metoda ki-
tuose darbuose.

Zvaigzdziy spie¢iy parametry nustatymo metodas paremtas tikimybiniu vi-
sy spieciaus zvaigzdziy fotometriniy matavimy lyginimu su zZvaigzdziy evoliu-
cijos modeliy banku (izochrony banku). Siame tyrime naudotos izochronos
iS to pacio evoliucijos modeliy banko kaip ir anks¢iau aprasytame Leo A ga-
laktikos tyrime (2.2 skyr.) — PAdova and tRieste Stellar Evolutionary Code
PARSEC-COLIBRI v1.2S! (Bressan et al., 2012; Marigo et al., 2017).

Siame darbe naudotas spie¢iy CMD tyrimo metodas leidzia nustatyti jy
amziy, ekstinkcija ir metalinguma, taciau ne mase. Naudojant atskiry spie-
¢laus zvaigzdziy fotometrija, pastaraji parametra nustatyti galima, taciau su
dideliais neapibréztumais dél itin didelio jautrumo spieciaus zvaigzdziy stochas-
tikai. Spie¢iaus masé patikimiau nustatoma is integralinés fotometrijos. Dél siy
priezasciy, zvaigzdziy spieciy masés buvo nustatytos lyginant juy integralinius
ryskius F'475W fotometringje juostoje (Naujalis et al., 2021) su Saulés meta-
lingumo SSP modeliais (Bressan et al., 2012; Marigo et al., 2017) atsizvelgiant

Thttp:/ /stev.oapd.inaf.it/cgi-bin/cmd
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i is CMD diagramy nustatytais spiec¢iy parametrais — ekstinkcija ir amziy.

Nustatant zvaigzdziy spieciy parametrus nebuvo atsizvelgiama j dvinariy
zvaigzdziy jtaka, nes testai su dirbtiniais zZvaigzdziy spieciais (3.3 skyr.) rodo,
jog ju itaka rezultatams daug mazesné, nei kitos nustatymo paklaidos.

Siame darbe aprasytas ir naudotas naujai sukurtas #vaigzdziy spieciy para-
metry nustatymo metodas susideda is dviejy daliy. Pirmiausia, i$ pasirinktos
spieCiaus aperturos zonos tikimybiskai atrenkamos labiausiai tikétinos zvaigz-
dziy spieciaus narés. Tai padaroma lyginant j spiec¢iaus apertura patenkanciy
objekty pasiskirstymus erdvéje bei skirtingose CMD diagramose su fono ob-
jekty, esanciy uz spieciaus aperturos, analogiskais skirstiniais. Toliau metodas
naudojasi panasiais principais kaip ir 2.4.1 skyriuje aprasytas galaktikos dvima-
tés zvaigzdédaros istorijos nustatymo metodas. Kiekvienos atrinktos spieciaus
zvaigzdés fotometriniai matavimai lyginami su konkreciy parametry izochrona
ir suskaic¢iuojama tikimybé tai zZvaigzdei turéti tokius pat parametrus. Tai pa-
kartojama su visu izochrony banku ir suskaiciuojamas visas tikimybiy skirstinys
tiriamai zvaigzdei turéti jvairius parametry rinkinius. Si procediira atlickama
su visomis atrinktomis spieciaus zvaigzdémis ir susumavus visy jy tikimybinius
skirstinius gaunamas bendras tikimybinis skirstinys visam spieéiui, i§ kurio su-

randamas geriausias spieciaus parametry sprendinys.

3.2.1. Nariy atranka

Zvaigzdziy spie¢iy nariy atrankai sukurtas i§ dviejy daliy susidedantis meto-
das. Pirmiausia, pasitelkus modifikuota Perren et al. (2015) spieciaus nariy
atrankos metodo versija, kiekvienam objektui patenkancéiam j pasirinkta spie-
¢iaus apertira (Rap) suskaiCiuojamas tikétinumas buti spieCiaus nariu. Sie
tikétinumo jverciai toliau panaudojami lyginant objekty tankio pasiskirstymus
ivairiose CMD diagramose su analogiskais fono objekty pasiskirstymais. IS to
suskai¢iuojamos tikrosios tikimybés zvaigzdéms buti spieciaus narémis. Ga-
liausiai, atmetamos visos zZvaigzdés su mazesne tikimybe buti spieCiaus nare
nei pasirinkta ribiné verté.

Tarkime, kad ZvaigzdZiu, esanciy spie¢iaus aperturoje, imtis (imtis A) su-
sideda tik i$ spie¢iaus nariy (imtis C) ir lauko Zvaigzdziy (imtis F'). Tuomet,
spieciaus nariy atrankos problema galima supaprastinti j tikimybiy skaiciavi-
mo uzdavinj: kokia tikimybeé, jog Zvaigzdeé is imties A yra spieciaus naré (€ C)
arba lauko Zvaigzdé (€ F)? Sj uzdavinj galima iSskaidyti j dvi hipotezes:

e Hj: zvaigzdé yra spiefiaus naré (€ O);
e Hs: 7vaigzdé yra lauko objektas (€ F).

Kadangi kiekvienai zvaigzdei tik viena is Siy hipoteziy gali buti teisinga ir
P(Hy) + P(H3) = 1, todél norint atskirti C' ir F Zvaigzdziy imtis uztenka
suskaiciuoti tik H; hipotezés tikimybe.
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Si tikimybé randama pasitelkus Bajeso teorema, kuri teigia: esant jvykiui
H (musy atveju tai hipotezé Hp) ir jvykiui D (musuy atveju tai iSmatuoty
duomeny rinkinys) bei zinant, kad jvykio D tikimybé nelygi nuliui P(D) # 0,
galima rasti salygine tikimybe P(H|D), kad jvyks jvykis H zinant, jog jvykis
D jau jvyko, pagal tokig formule:

P(H)P(D|H)

P(H|D) = =5,

(3.1)
¢ia P(H|D) yra hipotezés H tikimybeé Zinant iSmatuotus duomenis D, dar vadi-
nama a posteriori tikimybe; P(H) — hipotezés H tikimybeé be jokiy iSankstiniy
ziniy, dar vadinama a priori tikimybe; P(D|H) — tikimybé iSmatuoti duomenis
D laikant, kad hipotezé H yra teisinga; P(D) — tikimybé iSmatuoti duomenis
D, jprastai panaudojama kaip normavimo konstanta.

Pritaikius Bajeso teorema H; ir Hy hipotezéms, galima uzrasyti keturias
lygtis:

P(H,);P(D|Hy);

R (52)
P(H,|D); = P(HQ)JZZ())DHQM

P(Hl‘D)i—l—P(HﬂD)i =1,
P(Hy); + P(Hy); =1,

i kuriy tiesiogiai iSsiveda ieSkoma tikimybé P(H;|D);, kad atsitiktinai pasi-
rinkta zvaigzdé i esanti spie¢iaus aperturoje (€ A) bus tikra spiefiaus naré
(hipotezé Hy), atsizvelgus i turimus matavimy duomenis D (Zvaigzdziuy foto-
metrija):

P(Hl)iP(D‘Hl)i
P(H,);P(D|Hy); + (1 — P(H,);)P(D|Hz);

P(Hy|D); = (3.3)

Toliau belieka apsibrézti kiekvieng is Sios lygties nariy. Pirmos hipotezés
a priori tikimybei P(Hy); jvertinti buvo pasirinkta panaudoti informacija apie
zvaigzdziy padeétis spieciaus aperturoje ir lauko zvaigzdziy zonoje uz spieciaus
riby: ziede nuo 2 iki 3.5 R, — imtis B. Tokios apertiiros ribos uztikrina pakan-
kamai didelj skai¢iy lauko zvaigzdziy (turéty buti bent kelets karty daugiau
nei objekty spieCiaus aperturoje) ir, tuo paciu, yra pakankamai toli, jog i Sia
imtj nepakliuty nei viena spieciaus zvaigzdé. Kita vertus, §i zona negali buti
per toli nuo spieciaus centro, kad lauko zvaigzdziy populiacija joje nesiskirty
per daug nuo spieciaus imtj uztersusiy zvaigzdziy.

P(H,); tikimybé gaunama lyginant Zvaigzdziu tankj pasirinktos zvaigzdés
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aplinkoje su vidutiniu lauko Zvaigzdziy tankiu (is imties B):

_ Pi
PUh): pi+{p)p (34)
1 —4 ((a; — ;)% + (8; — 6;)?)
Pi = Nixj;e){p R2 ’

¢ia X — zvaigzdziy imtis apimanti visas zvaigzdes nutolusias nuo zvaigzdés ¢ ne
daugiau kaip per 0.5 Rap; (@, d) nurodo atitinkamai zvaigzdziy rektascencijos
ir deklinacijos koordinates danguje.

Tikimybés P(D|Hy); ir P(D|Hsz); dar vadinamos tikétinumo funkcijomis.
Jas patogumo déliai zymésime taip: Le,; = P(D|H;); ir Lg; = P(D|Hs);. Sios
tikimybés suskaiciuojamos lyginant pasirinktos zvaigzdés fotometrinius mata-
vimus su atitinkamai spie¢iaus aperturoje esanciy zvaigzdziy fotometrija (€ A)
bei lauko objektuy zonos zvaigzdziu fotometrija (€ B) laikant, kad fotometrinés
paklaidos atitinka normalyjj skirstinj:

1 & 1 —(mi —m;)? . —(ci — ¢))?

e NXZ m (i §)oei >exp[ 202 (i J) ] p[ 20203, ) } (3:5)
02,(i,5) = 02,(i) + 02,(5),
o2 (i,j) = 07 (i) + 02(j),

ciaY € {C,F}ir X € {A, B}; (m, ¢) —nurodo atitinkamai zvaigzdés fotometri-
nj ryskj bei spalva; (0., 0.) — atitinkamai Zvaigzdés ryskio ir spalvos paklaidos.
Bendruoju atveju tikétinumo funkcijai galima naudoti tokia jos iSraiska, taciau
tokiu atveju rezultaty patikimumas labai priklausys nuo fotometriniy paklaidy
nustatymo tikslumo. Deja, zvaigzdziy spiec¢iuose, kur objekty tankis svyruoja
didelése ribose, labai sudétinga nustatyti tikslias fotometrines paklaidas kiek-
vienam objektui. Todél siame darbe 3.5 lygties skaic¢iavime visas paklaidas
prilyginome vienetui (o,, = 1 and 0. = 1), tokiu budu iSvengiant rezultaty
iskraipymo dél netikslumy fotometriniy paklaidy nustatyme.

Galiausiai, jstacius i 3.3 lygti auksciau aprasytas 3.4 ir 3.5 lygtis, gaunama
galutiné tikimybés P(H;|D); iSraiska:

Lcy
Loi+ ({p)B/pi) Lri

P(H\|D); = (3.6)

Sia gauta israiska jau galima biity naudoti lauko Zvaigzdziy atmetimui i$
spieciaus aperturos, taciau ji veikia tik mazai lauko zvaigzdziy uzterstiems spie-
¢iams. Jeigu spieciaus aperturoje lauko zvaigzdziy yra tiek pat ar daugiau nei
tikry spie¢iaus nariy, vien tik su sia tikimybe patikimai atrinkti spieciaus narius
nepavyks. Siai problemai i$vengti, buvo panaudotas jvairiy dydziy slenkanéiy
langy metodas kartu su 3.6 lygties rezultatais.
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3.3 pav.: Zvaigzdziy spie¢iaus APID 0031 nariy atranka parodyta CMD dia-
gramoje bei dangaus koordinatése. Spalvomis nurodytos zvaigzdziy esanciy
spie¢iaus aperturos zonoje tikimybés buti spieCiaus narémis (violetiné — ma-
Ziausia tikimybe, raudona — didziausia tikimybeé). Lauko zvaigzdés esancios uz
spieciaus aperturos zonos pazymétos pilkais taskais.

Pirmiausia, parenkamas kvadratinis 0.5 x 0.5mag? dydzio langas
FAT5W (FATSW — F814W) CMD diagramoje ir atrenkamos visos zvaigzdées
i$ spieCiaus aperturos (i$ imties A) bei i$ lauko Zvaigzdziy (i$ imties B), kurios
CMD diagramoje paklitina j nurodyta langa. Zinant spietiaus apertiiros zonos
A ir lauko zvaigzdziy zonos B ploty santykij bei kiek lauko zvaigzdziy i$ imties
B paklitina j nurodyta langa, suskaiciuojama kiek lauko zvaigzdziy turéty buti
tarp spieciaus apertiuros zvaigzdziy pakliunanciy j s CMD langg. Toks skai-
¢ius zvaigzdziy su maziausiomis 3.6 lygties tikimybémis atmetamas i$ atrinkty
spieCiaus aperturos zvaigzdziy patenkanciy j pasirinktg CMD langa. Likusios
Zvaigzdés pazymimos kaip galimos spieciaus narés.

Toliau, CMD diagramos langas paslenkamas per ketvirtadalj jo krastinés
ilgio ir procediira pakartojama. Sis procesas kartojamas tol, kol patikrina-
mos bent po viena karta visos spieciaus aperturoje esancios zvaigzdés. Tuomet
padidinamas lango dydis ir procedira kartojama i§ naujo. Sitaip lango dydis
didinamas nuo 0.5x 0.5 mag? iki 5x 5 mag? kas kartg padidinant lango krastines
po 0.5mag. Visa Sita procedura pakartojama dar dviejose CMD diagramose:
F336W (F336W — FAT5W) ir F110W (F110W — F160W). Galiausiai, suskai-
¢iuojama kiek karty kiekviena spieciaus aperturos zvaigzdé buvo tikrinama ir
kiek karty buvo parinkta, kaip galima spieciaus naré. Siy skai¢iy santykis
toliau naudojamas kaip #vaigzdés tikimybé biuti spieiaus nare. Sio metodo
pritaikymas tikram Andromedos zvaigzdziy spiec¢iui APID 0031 kaip pavyzdys
parodytas 3.3 pav.
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Siame darbe spie¢iy parametry nustatymui naudotos tik tos Zvaigzdes, ku-
riy galutinés tikimybés buti spieciaus narémis siekia nemaziau kaip 0.9. Tokia
auksta ribiné verté buvo pasirinkta todél, kad toliau aprasomas spieciy pa-
rametry nustatymo metodas (zr. 3.2.2 skyr.) duoda patikimiausius rezulta-
tus naudojant maziausiai lauko zvaigzdémis uzterstas spieCiaus zvaigzdziy im-
tis, bet tuo paciu rezultaty tikslumas ne smarkiai sumazéja esant mazesniam
zvaigzdziy skaidéiui.

Nors sis metodas gana patikimai atrenka zvaigzdziy spiec¢iy narius nuo lau-
ko zvaigzdziy, bet vis délto kai kuriais atvejais palieka ryskias zvaigzdes, ku-
rios akivaizdziai yra ne spieciaus zvaigzdés. Todél, spieciaus nariy atrankos
patikimumui uztikrinti, buvo akimis patikrintos kiekvieno tirto Andromedos
spieciaus CMD diagramos ir atmestos ryskios zvaigzdés, kuriy neatmeté auks-
¢iau apraSytas metodas, bet kurios smarkiai nutolusios nuo geriausiai spieciaus
zvaigzdziy populiacija atitinkancios izochronos.

3.2.2. Parametry nustatymas

Zvaigzdziy spie¢iy parametry nustatymui kiekvienam spieciui buvo suskai¢iuoti
tikimybiy skirstiniai, turéti jvairius parametry rinkinius. Didziausia tikimybe
turintis parametry rinkinys parenkamas kaip spieciaus sprendinys. Konkretaus
spieciaus tikimybiy skirstinj gaunamas susumavus atrinkty spie¢iaus nariy tiki-
mybinius skirstinius. Konkrecios zvaigzdés tikimybé turéti tam tikrg parametry
rinkinj skai¢iuojama lyginant jos fotometrinius matavimus su atitinkamy para-
metry izochrona laikant, kad fotometriniy matavimy paklaidos seka normalyji
skirstinj ir atitinka 3.1 skyriuje aprasytas paklaidy priklausomybes.

Pirmiausia, kiekvienai atrinktai zvaigzdziy spieciaus narei 7 suskai¢iuojamas
tikimybiy skirstinys P;(Ay,t) ivairioms ekstinkcijos Ay ir amziaus ¢ kombina-
cijoms. Siame darbe ekstinkcija buvo kei¢iama 0.05 mag zingsniu nuo 0.0 iki
2.5 mag, o amzius log(t/yr) logaritminiu zingsniu 0.05 dex nuo 6.6 dex iki
10.1 dex. Tokios parametry ribos ir kitimo zingsniai parinkti tam, kad padeng-
ty visas galimas zvaigzdziy parametry ribas su pakankama skyra.

Pasirinktos zvaigzdés ¢ tikimybiy skirstinys P;(Ay,t) suskaic¢iuojamas ly-
ginant jos padétj CMD diagramoje F; = (m;,¢;) (rySki m; ir spalva ¢;) su
kiekvienu ¢ amziaus teorinés izochronos tasku L;(M;, Ay, t) = (m;, ¢;) parau-
donintu ekstinkcija Ay . Lyginant Siuos dydzius, laikoma, kad fotometriniy ma-
tavimy paklaidos atitinka normalyjj skirstinj. Taip pat, kiekvienam izochronos
taskui priskiriamas mazas zvaigzdziy pradiniy masiy intervalas. Suintegravus
siame intervale pradiniy masiy funkcija IMF(m), gaunamas svoris atitinkantis
zvaigzdés tikimybe gimti su mase atitinkancia Sio izochronos tasko pradiniy
masiy intervalg. Visi Sie skaiCiavimai atliekami su visais izochronos taskais ir
rezultatai susumuojami — taip gaunama tikimybé, jog zZvaigzdé i yra amziaus ¢
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ir turi ekstinkcija Ay :

Pi(Ay,t) =N;! Z G(F;, Lj) /M‘ IMF (m) dm, (3.7)

G(F;, L) = exp[—3(Fi — Lj)"S7H(F, — L))
v 2my/detX; ’

N; =Y ) Pi(Ay,t),
Ay ot

kur G(F;, L;) yra normaliojo skirstinio funkcija; 33; — fotometriniy matavimy
F; paklaidy kovariacijos matrica; N; — normavimo konstanta per visa leidziama,
parametry Ay ir t erdve.

Norint iSvengti diferencialinés ekstinkcijos, dvinariy zvaigzdziy ir optiniy
zvaigzdziy susiliejimy jtakos parametry nustatymui, skirtumai tarp tiriamy
zvaigzdziy fotometriniy matavimy ir izochronuy tasky padvigubinami toms
zvaigzdéms, kurios yra mélynesnés nei izochronos, su kuria lyginama, pagrin-
diné seka MS. Tokiu budu uztikrinama, kad metodas nebuty per daug jautrus
raudonoms zvaigzdéms ir izochrony MS seka derinty kaip gaubtine iS mélyno-
sios puses.

Tiriamo Zvaigzdziy spie¢iaus tikimybiy skirstinys Pc(Ay,t) turéti tam tik-
ra parametry kombinacija (Ay,t) suskaif¢iuojamas sudauginus visy atrinkty
spie¢iaus nariy tikimybiy funkcijas:

Po(Av. 1) =Ng' [T A(av. 1), (3.8)
Ng = ZZPC(AV,t).
Ay t

Kiekvienam spie¢iui Pc(Ay,t) tikimybiy skirstiniai suskai¢iuojami
FATSW (FATSW — F814W) ir F814W (F475W — F814W) CMD diagramose.
Tuomet Sie skirstiniai sudauginami ir iS $io naujo skirstinio maksimumo gau-
nama tikétiniausia spieciaus ekstinkcijos verté Ay pest. Tuomet, pagal 3.8 lygti
suskaifiuojamas Pc(Ay,t) tikimybiy skirstinys ir F336W (F275W — F336W)
CMD diagramoje tik su fiksuota ekstinkcijos verte Aypest. Gautas skirstinys
sudauginamas su pries tai suskaiciuotais skirstiniais is dviejy CMD diagramuy.
Naujo skirstinio maksimumas parenkamas kaip tikétiniausia spiefiaus amziaus
verte.

Taip daroma todél, kad UV fotometriniy matavimy patikimumas mazes-
nis nei kitose fotometrinése juostose ir daznu atveju tik sumazina ekstinkcijos
nustatymo tiksluma. Taciau, kitaip nei ekstinkcijos atveju, jauny zvaigzdziy
ryskiai UV srityje yra daug jautresni jy amziui nei kitose fotometrinése juos-
tose. Todél, matavimai UV srityje padeda nustatyti tikslesnius spieCiy amzius,
nepaisant didesniy fotometriniy matavimy paklaidy.
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Tiriamo zvaigzdziy spieCiaus nustatyty parametry patikimumo intervalai
gaunami i§ vienmaciy parametry tikimybiy skirstiniy 16-tam ir 84-tam per-
centiliams. Sie vienmadiai tikimybiy skirstiniai suskai¢iuojami suintegravus
galutinj spie¢iaus parametry tikimybiy skirstinj per vieno i§ parametry inter-
vala. Taip pat, kiekvienam tirtam spieciui vizualiai patikrinamas nustatyty
parametry patikimumas — perziurima, kaip gerai kiekvieno spieciaus nustatyty
parametry izochrona atitinka jo zvaigzdziy pasiskirstymus CMD diagramose.
Pagal tai Andromedos spie¢iy tyrime daliai jy (~15%) Siek tiek pakoreguoti nu-
statyti parametrai. Tokiu budu minimalizuota blogai iSmatuoty ar neatmesty
lauko zvaigzdziy jtaka galutiniams rezultatams.

3.3. Spieciy tyrimo metodo testai

Zvaigzdziy spieciy parametry nustatymo metodo patikimumui patikrinti buvo
atlikti testai su dirbtiniais Zvaigzdziy spieciais. Sie spieciai generuoti pagal
2.2 skyriuje aprasyta metodika, pasinaudojant 3.1 skyriuje aprasytomis zZvaigz-
dziy fotometriniy matavimy paklaidy bei pilnumo funkcijy priklausomybémis,
taip imituojant M31 galaktikos zvaigzdziy fotometriniy matavimy kokybe.

Issamiam metodo galimybiy jvertinimui, dirbtiniai spieciai generuoti su tri-
mis skirtingomis masiy vertémis (log(M/Mg): 300, 1000, 3000), trimis skir-
tingomis ekstinkcijos vertémis (Ay: 0.00, 0.50, 1.00) bei astuoniomis amziaus
vertémis (log(t/yr): 7.0, 7.5, 8.0, 8.3, 8.5, 8.7, 8.85, 9.0). Kiekvienam paramet-
ry rinkiniui sugeneruota po 50 dirbtiniy spieciy stochastikos efektams jvertinti.
Kaip ir M31 galaktikos spieciy tyrime, visi dirbtiniai spie¢iai generuoti su viena
fiksuota Saulés metalingumo verte [M/H] = 0. Zvaigzdziy regimuyjy ryskiy skai-
¢iavimui panaudota M31 galaktikos atstumo modulio verté lygi m — M = 24.47
(McConnachie et al., 2005).

Gautoms dirbtiniy spieciy populiacijoms papildomai pridétos fona imituo-
jancios zvaigzdeés i$ 50-ies tikry M31 galaktikos spieciy aplinky. Sios Zvaigzdés
atsitiktinai parinktos i$ ziedo 2-3.5 R, aplink pasirinkto M31 galaktikos spie-
¢iaus centra. Foniniy zvaigzdziy kiekvienam spieciui iSrinkta tiek, kad atitikty
tikrojo spieciaus fono tankj.

Visiems dirbtiniams zvaigzdziy spiec¢iams pritaikytas 3.2 skyriuje aprasy-
tas metodas ir nustatyti ju parametrai. Charakteringy parametry dirbtiniy
spie¢iy rezultatai, kaip pavyzdziai parodyti 3.4-3.6 pav. Siose diagramose ma-
toma skirtingy parametry jtaka spieciy zvaigzdziy fotometriniy matavimy pasi-
skirstymui CMD diagramose bei atitinkamai nustatomy rezultaty patikimumui.
Matyti, jog mazos masés spieéiams ypac opi zvaigzdziy skaiciaus stochastikos
problema. Tuo tarpu, kuo senesnis arba didesne ekstinkcija turi spiecius tuo
sunkiau jo zvaigzdes atskirti nuo fono.

Visy testy rezultatai parodyti 3.7 pav.  Aiskiai matomas amziaus-
ekstinkcijos iSsigimimas Zvaigzdziu spieciy parametry nustatyme (s, t, u dia-
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gramos). Sis efektas stipriausias mazos masés spie¢iams (< 300 M), kuriuose
daznai atsitiktinai truksta vélyvesnés evoliucinés stadijos zvaigzdziy dél mazo
zvaigzdziy skaiciaus spieciuje. Vis délto, rezultatai rodo, kad naudotas metodas
gali patikimai nustatyti parametrus zvaigzdziy spiec¢iams su PHAT fotometri-
jos kokybe atitinkanciais matavimais. Metodas patikimai nustato amzius bei
ekstinkcija spie¢iams su masémis ne mazesnémis nei > 1000 Mg bei amziais
siekianciais iki 1 Gyr. Augant spie¢iy amziams rezultaty sklaida didéja is léto.
Daug labiau rezultaty patikimumas priklauso nuo spieCiaus maseés (kuo ma-
Zesné mase, tuo maziau patikimi rezultatai) bei nuo ekstinkcijos verciy (kuo
didesné spieciaus ekstinkcija, tuo prasciau nustatomi parametrai). Nepaisant
to, vidutinis standartinis amziaus nustatymo nuokrypis nuo tikryjy verciy lygus
0.16 dex, o ekstinkcijos nuokrypis — 0.13 mag. Pagrindiniai rezultaty patikimu-
ma nulemiantys faktoriai yra spieciaus ir foniniy zvaigzdziy skaiciaus santykis,
foniniy populiacijy bei spieciaus amziy skirtumas, bei amziaus ir ekstinkcijos
iSsigimimo efektas (parodytas 3.7 pav).
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3.4 pav.: Mazos masés jauno dirbtinio zvaigzdziy spieciaus, sugeneruoto su
dviem skirtingomis ekstinkcijos vertémis, spalvos-ryskio, spalvos-spalvos ir pa-
rametry tikimybiy skirstinio diagramos su nustatytais spie¢iaus parametrais.
Tikrieji spiefiaus parametrai nurodyti virs atitinkamos diagramos. Trikam-
piais pazymétos tikrosios spieciaus zvaigzdés. Apskritimais pazymétos fono
zvaigzdés, atsitiktinai parinktos i$ tikro M31 galaktikos APID 2843 spieciaus
aplinkos. Pilki taskai —fono Zvaigzdeés i$ 2-3.5 Rap, Ziedo aplink tikro APID 2843
spieciaus centra. Raudonai pazymétos zvaigzdés naudotos spieciaus parametry
nustatyme. Mélynai — atmestos zvaigzdés kaip lauko populiacijos tarsa. Nusta-
tyti kiekvieno spie¢iaus parametrai parodyti atitinkamai pirmy CMD diagramy
vir§uje. Siuos parametrus atitinkanti izochrona nubraizyta juodai. Tikimybiy
skirstinio diagramose juodais taskais pazymeétas nustatytas sprendinys.
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3.5 pav.: Senesnio amziaus (300 Myr) dirbtinio ZvaigzdZiu spie¢iaus, sugene-
ruoto su trimis skirtingomis masés vertémis, analogiskos diagramos 3.4 pav.
Matoma spieCiaus masés jtaka nustatomiems rezultatams.

71



log(t/yr) =
1

7.00 Ay=0.00 log(M/M) = 3.00
18

log(t/yr) =7.00
200 v=0.05 200 20f 20f
2} 2| 2} of _2f o
2 E B = 8
3 @ 3 3 o
® 2 3 1
a 5 2 B o
2 I 4 4
2} 2} 20t L
o
oo, 800
o R
26} 26} 261 26" oo
s . B 80
o °
L % 1 oy 1 1 1 1 1
) o 7 ) O o3 o F3 O Q 2 T
F275W - F336W FA75W - F814W F110W - F160W
BBI ]} BBI x IBI BBI X IBI X UV
24 24 24 24
20 20 20 20
14 16 16
<12 <12
08 03
o.4f= 0.4]
log(tlyr) log(tfyr) log(t/yr) log(t/yr)
log(t/yr) = 8.30 Ay, =0.00 log(M/M;) = 3.00
1 1
log(t/yr) = 8.30
201 Ar=0.05| 20 20 L
2t 2t F . o
g g o
24 20 F oo
880
0" a| 58820
26 261 F oo S ©
0% o
° o o
o s s s s s
0 7 O &3 o z g 0 3 o b3 0 2 3
F275W - F336W F336W - F475W F475W - F814W FA75W - F814W F110W - F160W
BBI 181 BBI x IBI BBI X IBI X UV,
24 24 24 24
20 20 20 20
16 14 16 16
<12 Z12 <12 <12
03 ™, 03 08 03
04 | i‘a" 04 04 r 3 0.4
8 9 10 o 7 8 9 10 o 7 8 9 10 8 9 10 7
log(t/yr) log(t/yr) log(tryr) log(t/yr)
log(t/yr) = 8.85 Ay =0.00 log(M/M,) = 3.00
18 18
'
.90
00 [ 200 20
2t 2t 2| 2t
H H H 3
3 a a 5
2 2 2 3
a S 5 B
< T T &
2af 2af 20t 2af
260 261 26} 261
oo
°° o
509\ o o
s s s s s s s s s s s
s o 7 s o 2 T & O & o 7 + o 7
F275W - F336W F336W - F475W FA75W - F814W F110W - F160W
BB/ 1Bl BBI X IBI BBI X IBI X UV
24 24 24
20F ST 2.0] 2.0|
14 16
<12 <12
o0.8f e | 0.3
04 04
8 9 10 o 7 8 9 10 0 7 8 9 10 8 9 10
log(t/yr) log(t/yr) log(t/yr) log(tiyr)

3.6 pav.: Mazos maseés dirbtinio zvaigzdziy spieciaus, sugeneruoto su trimis
skirtingais amziais, analogiskos diagramos 3.4 pav. Matoma spiec¢iaus amziaus

itaka nustatomiems rezultatams.
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3.7 pav.: Dirbtiniy zvaigzdziy spieciy testy rezultatai — atkurty parametry
(amziaus ir ekstinkcijos) priklausomybés nuo tikryjy dirbtinio spiediaus para-
metry. Dirbtiniai spieCiai generuoti su trimis ekstinkcijos vertémis: Ay = 0.00
— virSutinés dvi eilés, Ay = 0.50 — vidurinés dvi eilés, Ay = 1.00 — apati-
nés dvi eilés. Spieciai generuoti su trimis pradinés spieciaus zvaigzdziy masés
vertémis: 300 Mg — pirmas stulpelis, 1000 Mg — antras stulpelis, 3000 Mg —
trec¢ias stulpelis. Kiekvienam amziaus, ekstinkcijos ir masés parametry rinki-
niui sugeneruota po 50 dirbtiniy spieciy. Atviri apskritimai nurodo nustatyty
parametry skirstiniy medianas, o paklaidy usai 16-a ir 84-a percentilius. Ket-
virtame stulpelyje parodytos tarpusavio priklausomybés nustatyty parametry
skirtumy su tikraisiais, iliustruojancios amziaus ir ekstinkcijos issigimima. Gel-
toni konturai apima 68% visy tasky.
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3.4. Andromedos galaktikos zvaigzdziy spieciy parametrai

Pritaikius PHAT apzvalgos duomenims 3.2 skyriuje aprasyta metoda, buvo
nustatyti parametrai (amzius bei ekstinkcija) 854-iems Andromedos galaktikos
zvaigzdziy spieciams. Parametry nustatymo pavyzdziai jvairiy charakteringy
parametry spie¢iams parodyti 3.8-3.11 pav. Taip pat, pasinaudojus gautomis
spie¢iy amziaus ir ekstinkcijos vertémis bei Naujalis et al. (2021) publikuotais
integraliniy ryskiy jverciais, buvo nustatytos jy masés pritaikius SSP modeliy
aproksimacija.

Rezultaty patikimumui jvertinti, nustatyti zvaigzdziy spiec¢iy parametrai
buvo palyginti su Johnson et al. (2016) publikuotomis jaunuy spie¢iy amziy,
ekstinkcijos bei masiy vertémis, véliau dar papildytomis Johnson et al. (2022)
darbe senesniais nei 300 Myr amziaus spieciais. IS viso 682 spieciai sutampa
tarp musy iméiy (3.12 ir 3.13 pav.). Dauguma nustatyty verciy gana gerai ati-
tinka Johnson et al. (2016, 2022) publikuotus rezultatus. Vidutinis zvaigzdziy
spie¢iy amziy skirtumas lygus (Alog(t/yr)) ~ 0.09 dex, vidutinis tarpzvaigzdi-
neés ekstinkcijos veréiy skirtumas lygus (AAy) ~ —0.10 mag ir vidutinis masiy
skirtumas lygus (Alog(M/M)) =~ 0.05 dex. Sie rezultaty skirtumai nedideli
ir atitinka vidutines spie¢iy parametry paklaidas: (o(log(t/yr))) ~ 0.1 dex,
(0(Av)) ~ 0.1 mag, (o(log(M/M))) =~ 0.1 dex. Nepaisant to, aiskiai matyti,
kad musy metodas sistematiskai nustato Siek tiek senesnius spieciy amzius, bei
tuo paciu Siek tiek mazesnes ekstinkcijos vertes. Sis spie¢iy parametry iSsigi-
mimas gerai zinomas integralinés spieéiy fotometrijos tyrimuose (de Meulenaer
et al., 2013, 2014) ir, kaip parodé testu su dirbtiniais Zvaigzdziy spieciais re-
zultatai (3.7 pav.), taip pat galioja ir CMD diagramy analizéje. Tuo paliu,
sistematiniai skirtumai tarp nustatyty spieciy masiy galéjo atsirasti dél to, kad
siame darbe masés buvo nustatytos pasinaudojus paprastu SSP metodu, kuris
nejskaito spieciaus zvaigzdziy masiy stochastiskumo. Butent dél to, didziausi
skirtumai ir matomi tarp maziausios masés spieciy <800 Mg, kur stochastis-
kumas turi didZiausia jtaka rezultatams (3.13 pav.).

Vis délto, keleto spieciy nustatytos parametry vertés smarkiai skiriasi. Sie
nuokrypiai grei¢iausiai atsirado dél itin dideliy paklaidy isskiriant spie¢iy na-
rius. [ visy Siy spieciy aperturos zonas pakliuva daug daugiau lauko populiacijos
zvaigzdziy nei pacio spieciaus nariy, dél ko itin sudétinga patikimai jvertinti siy
spieciy parametrus. Taip pat, kiti nustatyty parametry skirtumai galéjo atsira-
sti dél to, kad siame darbe tyrimai atlikti su naujesne Andromedos galaktikos
Zvaigzdziy fotometrijos katalogo versija Williams et al. (2023). Be to, skirtingai
nei Johnson et al. (2016, 2022), Siame darbe buvo panaudoti Zvaigzdziy mata-
vimai ne tik F475W ir FF814W fotometrinése juostose, bet ir UV bei IR sritis
apimanciose fotometrinése juostose (F275W, F'336W, F110W, F160W). Tai ga-
léjo pagerinti spieciaus nariy atrankos tiksluma, nes lauko populiacijos zvaigz-
deés jprastai blina senesnés uz spie¢iaus zvaigzdes (Siame darbe tirti tik jaunesni
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nei 1 Gyr amziaus spieciai) ir daug silpniau Svie¢iancios UV srityje, todél daz-
nai lengviau atskiriamos nuo tikry spieciaus nariy. Negana to, optiné skyra UV
srityje daug didesné, dél to zvaigzdziy matavimai maziau paveikiami tankaus
lauko zvaigzdziy fono.

IS nustatyto spieciy ekstinkcijos verc¢iy skirstinio (3.14a pav.) matyti, kad
jauniausi spieciai (¢ <50 Myr) neturi Zemesniy nei Ay < 0.3 mag ekstinkci-
jos verciy, bet kuo spieciai senesni, tuo mazesné si apatiné ekstinkcijos riba.
Kadangi jaunesni spieciai turéjo maziau laiko atitolti nuo savo gimimo vietos,
jie dazniau randami arti zvaigzdes dar formuojanciy tankiy dujy regiony. Dél
to, jauni spie¢iai dazniau pasitaiko dulkéty dujuy debesyse ar uz jy. Nepaisant
to, dalis senesniy spie¢iy (>500 Myr) taip pat turi nemazas ekstinkcijos vertes.
Sie spiediai grei¢iausiai yra kitoje galaktikos disko puséje, uzstoti tankaus tarp-
zvaigzdiniy dujy sluoksnio. Vis délto, daliai spiec¢iy ekstinkcijos vertés galéjo
buti nustatytos didesnés nei i$ tiesy yra dél diferencialinés ekstinkcijos spie¢iaus
aplinkoje. Siame darbe naudotas metodas nejskaito diferencialinés ekstinkci-
jos efekty ir tokiems spieciams galéjo nustatyti didesnes ekstinkcijos vertes nei
turéty. Si problema aktualiausia jauniems spie¢iams, kurie dazniau randami
nehomogeniskuose dulkiy debesyse.

Gauty zvaigzdziy spieCiy masiy pasiskirstymas nuo amziy parodytas
3.14b pav. Raudona punktyriné kreivé apytiksliai nurodo spiec¢iy aptikimo riba
naudotame spie¢iy kataloge. Si riba atitinka Saulés metalingumo SSP modelius
be ekstinkcijos, kuriy integralinis ryskis F475W = 21.5. Reali aptikimo riba la-
bai priklauso nuo konkretaus spieciaus ekstinkcijos vertés bei lauko Zvaigzdziy
populiacijos tankio spieciaus aplinkoje. Nustatytos masiy vertés gerai atitinka
Johnson et al. (2016, 2022) publikuotus rezultatus be jokiy sistematiniy nuo-
krypiy, iSskyrus jauniausius (<10 Myr) ir maziausios masés (M <300 Mg)
spie¢ius. Keliolikai i$ ju musy nustatytos masés yra iki 2 karty didesnés. To-
kios mazos masés spieCiuose ima dominuoti zvaigzdziy skaiCiaus stochastika,
todél SSP modeliy aproksimacija jiems nebetinka.

IS diferencialinio zvaigzdziy spieciy amziy pasiskirstymo (3.15 pav.) gali-
ma nustatyti galaktikos zvaigzdédaros istorijos ir zvaigzdziy spieciy evoliucijos
ypatumus. Visi skirstiniai 3.15 pav. nubraizyti atmetus spie¢ius su masémis
mazesnémis nei 800 Mg, tokiu budu iSvengiant spieciy aptikimo pilnumo efekty
jaunesniems nei ~700 Myr amziaus spieciams (3.14b pav.). Pasiskirstyme pag-
rinde dominuoja spieciy evoliucinis blukimas aprasomas eksponentiniu spiec¢iy
skaifiaus per amziaus intervalag mazéjimu (pazymeéta mélyna) iki ~300 Myr,
kuomet pasiskirstyme ima dominuoti spie¢iy ardymo procesai (Boutloukos &
Lamers, 2003; Lamers et al., 2005; Fouesneau et al., 2014b; Johnson et al.,
2017). Deja, nagrinéjama spie¢iy imtis neleidzia patikimai jvertinti spieciy
ardymo greic¢io, nes apima nepakankamai platy amziy intervala. Be to, senes-
niy nei ~600 Myr amziaus spieciy statistika jau pastebimai paveikta spieciy
aptikimo pilnumo efekty (3.14b pav.), net ir atmetus mazos masés spiecius.
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Todél, diagramose buvo nubraizyta spie¢iy ardymo funkcija (pazyméta raudo-
na punktyrine linija) kity autoriy nustatyta pietvakarinéje Andromedos disko
dalyje (Vansevicius et al., 2009).

Spieciy amziy pasiskirstymas per pastaruosius 130 Myr atitinka tolygy spie-
¢iy blausimo procesa. IS to galima spresti, kad nagrinétame galaktikos regione
per sj laikotarpj spieciy formavimosi sparta, ir tuo paciu zvaigzdédaros sparta,
buvo pastovios. Tuo tarpu, dar senesniuose amziuose matomas aiskus spieciy
skaiCiaus pagauséjimas ties (220 & 40) Myr amziumi, rodantis spieciy forma-
vimosi suintensyvéjimo epizoda. Sis epizodas galéjo biiti sukeltas Andromedos
saveikos su M32 galaktika (Gordon et al., 2006; Block et al., 2006; Wang et al.,
2012; Dierickx et al., 2014). Gordon et al. (2006) teigimu, M32 galaktika galéjo
susidurti su M31 galaktikos disku pries ~210 Myr ir véliau antra karta pries
~110 Myr. Vis délto, siame darbe nustatytame spiec¢iy amziy pasiskirstyme
(3.15 pav.) nematyti spie¢iy formavimosi suaktyvéjimo epizodo pries 110 Myr.
Sie skirtumai tarp galaktikos disko regiony galéty buti paaiskinti tuo, kad M32
galaktika antra karta Andromedos galaktikos diska kirto pietvakarinéje srityje
ir nepadaré didelés jtakos spieciy formavimuisi priesingame Siaurés ryty disko
regione, kuris tiriamas siame darbe.

Sprendziant iS to, kad zZvaigzdziy spieciy skaic¢ius ima mazéti tik ties 300 Myr
amziumi, charakteringas spieciy ardymo laikas Andromedos disko Siaurés ryty
regione galéty buti 300 Myr ar net daugiau. Tokia iSvada atitikty ir kity
autoriy rezultatus (Vansevicius et al., 2009; de Meulenaer et al., 2017; Johnson
et al., 2017). Vis délto, dél tuo paciu laiku jvykusio zvaigzdédaros suaktyvéjimo
epizodo bei mazo skaiéiaus senesnio amziaus spiec¢iy, negalima nustatyti tikslios
charakteringo spieciy ardymo laiko verteés.

Siame darbe tirty 854 zvaigzdziy spie¢iy nustatyty masiy pasiskirstymas pa-
rodytas 3.16 pav. Spieciy maseés kinta nuo 100 Mg iki 20 000 M. Dazniausiai
pasitaikanti verté yra ~1500 M. Mazesnés maseés spieciy skaicius tolygiai ma-
zéja deél aptikimo pilnumo efekty — kuo mazesnés masés spiecius, tuo mazesné
tikimybé ji aptikti. Kita vertus, didesnés masés spieciy pasiskirstymas neturéty
buti iskraipytas aptikimo pilnumo efekty. Todél, spieCiy masiy pasiskirstymo
tyrimui buvo panaudota tik didesniy masiy M >2000 Mg, sritis. Siame masiy
intervale prie diferencialinio masiy pasiskirstymo buvo priderinta Schechter’io
funkcija (Gieles, 2009) — pazyméta mélyna kreive 3.16 pav. Funkcija derin-
ta keiciant tik charakteringos masés M™ parametra — « parametras fiksuotas
ties a = 2 verte. Geriausiai spiec¢iy masiy pasiskirstyma aprasanti Schechter’io

funkcija surasta ieskant Puasoninés tikétinumo funkcijos maksimumo:

P(M*) = Hexp[Niln(S(M*, M;)) — S(M*, M;) —In(T(N; +1))]  (3.9)
S(M*, M;) = /MY A(M*)ym™%exp(—m/M*)dm,
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¢ia M* — charakteringa Schechter’io funkcijos zvaigzdziy spiec¢iy masé; M; —
i-asis spieCiy maseés intervalas; IN; — spieciy skaic¢ius M; spiec¢iy masés interva-
le; S(M*, M;) — Schechter’io funkcijos integralas M; spieCiy masés intervale;
I'(N; + 1) — gama funkcija; A(M*) — Schechter’io funkcijos normavimo kons-
tanta. Si funkcija matematiskai tolygi Puasoninio skirstinio tikimybés maseés
funkcijai, bet, skirtingai nei tradiciné israiska, ji néra jautri mazoms skaitme-
ninéms paklaidoms ir dél to tinkamesné skai¢iavimams kompiuteriu. Gautas
sios funkcijos skirstinys bei geriausiai duomenis atitinkanti M* verté (raudona
vertikali linija) parodyti 3.16 pav. Taip pat, i$ Sio funkcijos skirstinio jvertin-
tas nustatytos M™ vertés patikimumo intervalas — 16-ojo ir 84-ojo percentiliy
intervalas pazymétas mélynomis vertikaliomis linijomis.

Nustatyta charakteringa Schechter’io funkcijos masé M* = (11.01‘3:2) X
103 Mg paklaidy ribose atitinka Johnson et al. (2016) nustatyta M* =
(8.5738) x 10°> Mg, verte jauniems (<300 Myr) Andromedos #vaigzdziu spie-
¢iams. Kita vertus, gautas masiy pasiskirstymas neatitinka Vansevicius et al.
(2009) nustatytos Schechter’io funkcijos (M* = 2 x 10° M) pietvakarinéje
M31 disko dalyje — pazyméta raudona kreive 3.16 pav. Matomas aiskus masy-
viy spie¢iy trukumas. Juy spie¢iy imtis apima daug senesnius amzius (<3 Gyr) ir
1 ja pakliuvo daug daugiau masyviy spieciy, skirtingai nei siame darbe tiriamoje
spie¢iy imtyje. Tai patvirtina Johnson et al. (2016) atradima, jog Andromedo-
je jaunuy (<300 Myr) spieCiy masés funkcija yra sutrumpinta, bei patvirtina,
kad §i ypatybé galioja ir daugiau nei dvigubai senesniems (<700 Myr) Zvaigz-
dziy spieciams. Schechter’io funkcija taip pat buvo priderinta atskirai dviejy
amziy intervaly zvaigzdziy spie¢iams ir nustatyta charakteringos masés augi-
mo didéjant spieCiy amziui tendencija (3.17 ir 3.18 pav.): log(t/yr) < 8.0,
M* = (10.47)%%) x 10° Mg; 8.0 < log(t/yr) < 8.6, M* = (12.3772) x 10° M.

Visy tirty zvaigzdziy spieciy pasiskirstymas deprojektuotame M31 galakti-
kos diske parodytas 3.19 pav. Disko deprojektavimui panaudotas pozicinis di-
dZiosios asies kampas lygus 37.7° bei disko polinkio kampas lygus 77.5° (Hodge,
1992). Skirtingomis spalvomis parodyti keturiy amziaus grupiu spie¢iai. Ma-
tyti, jog spieciai labiau susitelke i tris ziedines strukturas, o ne spirales. Be to,
kuo spieciai jaunesni, tuo juy pasiskirstymai labiau koncentruoti ties ziedy cent-
rais. Patogumo délei, Sios struktiiros toliau bus vadinamos zvaigzdziy spie¢iy
ziedais. IS radialinio jauny (<100 Myr) ir masyviy (>800 M) spieciy pasi-
skirstymo, pavaizduoto 3.20 pav., nustatytos Siy ziedy centry padétys: ~6 kpc,
~11 kpc ir ~16 kpc atstumais nuo galaktikos centro.

Zvaigzdziy spieciy skai¢iaus pavirsinio tankio ir amziy mediany pasiskirs-
tymai galaktikos diske (3.21 pav.) rodo labai léta spieciy grupiu struktury
evoliucija — per 400 Myr spieciy pasiskirstymas isliko koncentruotas ties trimis
spieciy ziedais. Be to, i§ vidurinio 11 kpc ziedo spieciy amziy mediany pasi-
skirstymy matyti, jog zZvaigzdédara nevyko visame ziede tolygiai vienu metu.
Atskirose ziedo vietose dominuoja skirtingo amziaus spieciy populiacijos.
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Radialinis zvaigzdziy spieciy skaic¢iaus pavirsinio tankio pasiskirstymas, su-
normuotas | amziy intervala, parodytas 3.20 pav. Pasiskirstymai suskai¢iuoti
dviem amziy intervalams: jauniems ¢ < 100 Myr (mélyna linija) ir senesniems
100 < ¢ < 400 Myr (raudona linija) spieciams. Pasiskirstymai suskai¢iuoti 60°
azimutiniame segmente (nuo —25° iki +35° aplink didziaja asj), nes tik Sioje
zonoje PHAT apZvalga pilnai apima galaktikos diska iki pat 20 kpc atstumo
nuo centro. Per visa 400 Myr amziy intervala matomi spieciy pasiskirstymo su-
tankéjimai ties 6 ir 11 kpc atstumais nuo galaktikos centro. Tuo tarpu, 16 kpc
ziedas matomas tik jauniausiy ¢ < 100 Myr spieciy pasiskirstyme. Tai galéty
reiksti, kad tolimiausias ziedas susiformavo tik per pastaraji 100 Myr, skirtin-
gai nei kiti du ziedai. IS to galima spresti, kad treciojo ziedo ir kity dvieju
ziedy susiformavimus sukélé bent du skirtingi jvykiai. Galbut 6 ir 11 kpc zie-
dai susiformavo dél M32 galaktikos praskridimo pro Andromedos diskg pries
~210 Myr, o tolimesnis 16 kpc zZiedas émé formuotis tik po antrojo M32 galak-
tikos praskridimo pries ~110 Myr (Gordon et al., 2006).

Musy rezultatai rodo, jog jaunesni spieciai ¢ < 100 Myr yra labiau susi-
koncentrave | siaurus zvaigzdziy spieciy ziedus palyginus su senesnio amziaus
spieciy populiacija ¢ > 100 Myr. Tai patvirtina, jog spieciai formuojasi mazes-
niuose zvaigzdédaros regionuose ir véliau issisklaido po galaktika. Nepaisant
to, netgi ~400 Myr amziaus spiecCiy pasiskirstymai vis dar koreliuoja su siau-
rais jauniausiy spieciy pasiskirstymais. IS to galima spresti, kad zvaigzdziy
spieciy grupiy issisklaidymas i$ jy gimimo viety yra santykinai létas procesas.
IS skirtumy tarp jaunesniy (¢ < 100 Myr) ir senesniy (100 < ¢ < 400 Myr)
spie¢iy pasiskirstymy koncentracijy ties 11 kpc ziedu (3.20 ir 3.21 pav.) nusta-
tyta virSutiné radialinio iSplitimo riba spie¢iy grupéms <0.5 kpc per ~300 Myr
laikotarpj. IS to nustatyta, jog zvaigzdziy spie¢iy radialiniy grei¢iy dispersija
turéty biiti ne didesné nei ~2 km/s. Si verté daug mazesné nei nustatyta zvaigz-
dziy grei¢iy dispersija Andromedos galaktikoje, kuri siekia nuo 30 iki 50 km/s
grei¢ius (Quirk et al., 2019). Tai rodo, kad Zvaigzdziy spieciai jgalina daug
tiksliau nustatyti jvykusios zvaigzdédaros pasiskirstyma galaktikos diske, negu
gravitaciskai nesuristy zvaigzdziy tyrimai, kurios po susiformavimo pasklinda
po galaktika Zymiai greiciau.
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3.8 pav.: Virsuje: M31 galaktikos zvaigzdziy spieciaus APID 3 nuotraukos vi-
sose SeSiose PHAT apZvalgos fotometrinése juostose (apatiné nuotrauky eilé)
bei jvairios ju spalvy kombinacijos (virSutiné triju nuotrauky eil¢). Fotomet-
riniy juosty bei jy kombinacijy pavadinimai nurodyti kiekvienos nuotraukos
apacioje kairéje. Meélyni apskritimai rodo Naujalis et al. (2021) gautas spie-
¢iy aperturas, o raudoni apskritimai jy naudotas aperturas spieciy spalvoms
nustatyti. Virsuje desinéje parodyta spieciaus vieta M31 galaktikoje. Kiek-
vienos nuotraukos krastine yra 10” dydzo. Apacioje: Sio APID 3 spie¢iaus
spalvos-ryskio (virsutiné eilé) ir parametry tikimybiy skirstiniy (apatiné eilé)
diagramos. Nustatyti spieciaus parametrai: Ay = 0.45, log(Age/yr) = 8.70,
log(M/Mg) = 3.30. Raudonai pazymétos zvaigzdés naudotos spieciaus para-
metry nustatyme. Mélynai — atmestos zvaigzdés kaip lauko populiacijos tarsa.
Pilki taskai — fono Zvaigzdés iS 2-3.5 R, Ziedo aplink spie¢iaus centrg. Nusta-
tytus spieciaus parametrus atitinkanti izochrona nubraizyta juodai. Tikimybiy
skirstinio diagramoje juodu tasku pazymétas geriausias sprendinys.
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3.9 pav.: Jaunesnio amziaus M31 galaktikos zvaigzdziy spieciaus APID 7

analogiskos nuotraukos bei diagramos 3.8 pav.
log(M/Mg) = 3.20. Matyti, kad Sio spiefiaus fonas yra retesnis nei APID 3,
dél to lengviau isskirti jo zvaigzdes nuo foniniy objektuy.
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3.10 pav.: Masyvaus ir tankaus M31 galaktikos kamuolinio Zvaigzdziy spie¢iaus
APID 52 analogiskos nuotraukos bei diagramos 3.8 pav. Nustatyta spieciaus
masé log(M/Mg) = 4.12. Tokiy masyviy ir itin didelio tankio, bet jauny
zvaigzdziy spie¢iy neaptinkama Pauks¢iy Tako galaktikoje. Sio spieciaus cent-
rine dalj teko atmesti i§ analizuojamos zonos dél itin didelio zvaigzdziy tankio.
IR srities matavimuose matoma tamsi démé yra stebéjimy defektas.
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3.11 pav.: Itin jauno amziaus M31 galaktikos Zvaigzdziy spieciaus APID 141

analogiskos nuotraukos bei diagramos 3.8 pav.

Nustatyta spiec¢iaus masé

log(M/Mg) = 2.82. CMD diagramose matyti, jog dalis seny raudony lau-
ko zvaigzdziy buvo priskirta spie¢iau. Nepaisant to, tai nesutrukdé nustatyti
patikimy spieciaus parametry, nes toks jaunas spiecius turi pakankamai labai
ryskiy zvaigzdziy, nustelbian¢iy neryskias fonines zvaigzdes.
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3.12 pav.: M31 galaktikos zvaigzdziy spiediu nustatyty amziu (kairéje) ir eks-
tinkcijos (deSinéje) palyginimas su Johnson et al. (2016, 2022) gautomis ver-
témis. Tasky spalvos nurodo spieciy skaiciy kiekviename taske pagal desinéje
nurodyta spalvy skale. Matomas sistematinis poslinkis tarp rezultaty — am-
ziaus ir ekstinkcijos issigimimas: Siame darbe aprasytas metodas sistematiskai
nustato Siek tiek senesnius spie¢iy amzius, bet mazesnes ekstinkcijos vertes nei
Johnson et al. (2016, 2022).
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3.13 pav.: Tirty zvaigzdziy spie¢iy nustatyty masiy palyginimas su John-
son et al. (2016, 2022) gautomis vertémis. Matomas neZymus sistematinis
poslinkis — Siame darbe nustatytos spie¢iy masés vidutiniSskai mazesnés per
(Alog(M/M)) =~ 0.05 dex. Sis sistematinis poslinkis bei sklaida pastebimai
iSauga mazos masés spie¢iams (<800 My) — siame darbe naudotas SSP me-
todas spie¢iy maséms nustatyti neatsizvelgia j zvaigzdziy masiy stochastika,
kurios didziausias efektas yra mazos masés spieciams.
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3.14 pav.: Nustatyty M31 galaktikos zZvaigzdziy spieciy ekstinkcijos (panelé
a) ir masés (panelé b) pasiskirstymai nuo jy amziy. Tasky persiklojimo su-
mazinimui ir pasiskirstymy aiskumui padidinti, visy tasky koordinatés buvo
atsitiktinai pastumdytos abiejose aSyse nuo 0 iki £0.0125. Mélyna punktyriné
linija zymi Paukséiy Tako tarpzvaigzdinés ekstinkcijos verte Ay = 0.17 And-
romedos galaktikos kryptimi (Schlafly & Finkbeiner, 2011; Brown & Walker,
2022). Raudona punktyriné linija a paneléje nurodo riba, kur spieciy MSTO
pasiekia F475W = 25 mag — maksimali Siame darbe aprasyto metodo pri-
taikymo riba. Raudona punktyriné linija b paneléje nurodo riba, kur spiec¢iy
integralinis ryskis F475W < 21.5 mag — apytikré spieciy aptikimo riba. Ma-
toma, kad jauniausi spieciai neturi mazesniy nei Ay < 0.3 mag ekstinkcijos
verciy, bet senesni spieciai turi. Taip pat, iSskiriama jauny gravitaciskai nesu-
siety zvaigzdziy asociacijy populiacija ties jauniausiais amziais.
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3.15 pav.: Virsuje: nustatyty amziy pasiskirstymas zvaigzdziy spie¢iams masy-
vesniems nei 800 M. Viduryje: tos pacios spieciy imties diferencialinis amziy
pasiskirstymas (apskritimu dydis atitinka vidutine tasky paklaida). Vientisa
meélyna linija rodo spieéiy evoliucinio blausimo greiti, o raudona punktyriné
linija — spie¢iy ardymo greitj. Siy tiesiy polinkio kampai parinkti pagal Van-
seviCius et al. (2009) rezultatus nustatytus pietvakarinei Andromedos disko
sri¢iai. Apacioje: skirtumai tarp diferencialinio amziy pasiskirstymo ir spieciy
evoliucinio blausimo greicio.
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3.16 pav.: Virsuje: 854 zvaigzdziy spiec¢iy masiy pasiskirstymas. Viduryje: tos
pacios spieciy imties diferencialinis masiy pasiskirstymas sunormuotas j bendra
spieciy skaic¢iy (apskritimy dydis atitinka vidutine tasky paklaida). Raudona
punktyriné linija rodo Schechter’io funkcija (Gieles, 2009) su charakteringa
mase M* = 2 x 10°> M, kuri buvo nustatyta pietvakarinéje M31 disko dalyje.
Vientisa mélyna linija rodo Siai spie¢iy imciai priderintg Schechter’io funkcija
su charakteringa mase M* = 11.0 x 103> My. Zydros zonos nurodo funkcijos
priderinimo patikimumo intervala (8.7 — 14.5) x 103 Mg — tikimybés tankio
funkcijos 16-a ir 84-3 percentilius. Abi funkcijos sulygintos ties 3000 Mg tasku.
Apacioje: Schechter’io funkcijos charakteringos spie¢iy masés tikimybeés tankio
funkcija. Mélyna vertikali linija nurodo tikétiniausia M™ verte, o zydra zona
aplink — pasiskirstymo 16-g ir 84-a percentilius.
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3.17 pav.: M31 galaktikos jauny (¢ < 100 Myr) Zvaigzdziu spie¢iy masiy pasi-
skirstymas (virsuje), diferencialinis masiy pasiskirstymas (viduryje) ir Schech-
ter’io funkcijos charakteringos spieciy masés tikimybeés tankio funkcija (apa-
Cloje). Visi zZyméjimai analogiSki 3.16 pav. Zyméjimams. Jauny spiediy
pasiskirstymui priderintos Schechter’io funkcijos charakteringos masés verté
M* = (10.413%%) x 10% M.
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3.18 pav.: M31 galaktikos zvaigzdziy spieCiy su amziumi 100 < ¢t < 400 Myr
masiy pasiskirstymas (virsuje), diferencialinis masiy pasiskirstymas (viduryje)
ir Schechter’io funkcijos charakteringos spie¢iy maseés tikimybés tankio funkci-
ja (apadioje). Visi Zyméjimai analogiski 3.16 pav. Zyméjimams. Jauny spie-
Ciy pasiskirstymui priderintos Schechter’io funkcijos charakteringos masés verté
M* = (12.3J_rgjg) x 10® M didesné negu nustatyta jauniausiems ¢ < 100 Myr
spieciams (3.17 pav.).
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3.19 pav.: Analizuoty zvaigzdziy spieciy pozicijos deprojektuotame Androme-
dos galaktikos diske. Nustatyti spie¢iy amziai uzkoduoti keturiomis spalvomis
pagal nurodyta skale desinéje. Vertikali bruksniné linija pazyméta 0° rodo
galaktikos disko didziaja asj. Spieciai esantys arc¢iau musy turi neigiamas X ko-
ordinates, spieciai tolimesnéje disko puséje — teigiamas X vertes. Apskritimai
zymi 9, 14 ir 19 kpc atstumus nuo galaktikos centro.
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3.20 pav.: Masyviy (>800 My) zZvaigzdziy spieciy skaic¢iaus pavirsinio tankio,
sunormuoto j amziy intervalg, pasiskirstymai dviejy amziy intervalams. Pasi-
skirstymai suskaiéiuoti 60° azimutiniame segmente — nuo —25° iki +35° aplink
didZiaja asj. Jauniausiy (¢ < 100 Myr) spieiy pasiskirstymas paZymétas mé-
lyna linija, senesniy (100 < ¢t < 400 Myr) — raudona linija. Paklaidy usai Zymi
radialiniy intervaly RMS sklaida.
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3.21 pav.: Masyviy (>800 My) zvaigzdziy spieciy skaifiaus pavirSinio tankio
skirstiniai (a ir ¢ diagramos) bei amziy mediany skirstiniai (b ir d diagramos)
deprojektuotame galaktikos diske. Spieciy skaiCiaus pavirsinio tankio vertés uz-
koduotos spalva pagal nurodyta skale viduryje. VirSutinése a) ir b) diagramose
parodyti jaunu (¢ < 100 Myr) spieéiy skirstiniai, apatinése ¢) ir d) — senesniy
(100 < t < 400 Myr) spieciy skirstiniai. Amziy medianos (b ir d diagramos)
uzkoduotos spalvomis pagal atitinkamas skales desinéje. Visi kiti zyméjimai
tokie patys kaip ir 3.19 pav.
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PAGRINDINIAI REZULTATAI IR ISVADOS

Siame darbe buvo istirta nykstukinés galaktikos Leo A zvaigzdédaros istorija
ir Andromedos galaktikos 854 zZvaigzdziy spieCiy populiacija naudojant sukur-
tus analizés metodus. Sie rezultatai gauti remiantis zvaigzdziy fotometriniais
stebéjimais Hubble kosminio teleskopo ACS kamera bei antzeminio Subaru te-
leskopo Suprime-Cam kamera.

Atkurta Leo A zvaigzdédaros istorija susideda i$ jvairiy zvaigzdédaros akty-
vumo bei i$ karto po juy sekandiy zvaigzdédaros nuslopimo epizodiy. Sie rezulta-
tai paremia pliupsninés Zvaigzdédaros scenariju nykstukinese galaktikose (Te-
yssier et al., 2013; Oniorbe et al., 2015) ir tuo pacdiu padeda iSspresti vieng i$ Siuo
metu vyraujanc¢io kosmologinio ACDM modelio problemy. Naujausiuose kos-
mologiniuose visatos modeliavimuose sukuriamy nykstukiniy galaktiky centrai
yra per tankus, lyginant su tikry galaktiky stebéjimais. Taciau modeliuojant
zvaigzdédarg pliupsniniais epizodais, Si problema iSsprendziama, nes zZvaigzdeé-
daros griztamasis rySys periodiskai isstumia dalj duju is galaktikos centro ir
neleidzia jam per daug sutankéti.

Nustatyta, jog didzioji dalis (~80%) Leo A Zvaigzdziu susiformavo per pa-
staruosius 6 Gyr. Nepaisant to, galaktikoje atrasta seniausiy >10 Gyr zZvaigz-
dziy populiacija patvirtinanti ir kity autoriy anksciau padarytas isvadas apie
jos egzistavima (Dolphin et al., 2002; Cole et al., 2007; Ruiz-Lara et al., 2018).
Taip pat, nustatyta visy galaktikos zvaigzdziy masé M, = 3.3 x 10 My, kuri
gerai atitinka kity autoriy jvercius (Cole et al., 2014; Kirby et al., 2017).

Gautas Leo A galaktikos amziaus-metalingumo sarysis atitinka dujy che-
minés sudéties matavimus (van Zee et al., 2006; Ruiz-Escobedo et al., 2018),
rodancius dabartinj galaktikos metalinguma, bei seny >1 Gyr zvaigzdziy spekt-
roskopinius matavimus (Kirby et al., 2017). Tuo padiu, atkurta galaktikos evo-
liucija patvirtina hipoteze, kad | Leo A jkrito papildomy maZo metalingumo
duju pagrindiniu zvaigzdziy formavimo laikotarpiu (Kirby et al., 2017).

Taip pat, buvo atkurtas ir dvimatis Leo A Zvaigzdédaros morfologijos kiti-
mas per pastaruosius 500 Myr. Gauti rezultatai rodo, jog zZvaigzdédaros sritis
traukeési per pastaruosius kelis Simtus milijony mety. Tai patvirtina vyraujancia
teorija, kad nykstukinéms galaktikoms budingas besitraukiancios zvaigzdéda-
ros (angl. outside-in) scenarijus (Hidalgo et al., 2013; Benitez-Llambay et al.,
2016). Be to, nustatyta zvaigzdédaros spartos pavirsinio tankio priklausomybeé
nuo dujy pavirsinio tankio atitinka kitose mazo dujy tankio galaktikose gautus
rezultatus (Bigiel et al., 2008, 2010) bei praplecia juos | itin mazy metalingumy
stitj.

Nustatyti Andromedos galaktikos (M31) 854 Zvaigzdziy spie¢iy parametrai
pritaikius naujai sukurta spieciy analizés metoda PHAT (Williams et al., 2023)
apzvalgos duomenims, kurie apima didele galaktikos disko dalj. Spie¢iy amziaus
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bei ekstinkcijos parametry nustatymui sukurtas naujas metodas, kuris palygina
isskirty spiecCiaus zvaigzdziy fotometrinius duomenis su zvaigzdziy evoliucijos
modeliy banku. Gauti rezultatai gerai atitinka ankstesniy autoriy darbus bei
praplecia jy rezultatus j senesnius spie¢iy amzius.

Nustatytas zvaigzdziy spie¢iy amziy pasiskirstymas rodo, kad pastaruosius
~130 Myr zvaigzdziy spie¢iy formavimosi greitis M31 galaktikoje buvo pasto-
vus. Taip pat, nustatytas zvaigzdziy formavimosi suaktyvéjimo epizodas jvykes
pries ~220 Myr. Sis zvaigzdédaros aktyvumo epizodas galéjo biiti sukeltas M32
galaktikos praskriejimo per Andromedos diska pries ~210Myr (Block et al.,
2006).

Patvirtintas Johnson et al. (2017) atradimas, jog M31 galaktikos jauny
zvaigzdziy spie¢iy (<700 Myr) masés funkcija yra sutrumpinta — nustatyta cha-
rakteringa Schechter’io funkcijos masé lygi M* = (11.0753) x 10° Mg. Be to,
parodyta, jog Sis parametras M™* palaipsniui didéja senesniy spiec¢iy populiaci-
joms.

I8 zvaigzdziy spieciy amziy pasiskirstymo galaktikos diske matyti, kad jau-
nesni spieciai labiau koncentruojasi ties tankiomis zvaigzdes formuojanciomis
galaktikos spiraliniy vijy zonomis. Tai rodo, jog dauguma zvaigzdziy spie¢iy
susidaro galaktikos vijose. Negana to, Si koreliacija isliecka matoma net iki
~400 Myr, o tai rodo, kad spieciy greic¢iy dispersija yra labai maza. IS gauty
spiec¢iy amziy pasiskirstymy jvertinta, jog spieciy radialiniy greic¢iy dispersija
turéty buti ne didesné nei keli km/s. Tai eile mazesnés vertés, negu nustatyta
pavieniy zvaigzdziy grei¢iy dispersija M31 galaktikoje — nuo 30 iki 50 km/s
(Quirk et al., 2019). Tai rodo, jog skirtingai negu pavienés zvaigzdés, Zvaigz-
dziy spieciai jgalina nustatyti zvaigzdédaros morfologijos kitimus galaktikos
diske net per kelis simtus milijony mety.
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Introduction

Star formation is one of the major unsolved problems in astrophysics. Despi-
te the fact that various empirical laws connecting star formation with diffe-
rent environmental parameters have already been determined, there is still no
comprehensive and quantitative theory describing the entire process (McKee
& Ostriker, 2007; Krumholz, 2014). In order to understand this process, even
more detailed studies of the relationships between the formation of stars and
the properties of their environment are needed.

The aim of this work is to study the influence of the environment on the
formation of stellar populations in low-mass systems. To this end, the irregular
dwarf galaxy Leo A and star clusters in the Andromeda galaxy were studied.
The observations of the Hubble Space Telescope and the ground-based Suba-
ru Telescope were used for the research. Stellar populations were studied by
analysing photometric data of individual stars.

The Leo A galaxy studied in this work is low-mass, low-metallicity, has a re-
latively large amount of gas, and is isolated from other galaxies (McConnachie,
2012). Despite its large amount of gas, due to the low mass of this galaxy, the
gas is spread over a wide area and has a low density. Furthermore, the isolation
of this galaxy ensures that its star formation processes have not been affected
by complex interactions with other galaxies. Moreover, its gas metallicity is
one of the lowest among Local Group galaxies. Due to the small number of
studies of such systems, star formation in such low-metallicity environments
is not yet well understood (Latif & Schleicher, 2019). This makes this galaxy
an excellent object of study to understand the functioning of as of yet poorly
understood star formation processes in such environments.

The star clusters of the Andromeda galaxy were also studied in this work.
This galaxy is the complete opposite of the dwarf galaxy Leo A. It is the largest
galaxy of the Local Group, which has experienced various interactions with the
surrounding galaxies throughout its lifespan (Kafle et al., 2018; Hammer et al.,
2018). A galaxy of this size allows the study of star formation in a wide range
of environments, from the dense, high-metallicity central parts to the sparse,
low-metallicity outer regions. At the same time, comparing the obtained results
with the analysis results of the isolated Leo A galaxy would help clarify the
influence of galaxy interactions on star formation processes.
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The objective of the thesis

The objective of the thesis is to investigate the influence of the environment on
the evolution of stellar populations in low-mass systems.

The main tasks of the thesis

¢ Develop a method for determining the star formation history of dwarf
galaxies.

¢ Investigate environmental influences on the formation of stellar popula-
tions in the dwarf irregular galaxy Leo A.

e Develop a method for determining parameters of star clusters based on

photometric measurements of stars.

¢ Study the influence of different environments on the M 31 galaxy star
cluster formation and evolution.

Statements to be defended

e A new method has been developed to reconstruct the 1D and 2D star
formation history of dwarf galaxies based on multicolor photometric me-
asurements of stars.

e The star formation history of the dwarf galaxy Leo A has been determined
— most of the stars formed in the last 6 billion years and star formation
occurred in bursts.

e Based on the reconstructed two-dimensional star formation history of
Leo A, it was shown that the star-forming region gradually receded during
the last ~300 million years.

¢ A new method has been developed to determine parameters of star clus-
ters based on multicolor photometric measurements of stars.

¢ Ages and interstellar extinctions have been determined for 854 star clus-
ters in the M 31 galaxy. A burst of star formation activity ~220 million
years ago has been determined.
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Contribution of the author

The author developed methods and programs to determine dwarf galaxy star
star formation histories and to derive parameters of star clusters. Based on the
results of artificial star tests, he performed analysis of both methods; derived
distributions of stellar photometry errors and survey completeness functions.
The author determined the 1D and 2D star formation histories of the Leo A
galaxy and derived an age-metallicity relationship. Together with co-authors
he determined ages and interstellar extinctions for 854 star clusters in the M 31
galaxy and analysed these results.
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1. STAR FORMATION HISTORY OF LEO A GALAXY

Dwarf galaxies are one of the most important components of the Universe
despite their small mass. And not just because of all the types of galaxies,
dwarf galaxies are the most. According to the currently prevailing theory of
the cosmological constant and cold dark matter (ACDM), all large galaxies were
formed by the merger of dwarf galaxies (stellar mass M, < 10° — 1019 My). As
a result, understanding the formation processes of dwarf galaxies would help to
clarify the evolution of large galaxies as well. What’s more, dwarf galaxies are
the smallest and simplest of galaxies, making studies of their stellar populations
one of the easiest ways to find out how the as of yet still not understood
processes of star formation work.

One such galaxy is Leo A. It is a low-mass (stellar mass M, = 3 £ 1 x
10 Mg (Cole et al., 2014)) irregular dwarf galaxy in the Local Group. It
is about 820kpc (m — M = 24.58 mag (Lescinskaité et al., 2021)) from our
Milky Way galaxy (MW) and also at similar distances from other Local Group
galaxies (McConnachie, 2012). Therefore, it is believed that this galaxy has not
interacted with others. This provides a unique opportunity to understand how
dwarf galaxies form and evolve without external influence. According to the
ACDM model, star formation in galaxies of similar mass should be suppressed
after ~1 Gyr since the beginning of the universe due to reionization of hydrogen
atoms (Benson et al., 2002; Sawala et al., 2016). As the first massive stars
formed, their radiation gradually filled the universe and ionized the hydrogen
atoms in the interstellar gas. Only high-mass (Mpy > 108 — 109 M) galaxies
have enough gravity to attract such gas and start forming new stars from it
(Finlator et al., 2017). The mass of Leo A is just at this limit, but even after
reionization, star formation in it did not stop permanently (Cole et al., 2007).
The discovery of RR Lyrae type variable stars (Dolphin et al., 2002) in the
galaxy revealed the presence of a very old stellar population, more than 10 Gyr
old. Meanwhile, the presence of ionized hydrogen (H II) regions proves the
existence of young stars - less than 30 Myr.

Studies of star formation in the Leo A galaxy may also help unravel another
unsolved problem in astrophysics — what determines the rate of star formation.
More than half a century ago, Schmidt (1959) discovered the relationship be-
tween the star formation rate density and the gas density. Later, as the quality
of the observations improved, Kennicutt (1989, 1998) showed a more detailed
relationship between the star formation rate surface density Ysrr and the gas
surface density Xgas = X1 + X, (the sum of gas surface densities of neutral
hydrogen HI and molecular hydrogen Hs):

ZSFR x X (1.1)

gas?
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where n = 1.4 + 0.15 in nearby spiral and starburst galaxies. In their honor,
this dependence was named the Kennicutt-Schmidt law (hereafter KS law).
Subsequent observations of local galaxies showed that this KS law is valid in
environments where the gas surface density Yg.s does not fall below a few
Mgpc~2 (Bigiel et al., 2008, 2010; Daddi et al., 2010; Kennicutt & Evans,
2012; Wong et al., 2013). Below this density value, the dependence steepens
sharply — n ~2-3 (Bigiel et al., 2008; Elmegreen & Hunter, 2015). It was
observed that the surface density of neutral hydrogen saturates around this
limit Yy ~ 9Mgpc=2 (Wong et al., 2013). This is explained by the fact that
the gas becomes dense enough to protect the central regions of gas clouds from
the disruptive effect of background UV radiation (Krumbholz et al., 2008, 2009a;
McKee & Krumbholz, 2010). As a result, neutral hydrogen begins to efficiently
bind to Hy molecules. Below this gas density, the fraction of molecular hydrogen
drops sharply and so does the star formation rate. Moreover, some analytical
models show that this saturation limit depends on the metallicity of the gas
(Krumbholz et al., 2009a,b). The low metallicity slows down the formation of
molecules (Glover & Clark, 2012b). Also, the amount of dust is reduced, which
prevents a large part of the ionizing background radiation from destroying the
resulting molecules (Rémy-Ruyer et al., 2013; Fisher et al., 2014; Hunt et al.,
2014).

All this seems to indicate that the rate of star formation depends on the
presence of molecules. However, in low-metallicity and low-density environ-
ments (dwarf galaxies and the edges of galactic discs), no traces of molecular
hydrogen are detected at all. Nevertheless, star formation still occurs in these
systems, albeit at a slower rate. The amount of molecular hydrogen in a gas is
usually determined empirically by relating it to the amount of carbon monoxide
CO molecules. However, this relation becomes very imprecise at low metalli-
cities. Some authors argue that the amount of CO molecules depends much
more on the gas density and metallicity than the amount of molecular hydro-
gen (Shetty et al., 2011; Shi et al., 2015; Hunt et al., 2015). Therefore, despite
low or no CO, molecular hydrogen is still present in these environments. On
the other hand, some theoretical models show that in extremely low-metallicity
gas, stars can form directly from neutral hydrogen gas (Glover & Clark, 2012a;
Krumholz, 2012). Elmegreen (2015, 2018) provided a dynamical model of star
formation covering all gas density scales. According to it, the gas is constantly
collapsing into stars or being dissipated by the feedback of young stars. The
gas density and phase of the interstellar medium determine the rate of each of
these processes relative to each other, resulting in different dependences of the
star formation rate on gas density.

To solve these problems, it is necessary to study star formation in environ-
ments with the lowest gas density and metallicity, where the biggest differences
between different models are visible. Such conditions are found in the dwarf
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irregular galaxy Leo A: the metallicity of the gas reaches only ~2% of the
metallicity of the Sun langle[Fe/H) = —1.67 (Kirby et al., 2017), and the gas

2 and in some

surface density in the disc does not exceed log ¥p1 < 1.5 Mgpc™
places drops even to such low values as log Ygr > —0.5 Mepc~2 (Hunter et al.,
2012). Therefore, using data from the ground-based Subaru Telescope and the
Hubble Space Telescope (HST), we determined the integrated star formation
history of Leo A throughout the age of the galaxy and the two-dimensional evo-
lution of star formation in the galactic disc over the last few hundred million

years.

1.1. Leo A data

The study of star formation was carried out with the help of the HST ACS
camera images (Cole et al., 2007) obtained during the LCID (Local Cosmology
from Isolated Dwarfs) project and the photometry catalog obtained from the
Suprime-Cam mosaic camera images made with the Subaru telescope Stonkuté
et al. (2014). The latter catalogue covers the entire galactic disc and far beyond,
but the quality of the measurements allows measuring stars only up to 24-
25 mag. Meanwhile, the HST ACS measurements cover only part of the galactic
disc (1.1 figure marked with a blue square), but the excellent image quality
allows us to measure stars below the main-sequence-turn-off (MSTO) point of
the oldest populations.

The Subaru Telescope’s Suprime-Cam camera photometry catalogue was
used exclusively for studies of young (<500 Myr) stellar populations. Stellar
measurements in all three photometric bands B, V and I were used. From the
20583 objects in the initial catalog, only bright stars (V < 24) falling into an
ellipse whose semi-major axis equals the Holmberg radius a = 3'.5 were selected
for the study (Mateo, 1998) (~800 pc marked in 1.1 fig. by the red ellipse, at
a distance of Leo A 1’ = 230pc). In addition, a handful of non-stellar objects
were removed interactively. Finally, data from 2412 stars were used for the
study.

HST ACS observations in the F475W and F814W photometric bands are
taken from the Mikulski Archive for Space Telescope (MAST)!. The photos
were processed by the online archive’s automatic algorithm: removed the bias
signal, applied the uniform field correction and corrected the data for the charge
transfer efficiency (CTE). Stellar photometry was performed using the DOLP-
HOT 2.0 software package (Dolphin, 2000). It automates the search for stars
in digital images and their photometry based on point spread function (PSF)
measurement. The stellar PSF was estimated using measurements of isolated
reference stars. These are single stars in isolated parts of the image where there
are no secondary objects to affect their light distributions. Next, the catalogue

Lhttp://archive.stsci.edu
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1.1 pav.: A composition of images taken in three B, V and I photometric bands
of the Leo A galaxy obtained with the Subaru Suprime-Cam camera (Stonkuté
et al., 2014). The red ellipse (axis ratio b/a = 0.6, positional angle PA = 114°)
marks the Holmberg radius, where the surface light density in the photometric
band B reaches 26.5 mag/ arcsec>. The semi-major axis of the ellipse is equal
to a = 3.5 (~800pc) (Mateo, 1998), and the coordinates of the centre are
Q32000 — 9h59m24_5s7 6J2000 = —|—30044/47H (Vanseviéius et al., 2004). The field
of HST ACS observations is marked with a blue square (Cole et al., 2007).
North is up and east is to the left.

was cleaned from various background and poorly measured objects by applying
various selection criteria. First of all, objects with signal-to-noise ratio less than
S/N < 5 were rejected. Also, objects located closer than 8 pixels from the edges
of the image were rejected, because the number of defects there is too high.
After that, during visual screening, all objects that occurred on obvious back-
ground galaxies, bright Milky Way stars, or image defects were rejected. The
catalogue was then cleaned of diffuse objects (e.g. background galaxies or mul-
tiple stars projecting into a single PSF) using the sharpness parameter of the
photometry algorithm. This parameter indicates how well the object’s profile
matches the stellar PSF — wider profiles have positive sharpness values and nar-
rower profiles have negative values. Only objects with —0.2 < sharpness < 0.2
parameter values were left in the catalogue. Finally, objects with F475W < 29
were discarded, excluding the faintest objects with the largest measurement er-
rors and the most affected by measurement completeness. After these selection
steps, 125401 objects remained in the catalogue.

In addition to stellar measurements, measurements of neutral hydrogen gas
surface density in the galactic disc by Hunter et al. (2012) were used to study
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1.1 lentelé: The parameters of the Leo A galaxy and their sources used in this
work.

Parameter Value Reference

a, 9 (J2000) 975924.55 +30°44’47"  Vansevicius et al. (2004)

PA 114° Vansevicius et al. (2004)

b/a 0.6 Vansevicius et al. (2004)
Holmberg 3.5 Mateo (1998)

radius

Ap, Ay, A; 0.075, 0.057, 0.031 Schlafly & Finkbeiner (2011)
AF475W7AF814W 0.068, 0.032 Schlaﬂy & Finkbeiner (2011)
(m — M)o 24.58+0.04 (824+15 kpc)  Lescinskaité et al. (2021)

M, 3.3 x 10° M, Kirby et al. (2017)

My 6.9 x 105 Mg, Hunter et al. (2012)

M/Ly 20+ 6Mg/Le Brown et al. (2007)

12+ log(O/H)  7.38+0.1 van Zee et al. (2006)

124+ 1log(O/H)  7.4+0.2 Ruiz-Escobedo et al. (2018)
([Fe/H]) 1677008 Kirby et al. (2017)

Labels: «,d — equatorial coordinates of the centre of the Leo A galaxy;
PA — the positional angle of the semi-major axis of the ellipse; b/a — the ratio
of the semi-axes of the ellipse; Holmberg radius — the radius at which the
surface brightness reaches 26.5mag/arcsec?; Ap, Ay, Ar, Aparsw, Apsiaw —
background extinction of the Milky Way; (m — M)g — real distance module;
M, — stellar mass; Mpy; — mass of neutral hydrogen gas; M/Ly — mass to
light ratio; 12 + log(O/H) — oxygen abundance in interstellar gas; ([Fe/H]) —
average metallicity of red giant stars.

the star formation of Leo A. Also, various other Leo A parameters used are
specified in the 1.1 table.

1.1.1. Subaru photometry errors and completeness

For detailed studies of star formation, it is necessary to know not only the
brightness of the stars, but also the dependencies of the brightness measure-
ment errors and completeness functions (what fraction of stars with specific
parameters was not measured). The artificial star test (AST) method (Stonku-
té & Vansevidius, 2015) was used to determine them. Using this method, light
profiles of artificially generated stars are superimposed on galaxy images from
which stellar photometry is derived. Then, the full photometry procedure is
repeated and observed as the placed artificial stars are measured. In this way,
after generating a large number of stars of various luminosity and colours and
placing them in various locations of the galaxy images, it is possible to determi-
ne the dependences of the real star measurement errors and the completeness
function on the brightness and colour of the stars and their position in the ima-
ge (e.g., in denser locations of the images, more stars become overshadowed by
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the background, which results in larger photometry errors).

For images from the Suprime-Cam camera of the Subaru telescope, artificial
AST stars were placed in a 13’ x 9" quadrilateral field covering Leo A. This field
spans the entire galaxy and beyond its halo. In this field, 8000 AST stars were
placed in a grid order (100 x 80) with a distance of ~ 7" between stars to avoid
any overlap of the light profiles of the AST stars. This process was repeated
a second time, doubling the number and density of AST stars. The second
AST star grid was shifted diagonally — each coordinate shifted by ~ 3.5”. This
procedure was repeated 34 times, yielding a separate box with 16 000 artificial
AST stars for each of the 34 reference points in the CMD plot (1.2 fig.).

AST stars were fitted to the images using the DAOPHOT module (Stetson,
1987) in the IRAF software package (Tody, 1993). Artificial PSF models for
each AST star are placed separately in each exposure frame. Then, a comp-
lete photometry procedure was performed for each of the 34 obtained photo
sets with AST stars. This resulted in 34 separate star catalogs from which
measurements of placed AST stars were selected.

In order to take into account, the dependence of measurement errors and
completeness functions on the position in the image, the entire field covered by
AST stars was divided into an ellipse covering the very centre of Leo A and
into 16 concentric elliptical rings. The ellipses are centered at the centre of
Leo A, the ratio of their semi-axes is b/a = 0.6 and the positional angle of the
major axis is PA = 114°. The semi-major axis of the central ellipse is a = 25",
and the width of all subsequent rings at the semi-major axis is Aa = 25”.
The analyses of measurement errors and completeness described below were
performed separately for each of these areas, thus obtaining dependencies not
only on the position in the CMD diagrams, but also on the position in the
image.

The completeness of the measurements was calculated using the assigned
and measured AST star luminosities. For each CMD reference point (1.2 fig.)
the measurement completeness value is calculated — the number of AST stars
measured at that point with magnitudes measured in all three passbands (B,
V, I) divided by the total number of stars generated at that point. In this way,
the dependence of the completeness on the position of the star in the CMD
diagram is obtained.

When evaluating the errors of star measurements, it was assumed that the
form of the errors corresponds to a multidimensional normal distribution. Ba-
sed on this assumption, error covariance matrices were determined separately
for each CMD reference point using the assigned and measured AST star lu-

minosities:

N
Soy = N0 (m0 —mit ) (mS —min), .y € (BV,I},  (12)

xn yn yn
n=1
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1.2 pav.: Results of AST tests for photometry of Leo A stars obtained from
Subaru Telescope Suprime-Cam images (Stonkuté & Vansevicius, 2015). The
upper diagrams (a, b, ¢) show results from an ellipse centered on Leo A. Ellipse
parameters from Vansevifius et al. (2004) — semi-major axis a = 2/, semi-axis
ratio b/a = 0.6, major axis positional angle PA = 114°. In the lower plots
are shown the AST results from the elliptic ring 5.3' < a < 6.0’. AST stars
are generated from 34 reference points - marked by white circles in diagram
a, black dots in corresponding places in diagrams b, ¢, e and f. For each of
these 34 reference points, 16000 artificial AST stars were generated. Their
measured data is represented by the gray dots in diagrams b and e. The errors
of these measurements and the values of completeness are shown in diagrams c
and f - the numbers indicate the values of the completeness function in percent.
Measurements of real stars are represented by black dots in diagrams a and d.
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where ¥, is an element of the covariance matrix of errors in column z and row
y; N — the number of all AST stars generated at the CMD reference point; x, y

out

out — the measured

— denotes one of the three photometric bands B, V', I; m
apparent brightness of the nth AST star in the x photometric band; mit —
assigned apparent brightness of the nth AST star in the x photometric band.

The errors and completeness values of specific real star measurements were
calculated by linearly interpolating the covariance matrices and completeness
values of the three nearest CMD reference points in the area of the photo
where the star is located. It is necessary to note that it is not advisable to
interpolate the error covariance matrices directly, due to the exponential growth
of possible numerical errors. Therefore, instead of covariance matrices, their
inverse matrices were interpolated. After that, the obtained matrix is inverted
again and thus the interpolated covariance matrix is obtained.

1.1.2. HST photometry errors and completeness

For the HST ACS data, photometric errors and completeness functions were
estimated using the AST method, analogously to the Subaru data (see 1.1.1 sec-
tion). Only in this case, artificial AST stars are placed in the field by randomly
selecting coordinates, thus evenly covering the entire field of observations. Also
in the CMD diagram, stars are generated by randomly selecting initial magni-
tudes from the region 20 < F475W < 33, —2 < F475W — F814W < 5, and not
at specific reference points. In this way, the entire magnitude space of interest
was evenly covered. A total of 1780265 AST stars were used for this.

Similarly, to the Subaru data, the field of observations was divided into
a central ellipse with semimajor axis ag = 45” and 5 rings with the follo-
wing semimajor axis distances from the galactic centre: a; = 45" — 70"; a2 =
70" —95": a3 = 95" —125"; a4 = 125" —175"; a5 > 175"”. The ratio of semi-axes
of ellipses is b/a = 0.6 and the positional angle of the major axis is PA = 114°.
In addition, the central ellipse and each ring were further divided into 8 parts in
the polar direction, as can be seen in the distributions of measurement comple-
teness in the field of observations 1.3 fig. This arrangement of areas was chosen
based on the variation in the concentration of Leo A stars, while maintaining
a sufficient number of measured AST stars to obtain reliable estimates in each
area. Analyses of measurement errors and completeness were performed sepa-
rately for each of these areas.

For completeness analysis, the magnitude space 20 < F4T5W < 33; -2 <
F475W — F814W < 5 was divided into AF475W x A(FAT5W — F814W) =
0.5 x 0.5 mag? size cells (1.4 fig.). In each of these cells, the completeness values
was calculated: the number of measured AST stars (i.e. magnitudes obtained
in both photometric bands) divided by the total number of generated AST
stars in that cell. In this way, the dependences of the completeness of star
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1.3 pav.: Distributions of measurement completeness of Leo A stellar photomet-
ry from HST ACS images in the observed field at different F475W magnitude
values (indicated in the upper left corner of each plot). Completeness values
are colour-coded according to the specified colour scale. The axes indicate the
pixel coordinates of the CCD camera (1 pixel — 0.05"”). The ratio of semi-axes
of ellipses is b/a = 0.6 and the positional angle of the major axis is PA = 114°.
White areas represent rejected measurement areas where reliable measurements
are not possible — background object pollution or bad pixels. It can be seen
that the completeness values decrease towards the centre of the galaxy, where
the density of Leo A stars is higher.

magnitude measurements on the position of the star in the magnitude space
(1.4 fig.) and in the observed field (1.3 fig.) were obtained. It can be seen that
the completeness is smaller the closer the star is to the centre of the galaxy.
For error analysis, the magnitude space was also divided into an analogous
grid with 0.5 x 0.5 mag? sized cells. However, when analysing the photometric
errors from the AST test results, it was noticed that the error distributions
of less bright stars (F475W > 25) are highly asymmetric (1.5 fig.). As a
result, the error distributions were not approximated by a normal distribution
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1.4 pav.: Distributions of measurement completeness of Leo A stellar photo-
metry from HST ACS images in CMD diagrams. The left diagram shows the
completeness in the central ellipse with the semi-major axis ag = 45”. On the
right - completeness in the farthest region from the centre, outside the ellipse
with the semi-major axis ag = 175”. Completeness values are colour-coded
according to the specified colour scale.

for the generation of artificial stars. Instead, the magnitude deviations of the
artificial stars were randomly selected from the error distributions of the three
nearest CMD bins derived from the AST star measurements. The probability of
randomly selecting each of the three cells is linearly proportional to the distance
of the star to the centre of the cell in the CMD diagram. Finally, randomly
generated errors according to the two-dimensional normal distribution with
orarsw = orgiaw = 0.01 were additionally added to the obtained magnitude
deviations. Thus, ensuring more evenly spread magnitude values.

Since only bright (FA75W > 25) stars were studied for the analysis
of the two-dimensional star formation history, errors approximated by two-
dimensional normal distributions were used for them. The procedure for cal-
culating the error covariance matrices was analogous to the procedures done for
Subaru data described in Eq.1.2. Error values are linearly interpolated between
the three nearest CMD cell centres.
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1.5 pav.: Error distributions of the magnitude measurements of the artificial
AST stars in the CMD diagram for photometry of Leo A stars done on HST
ACS images. On the left, distributions in the central ellipse with the semimajor
axis ag = 45”. On the right - completeness in the farthest region from the
centre, outside the ellipse with the semi-major axis ag = 175”. Green points
indicate the assigned positions of artificial AST stars, blue points - the results
of photometric measurements of these stars. The errors are larger the closer
the measured star is to the dense central galactic zone.

1.2. Populations of artificial stars

The method for determining the integrated star formation history described
in this paper is based on the comparison of artificial stellar populations with
measurements of real stars. Therefore, it is first necessary to discuss artificial
star populations and their generation methodology.

Stars are not born one at a time. All star formation studies show that stars
form in groups from collapsing and fragmenting giant molecular clouds (GMC)
(McKee & Ostriker, 2007). It is assumed that in these clouds, before fragmen-
tation begins, the gas is already fully mixed, i.e. the chemical composition is
the same in all areas. As a result, stars formed from one GMC usually have the
same chemical composition (metallicity) and age. Although, it should be men-
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tioned that in recent years variations in the abundance of chemical elements
have been observed between stars of the same population in globular clusters of
the Milky Way (Carretta et al., 2009; Anderson et al., 2009; Bastian & Lardo,
2018).

Fragmentation of a collapsing GMC determines the masses of the forming
stars (André et al., 2010). Even in the middle of the last century, it was
noticed that the masses of stars follow a certain distribution (Salpeter, 1955).
This distribution is called the initial mass function (IMF). Later observations
showed that this distribution of the initial masses of stars is universal (Kroupa,
2001; Bastian et al., 2010). Although this process is not yet fully understood,
it is believed that gas turbulence in the GMC cloud creates overdensities that
initiate fragmentation (McKee & Ostriker, 2007). Next, each of these fragments
collapses separately and forms a star in the centre, which ignites and blows out
the remaining gas. Although only a small fraction of the entire gas cloud
fragment gives rise to a new star, observations show that the shape of the
mass distributions of these fragments closely resembles the stellar IMF (André
et al., 2010). From this it can be concluded that the masses of the formed stars
are directly proportional to the masses of the fragments from which they are
formed. And since the formation of these fragments is caused by gas turbulence,
it is believed that turbulence also determines the distribution of initial masses
of stars.

Taking all this into account, each population of artificial stars can, in a
simplified case, be described by three parameters: age, metallicity and initial
mass of the entire population. The age and metallicity of each star in the
artificial population will be the same as that of the entire population. However,
the mass of each individual star must be different. As a result, the masses of the
artificial stars are randomly generated according to the selected IMF function
until their sum reaches a given value of the mass of the entire population.

This work used the IMF function determined by Kroupa (2001). It is a
four-part power function that tells us what fraction of stars in a population are
born with a given initial mass:

IMF(m) = C; m™,

ap=0.3+0.7, 0.01 <m/Mg < 0.08,

ar=1.3+05, 0.08<m/Mg < 0.50, (1.3)
ar =23£0.3, 0.50 <m/Mg < 1.00,

a3 =23+0.7, 1.00 <m/Mg < Mmax,

here C; are normalization constants, which ensure that fs::" IMF(m)dm = 1;

m is the initial mass of the star; M — mass of the Sun; mpy,y is the maximum

possible mass of a star. The value mmyax = 120 M was used in this work.
The mass of the artificial star is obtained by generating a random number
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X that can take values between 0 and 1. Inserting this number into the inverse
cumulative IMF function CIMF gives the initial mass of the star. This process
is repeated until the sum of the masses of all generated stars equals or exceeds
the target mass of the generated population. Since this is a stochastic process,
the sum of the generated stellar masses is usually not exactly equal to the
target population mass. However, randomly rejecting the last generated star
with a probability of 50% ensures that at least the average generated mass of
the population is equal to the target value.

The inverse cumulative IMF function CIMF is calculated as follows:

CIMF(X) = CIMF~!(m) = M,(X), (1.4)
CIMF(m) = /0.08 IMF(m)dm,

where M, is the generated initial mass of the star.

Various star surveys of our Galaxy show that ~50% of stars are gravita-
tionally bound to one or more companion stars (Raghavan et al., 2010; Sana
et al., 2013; Tokovinin, 2014; Kobulnicky et al., 2014). Therefore, multiple
star systems must also be taken into account when generating artificial popu-
lations. Nonetheless, observations show that the masses of companion stars
do not follow the IMF function. The mass ratios of the companion and host
star were found to follow a uniform distribution (Tokovinin, 2014; Kobulnicky
et al., 2014). Following these research results, for half of the generated artificial
stars chosen by random a companion star was also generated. For such artifi-
cial binary stars the calculated absolute magnitude values of both are summed
and only then are the effects of photometric measurements simulated for them.
This takes into account the effects of indistinguishable binaries for photomet-
ric measurements. The mass of the companion is generated according to the
uniform mass ratio distribution: ¢ = mq/mg; 0.2 < ¢ < 1. Companion masses
are also included in the calculation of the total population mass.

Once the masses of all artificial stars are generated, their absolute magni-
tudes are then calculated using a bank of stellar evolution models. According
to the given values of the age and metallicity of the artificial population, an
isochrone with the same parameters is selected - a set of modeled absolute lu-
minosities of a population of stars of the same age and metallicity. For each
artificial star, the absolute magnitude values are calculated by interpolation of
the stellar mass between the two isochrone points with the closest mass valu-
es. The bank of stellar evolution models used in this work is the PAdova and
tRieste Stellar Evolutionary Code (PARSEC)-COLIBRI v1.25? (Bressan et al.,
2012; Marigo et al., 2017). Parameters of the isochrone bank used: for Subaru
data — log(t) = 6.6 — 10.1 with step At = 0.05 dex and Z = 0.0008; For HST

2http: //stev.oapd.inaf.it/cgi-bin/cmd
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data — log(t) = 6.6 — 10.13 with step At = 0.01 dex and metallicity interval
Z =0.0001 — 0.0015 with step AZ = 0.0001.

Next, the distance modulus and the Milky Way extinction values in the
direction of observations from the 1.1 table are added to the magnitudes of each
artificial star, thus obtaining the apparent magnitudes of the stars as if they
were in the Leo A galaxy. Due to the extremely low metallicity of the gas, the
internal extinction effects of the Leo A galaxy are considered to be smaller than
the measurement errors, so it was not taken into account. Given the dependence
of the quality of real star measurements on the position of the star in the field
of observations, positions were also randomly generated for each artificial star.
Star positions are generated from a two-dimensional normal distribution of
Leo A stars: centre coordinates ajagoo = 9759™24.5%, 859000 = +30°44’47", the
standard deviation in the direction of the major axis of the ellipse is equal to
a = 3'.5, the standard deviation in the direction of the minor axis, b = 0.6-a, the
distribution is rotated according to the positional angle of the galaxy PA = 114°
(Vansevicius et al., 2004; Mateo, 1998).

The resulting apparent magnitudes of artificial stars are further modified
by simulating the effects of photometric measurements. For each artificial star,
completeness values are calculated from the results of the AST tests according
to the methodology described in sections 1.1.1 and 1.1.2. A random number
between 0 and 1 is then generated for these stars. If the resulting number
is greater than the completeness value assigned to the star, it is discarded
and considered unmeasured. If the number is lower, the star is considered
measured, thus simulating the effect of measurement completeness. Finally,
random magnitude deviations are generated for the remaining stars according
to the instructions in 1.1.1 sec. and 1.1.2 sec., thus simulating measurement
errors. In this way, an artificial population of stars is obtained with the quality
of the measurements corresponding to the photometric measurements of real
Leo A stars.
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1.3. Integrated star formation history of Leo A

1.3.1. The method for determining the integrated star formation
history

Galaxies are large and complex systems made up of dark matter, various ga-
ses, and many different stars. When studying the star formation histories of
other galaxies, the quality of modern observations does not yet allow reliable
determination of their parameters for all stars. However, stars can be divided
into populations of different ages and metallicities. In this way, the task of
determining the star formation history of galaxies is simplified from studying
many individual stars to finding the combination of stellar populations that
best fits the observations.

The method used in this work to determine the integrated star formation
history of a galaxy is based on the comparison of artificial stellar populations
with data from photometric observations of stars. First, according to the met-
hodology described in section 1.2, a bank of artificial stellar populations is
generated, evenly covering all values of ages and metallicities that stars in the
studied galaxy could have. To reduce unwanted stochastic effects, each popu-
lation should be massive enough to uniformly fill the isochrone corresponding
to its parameters. Next, the magnitude and colour space covering the obser-
vations is divided into many small cells with the help of an adaptive grid. For
each grid cell, the number of observed stars falling into it is counted, as well
as the number of stars in the bank of artificial populations. In this way, the
number density distributions of real galaxy stars and artificial population stars

in the measurement space are obtained.

By comparing these distributions in each cell, it is determined which areas
generated too many or too few artificial stars. Accordingly, the masses of the
corresponding artificial stellar populations are reduced or increased to better
reproduce the observations. After adjusting the masses of each artificial popu-
lation according to the obtained results, a set of artificial stellar populations
is generated anew. Each population is generated 10 times and the mean star
number density distribution of these realizations is calculated, thereby redu-
cing stochastic effects. This distribution of stars in measurement space is again
compared with measurements of real stars and the masses of the generated
populations are again adjusted. This process is iteratively repeated until the
chosen parameter defining the fit of star distributions stops changing.

The mass distribution of the artificial populations of the last iteration is
chosen as the best solution of the integrated star formation history — i.e. how
many stars were formed in the galaxy how many years ago and at what me-
tallicity. The second half of all iterations is used to determine the confidence
intervals of the results, thus partially taking into account the measurement er-
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rors, parameter degeneracy and stochastic effects on the results. It should be
noted that the determined masses refer to the mass of all stars formed at the
time of birth of a given population, not the current mass of the population,
since a significant number of stars must have gone supernova since then or lost
some mass by shedding their outer layers in the late stages of their evolution.

For the comparison of artificial populations with observed stars, the measu-
rement space is divided into many small cells using an adaptive grid. Using a
uniform grid of small cells greatly increases the influence of stochastic effects
on the determination of star formation in regions of low stellar abundance (e.g.,
late evolutionary stages). Therefore, the space of measurements should be di-
vided into such a grid, the cells of which would include at least some defined
minimum number of observed stars. To achieve this, first of all, the entire me-
asurement space is divided into cells of equal size — in the case of Subaru data,
the cell size used is AB x AV x AI = 0.1 x 0.1 x 0.1 mag® and for HST data,
AFATSW x A(FATSW — F814W) = 0.075 x 0.04 mag?. Next, these cells are
divided into groups based on stellar evolution: into the main-sequence (MS),
the sub-giant branch (SGB), the red giant branch (RGB) and the remaining
evolutionary stages into one more group. Each cell is assigned to one of these
groups according to which type of stars it contains the most, by dividing the
stars from the original bank of artificial populations. Cells that do not contain
any artificial population stars are removed and not used further. Therefore,
it is important that the initially generated star bank covers all areas of the
measurement space where there are any real stars.

Cells of the same group are merged until at least 3 observed galaxy stars
fall into the new cell or until 4 consecutive connected cells contain no observed
stars. This process starts with the cell with the brightest magnitude (in the
case of colours, the bluest) and continues by checking and adding up the cells in
succession, changing one coordinate up to three times. After that, the second
coordinate is changed and the cells are checked, again changing the first co-
ordinate up to three times in a row. Analogously, once the second coordinate
is changed three times in a row, the third coordinate is changed next. In a
general case, following this procedure, the grouping of cells can also be done in
measurement spaces with more than three dimensions.

Next, for each cell of the newly formed adaptive grid, the numbers of stars
of the observed galaxy and artificial stars residing in the cell are counted. The
ratio of the numbers of real and artificial stars indicates the mass correction of
the artificial population — by how much the mass of the artificial population
whose stars fall into that cell should be increased or decreased in the next
iteration. However, the stars in each artificial population are distributed over
many cells. Therefore, the mass correction for a specific artificial population
is calculated as the average of all cells containing stars of the corresponding
population. And the number of stars in the cell is used as the weight of the
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mass correction corresponding to that cell. The value of the specific artificial
population mass for the next iteration is calculated as follows:

N r;

Zi k“nji(ZJ)

N b
> nyi(Z,t)

here M;(Z,t) is the mass of the artificial stellar population of metallicity Z

Mj+1(Z7 t) = Mj(Z, t) X (15)

and age t at iteration j; N — the total number of adaptive grid cells; r; — the
number of real galaxy stars in the i-th cell; kj; — the total number of stars of all
artificial populations in the i-th cell in the j iteration; n;;(Z,t) — the number
of stars of the artificial population of metallicity Z and age ¢ in the i-th cell in
the j iteration.

1.3.2. Method tests

To evaluate the reliability of the developed method, tests were performed wi-
th artificial star populations. Application limits were checked separately for
Subaru and HST data.

The reliability of the method, when applied to Subaru telescope data, was
verified by applying it to an artificial galaxy with four populations of stars of
different ages and masses (see 1.6 fig.). The populations were generated ac-
cording to the methodology described in the 2.2 section, artificially simulating
the quality of the photometry data of the Subaru observations. All the stars
generated in this test are younger than 500 Myr, as the Subaru observations
allow us to distinguish only stars younger than 1 Gyr and RGB sequence stars.
However, the dependence of the magnitude of the stars in the RGB sequence
on their age is extremely weak - the changes are much smaller than the pho-
tometric errors, so it is impossible to reliably determine their age from these
observations. As a result, the Subaru data were used only for studies of young
t < 500 Myr stellar populations. At the same time, populations of similar ages
were generated for the tests with star formation maxima at ages 10, 60, 170
and 375 Myr and spread out to younger and older ages (see 1.7 fig.). This
was done to simulate four realistic bursts of star formation, the duration of
which decreases with time. All four populations are generated with the same
metallicity Z = 0.0008 corresponding to the current gas chemical composition
of the Leo A galaxy van Zee et al. (2006).

As can be seen from the test results 1.6 and 1.7 fig., the method accurately
reproduced the position and height of all four star formation maxima and even
the shape of their propagation with small deviations. In addition, the number
density distribution of artificial stars in magnitude space is quite accurately
reproduced. Also, the total initial mass of the generated populations is exactly
recovered: given value — 3 x 10% M, derived value — (3 £2) x 10° , M. These
test results show that the developed method can reliably determine the integ-
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rated star formation history of the Leo A galaxy over the last 500 Myr using
the Subaru observations.

The reliability of the method for the application to HST ACS data was also
verified by applying it to an artificially generated galaxy with six stellar popu-
lations of different ages, masses and metallicities (see 1.6 fig.). The artificial
stellar populations of the galaxy are generated according to the methodology
described in section 1.2. The quality of the HST data allows the separation of
stars of all ages, so for the tests stellar populations were generated with star for-
mation maxima spread from the youngest to the oldest ages: maxima centered
at —log(t) = 7.2,7.7,8.3,8.7,9.2,9.9 (see 1.7 fig.). To simulate the chemical evo-
lution of the galaxy, the populations are generated with different values of me-
tallicities growing over time: Z = 0.0001,0.0002, 0.0004, 0.0006, 0.0008, 0.0009
(from youngest to oldest, see 1.7 fig.).

The results of this test show that the developed method is capable of repro-
ducing the integrated star formation history covering the entire life of the galaxy
and the age-metallicity relationship, using data of the quality of HST ACS ob-
servations (see 1.6 and 1.7 fig.). The method quite accurately reproduced the
positions of all six stars formation maxima and their spread. The dependence
of the metallicity of the stars on their age is also reproduced with small devia-
tions. And the initial mass value of the stellar populations is very accurately
recovered: given mass — 4.4 x 105 Mg, recovered mass — (4.4 +0.1) x 10° M.
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1.6 pav.: Results of the star formation history determination tests for four
artificial stellar populations generated by matching the quality of the Subaru
telescope observations. On the left is shown the stellar number density distri-
bution in the CMD diagram of the four artificial populations for which the star
formation history was determined (915 stars in total). In the middle — the re-
constructed stellar number density distribution — the average of ten realizations
of the reconstructed star formation history (reconstructed number of stars —
915). On the right, the differences between the studied star distribution and
the reconstructed one. In all three CMD diagrams bin values are colour-coded
according to the corresponding colour scales below. For reference, a red, blue,
and green lines were drawn representing isochrones of three ages: 50, 200 and
500 Myr, respectively.
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1.7 pav.: Star formation rate dependence on stellar age of an artificial test
galaxy with four stellar populations and its reconstructed star formation histo-
ry. The red dashed curve shows the real star formation history of the studied
artificial galaxy. The blue curve is the reconstructed history of star formation.
Light blue areas are the confidence intervals of the results. The true initial
mass of the stellar populations of the studied galaxy is Moriginal = 3 X 10° Mg.
The derived initial stellar mass — Mperived = (3 £ 2) x 10° M.
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1.8 pav.: Results of the star formation history determination test with ar-
tificial stellar populations matching the quality of the HST ACS observa-
tions. On the left, the stellar number density distribution in the CMD dia-
gram of the six artificial populations for which the star formation histories
were determined (90260 of the total stars). In the middle — the reconst-
ructed stellar number density distribution — the average of ten realizations
of the reconstructed star formation history (reconstructed number of stars —
88529). On the right, the differences between the studied star distribution
and the reconstructed one. The colours of the cells indicate the number of
stars according to the colour-scales below. Isochrones representing the maxi-
ma of star formation of six populations are represented by lines of different
colours: yellow — log(t) = 7.2,Z = 0.0009; cyan — log(t) = 7.7, Z = 0.0008;
red — log(t) = 8.3,Z = 0.0006; violet — log(t) = 8.7,Z = 0.0004; green —
log(t) = 9.2, Z = 0.0002; blue — log(t) = 9.9, Z = 0.0001.
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1.9 pav.: Test results with an artificial galaxy with stellar data generated by
simulating the quality of HST ACS observations. Top: The reconstructed star
formation history is indicated by the blue line. The red dashed line repre-
sents the actual star formation history of the galaxy. The initial mass of the
star population of the artificial galaxy is 4.4 x 106 Mg. Its recovered value is
(4.440.1) x 106 M. Bottom left: reconstructed galaxy age-metallicity relation.
Bottom right: actual age-metallicity relation. The value of the star formation
rate at a specific age and metallicity value is colour-coded according to the
specified colour scale.
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1.3.3. Leo A integrated star formation history results

Using the method described in section 1.3.1, the integrated star formation
history of the dwarf galaxy Leo A and the age-metallicity relationship were
determined.

Using galaxy-wide observations from the Subaru Telescope’s Suprime-Cam
camera, the star formation history of the past 500 Myr has been determined
(1.10 and 1.11 Figs.). The recovered star formation history shows three episodes
of star formation activity occurring ~10, ~70-170, and ~400-500 Myr ago.
These results support the bursty star formation scenario (Teyssier et al., 2013;
Ofiorbe et al., 2015). According to it, intense star formation in dwarf galaxies
stops the formation of new stars by heating and dissipating the interstellar gas.
In this way, new stars cannot form until the gas has cooled and condensed
again. Thus, each episode of intense star formation is followed by a period of
rest, which is followed by another episode of active star formation. This process
repeats itself in the galaxy until there is not enough gas left for new stars
to form. Furthermore, the durations of star-forming and quiescent episodes
become shorter as the galactic gas reserves decrease. The lower the amount
of gas in a galaxy, the easier it is to be affected by the reverse processes of
star formation. Similar bursty star formation episodes, only for older Leo A
populations, were also detected by Cole et al. (2007) and Ruiz-Lara et al.
(2018).

The star formation history of Leo A throughout its lifetime has been re-
constructed using better-quality observations from the HST Space Telescope’s
ACS camera (1.12 and 1.13 fig.), although they don’t cover the entire galactic
disc. The determined mass of the stars formed in Leo A during its lifetime
M, = 3.3737 x 10 My, agrees with the estimates of other authors (Cole et al.,
2007, 2014; Kirby et al., 2017). According to the recovered star formation
history, Leo A has formed most of its stars (~80%) only in the last 6 Gyr.
Although before that, star formation took place constantly, but at a very low
pace. Also, the results confirm the existence of an old >10 Gyr, but not very
massive, population, thus complementing previous authors’ conclusions about
the existence of the oldest population (Dolphin et al., 2002; Cole et al., 2007;
Ruiz-Lara et al., 2018).

Such a late start of star formation in the Leo A galaxy cannot be explained
by the lack of gas to fuel star formation, since this galaxy still has a large
reserve of gas that has not been transformed into stars (Hunter et al., 2012).
Furthermore, Leo A is an isolated galaxy, and as a result it could not have
accumulated all of its gas until early in its formation. For these reasons, it is
more likely that only a small fraction of Leo A’s gas could have participated
in star formation in the beginning. The rest was probably heated by UV
background radiation or supernovae explosions and remained in the halo for a
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1.10 pav.: Data from observations of stars in the Leo A galaxy with the Suba-
ru telescope and their reconstruction according to the recovered star formation
history. Left — Leo A stellar number density distribution in the CMD (2412
stars used for the entire study). In the middle — the reconstructed stellar num-
ber density distribution — the average of ten realizations of the reconstructed
star formation history (number of recovered stars — 2350). Right - differences
between the Leo A stellar distribution and the reconstructed one. The colours
of the cells indicate the number of stars according to the colour scales below.
For reference, the red, blue and green curves represent isochrones of three ages:
50, 200 and 500 Myr, respectively.
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1.11 pav.: Reconstructed star formation history of Leo A over the past 500 Myr
using observations from the Subaru Telescope. The blue areas represent the
uncertainty limits of the results. The total stellar mass formed in the last
500 Myr is determined to be 3792 x 10° Mg. Three episodes of star-forming
activity are seen, with maxima at population ages of 10, 100 and 400 Myr.

121



Nops =125401 Ngec=113632
Observed Recovered Residuals

17

18f - -

19t - -

25r

261

27

28

2948 1 ' ' ) - 2
FA75W — F814W FA475W — F814W FA475W — F814W

100 10! 102 100 10! 102 -80-40 0 40 80
NObs NRec NObs - NRec

1.12 pav.: ACS data from HST observations of stars in the Leo A galaxy
and their reconstruction based on the determined star formation history. Left
— Leo A stellar number density distribution in the CMD (125401 stars used
for the entire study). In the middle — the reconstructed stellar number density
distribution — the average of ten realizations of the reconstructed star formation
history (number of recovered stars — 113632). Right - differences between the
Leo A stellar distribution and the reconstructed one. The colours of the cells
indicate the number of stars according to the colour scales below.
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1.13 pav.: Reconstructed star formation history and age-metallicity relations-
hip of Leo A using data from HST ACS observations. Top - reconstructed star
formation history over the past 1 Gyr (blue curve). In the middle - during the
entire lifetime of the galaxy. The purple curve represents the star formation
history of Leo A obtained by Cole et al. (2014). At the bottom, the restored
age-metallicity relation. The value of the star formation rate at a given age
and metallicity is colour-coded according to the given colour scale. The blue
points indicate the stellar mass-weighted mean metallicity at the corresponding
age intervals. The purple dots indicate the age-metallicity relation obtained by
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Cole et al. (2014) for the Leo A galaxy.
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1.14 pav.: Comparison of the reconstructed star formation histories of Leo A
over the last 500 Myr using different observations from: the Subaru telescope
(red curve) and the Hubble telescope (blue curve). All markings are the same
as in 7?7 fig. To compare the results, the star formation history determined
with the Hubble data is integrated with the same logarithmic step as in the
case of Subaru results. It can be seen that the results obtained using the data
of different telescopes agree quite well with each other.

long time. Only 6 Gyr ago, after a long cooling period, it cooled enough to
settle in the central parts, where active star formation could finally ignite.

The star formation histories over the last 500 Myr obtained using Suba-
ru and HST telescope observations were compared as shown in 2.14 fig. For
comparison purposes, the results obtained with the HST data are integrated
with the same logarithmic step as in the Subaru case. It can be seen that
the star formation histories obtained in both cases are in good agreement with
each other, despite the fact that the results were obtained using observations
from very different telescopes. Such a match only confirms the reliability of
the recovered star formation story.

The reconstructed star formation history consists of many episodes of in-
tense star formation of varying duration, always followed by a quieter period.
This result extends previous conclusions from the analysis of the Subaru data
that star formation occurs episodically. In addition, these results confirm the
bursty star formation episodes identified by Cole et al. (2007) and Ruiz-Lara
et al. (2018), which occurred 2 and 5 Gyr ago. Such bursty star formation
should be characteristic of all dwarf irregular galaxies, as confirmed by ga-
laxy simulations. Dwarf galaxies modeled according to the currently prevailing
ACDM theory have large concentrations of dark matter in the galactic centres
if feedback processes of baryonic matter are not sufficiently taken into account.
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Meanwhile, most observations of the gas velocity dispersion of low-mass ga-
laxies do not show such compactions in the dark matter density profiles. One
solution to this discrepancy is the use of bursty star formation episodes in mo-
deling such galaxies (Teyssier et al., 2013; Ofiorbe et al., 2015). When bursty
star formation is modeled in small galaxies, stellar feedback constantly pus-
hes gas away from the galactic centre, which in turn carries away dark matter
through gravitational interactions and prevents it from accumulating in the
galactic centre. In this way, the reconstructed dark matter density profiles
correspond much better to observations of real galaxies.

The high resolution and small errors of the HST ACS measurements made
it possible to determine the detailed Leo A age-metallicity relation shown in
1.13 fig., without using any prior constraints on the galaxy’s chemical evolu-
tion. The obtained distribution of star formation history from the age and
metallicity of the stellar populations corresponds to the results of previous au-
thors (Cole et al., 2007; Ruiz-Lara et al., 2018; Cole et al., 2014) and reveals
previously undetected additional details. The average stellar metallicity of the
galaxy was extremely low at the beginning (Z < 0.0001) but increased wi-
th each star formation episode. Nevertheless, due to the low overall rate of
star formation, the stellar metallicity has increased only slightly. The obtained
average metallicity of the youngest stars is only Z = 0.0011 and match the
measurements of the chemical composition of the galactic gas (van Zee et al.,
2006; Ruiz-Escobedo et al., 2018). However, several stellar populations (ages
t < 800 Myr and 1.8 < t < 5 Gyr) have been identified with lower metallicity
values than most other populations formed at that time. Kirby et al. (2017)
measured the metallicities of several dozen Leo A stars and found similar re-
sults for some stars. In addition, their statistical analysis of the distribution of
stellar metallicities showed that during the star formation episodes (¢t < 6 Gyr)
additional non-enriched gas from the intergalactic space should have fallen into
Leo A. The lower metallicity populations found confirm this assumption. The
appearance of these populations exactly 5-6 Gyr ago at the same time supports
the hypothesis that intense star formation in Leo A started only 6 Gyr ago,
when the hot halo gas finally cooled down and fell into the galaxy. Further-
more, the continuous creation of these relatively low-metallicity populations
over the last 6 Gyr suggests that the process of gas cooling and infall from the
galactic halo is still ongoing to the present day.
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1.4. The two-dimensional star formation history of Leo A

1.4.1. A method for determining the 2D star formation history

One of the most important factors shaping galaxy morphology is star formation.
Feedback from newly formed stars (such as stellar winds, UV radiation, and
supernova explosions) strongly affects the surrounding interstellar medium. Su-
pernova explosions or a cluster of massive stars can blow away the surrounding
gas, creating huge voids of low-density interstellar medium and compaction
shells (Weisz et al., 2009; Bastian et al., 2011; Cannon et al., 2011; Pokhrel
et al., 2020). While the next generation of stars is already forming in the he-
avily altered interstellar medium, it in turn also affects the gas from which the
next generation will form. In this way, the distribution of star formation in
the galaxy is constantly changing. However, each such star-forming episode
leaves a trail of star populations that is not so easily dispersed by subsequent
star-forming bursts and which can reveal past changes in the morphology of
the previous star formation. Stellar structures in dwarf galaxies can persist
unmixed for more than a few hundred million years (Bastian et al., 2011).
Therefore, studies of young stars can reveal the history of the galaxy’s star
formation morphology over the past few hundred million years.

A new method based on probabilistic stellar parameterization was develo-
ped to determine the two-dimensional star formation history of galaxies. The
measurements of each studied star are compared with a bank of theoretical
stellar evolution models (isochrone bank) and a probability distribution is de-
termined for the star to have specific parameters - age, metallicity, mass, etc.
Using these probability distributions of stellar parameters and taking into ac-
count the position of each star in the galaxy, the distributions of star popula-
tions of different ages in the galaxy are obtained. After taking into account the
influence of measurement completeness on each star population and calcula-
ting from stellar evolution models, what part of the star population is already
extinguished, the full initial mass of each population is restored. In this way,
the distribution of the initial stellar mass in time and space is recovered - the
two-dimensional history of the galaxy’s star formation.

The probabilities of stars having specific parameters are calculated by com-
paring the magnitude measurements of the star with each isochrone point of
the corresponding parameters. Assuming that the magnitude measurement er-
rors follow a normal distribution, the probability of the studied star having the
parameters (Ay, Z, t,m;) is equal to:

P(AVa Zv ta mz)

exp(—3(F - L)"S71(F - I,)) /W“*WW
(2m)kdet™ (

C(z,y, L) IMF(m)dm, (1.6)

mi+m;_1)/2
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where Ay is the differential extinction value; Z — metallicity; ¢t — age; I; — the
magnitude vector of the i-th point of the isochrone of age ¢ and metallicity Z
which is reddened by the extinction of Ay ; m; — the value of the initial mass
of the star of the i-th point of the isochrone; C(x,y,I;) — the value of the
measurement completeness function calculated according to the values of the
magnitude vector I; and the position of the star under study (x,y) in the field
of observations; F — magnitude vector of the studied star F = {Fy, Fy, ..., F };
k — length of vector F; X is the covariance matrix of magnitude measurement
errors of the star; IMF(m) — initial mass function.

When calculating this probability, the value of the measurement complete-
ness function C(x,y,I;) at the point of the compared isochrone and the position
of the investigated star in the field of observations are taken into account. Also,
stars spend different periods of time in different evolutionary stages. Depending
on this duration, the probability of finding a star at a particular evolutionary
stage varies. This is taken into account by multiplying the probability by the
value of the IMF integral, where the IMF is integrated in the interval of initial
masses corresponding to the isochrone point — (m; +m;_1)/2 — (m;z1 +my;)/2.

The previously obtained probability is calculated for all points of the iso-
chrone and summed up, thus obtaining the total probability that the star has
(Ay, Z,t) parameters:

P(Ay,Z,t) =Y P(Av,Z.t,m;). (1.7)

7

After repeating this process for all parameter combinations, the probabi-
lity distribution of the star parameters is obtained. Also, for each star, the
most probable initial mass is selected for a specific combination of parame-
ters (Ay, Z,t), according to the point of the corresponding isochrone with the
highest probability P(Ay, Z,t,m;).

In order to obtain the initial masses of the stellar populations, the effect
of the measurements completeness and the fraction of extinguished stars are
taken into account. According to the position of each studied star (the function
of completeness depends on the position in the field of observations) and each
possible set of stellar parameters (Ay, Z, ), a mass fraction of the population
of stars, which are still alive and measurable, is calculated:

(miqp1+ms)/2

R(mvyaAVaZ7 t) = Zc(xayall)/( /2 mIMF(m)dm7 (18)
i mi+m;—1

here the notations are the same as in 1.6 equation. After dividing the deter-
mined initial masses of stars by the corresponding quantity R(z,y, Ay, Z,t),
distributions of true initial masses of stellar populations in the field of ob-
servations and in the parameter space are obtained. After distributing the
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corresponding part of the initial mass of the population of each star through
the parameter space according to its probability distribution, the final distri-
bution of the initial masses of the stellar populations in the parameter space
(including age) and in the galaxy is obtained - the two-dimensional history of
star formation.

1.4.2. Tests of reconstructing the 2D star formation history

With the help of artificial stellar populations, the limits and reliability of the
method of determining the 2D star formation history were tested (1.15 fig.).
Using the described method, the evolution of the star formation morphology
of an artificial galaxy over the past 500 Myr has been reconstructed.

The star data of the artificial galaxy was generated according to the met-
hodology described in the 1.2 section, simulating the quality of observations of
the Leo A galaxy by the Suprime-Cam camera of the Subaru telescope. The
stellar populations are generated from the same star formation history used in
1.3.2 section for the Subaru data tests (1.6 and 1.7 figure) — four populations
of different ages and masses. The artificial stars are placed in an elliptical ring
corresponding to the parameters of the disc of the Leo A galaxy: limits of the
semi-major axis 2.5 < a < 3'.5, semi-axis ratio b/a = 0.6, positional angle
PA = 114° (Vanseviius et al., 2004). The stars of each of the four popula-
tions are randomly and evenly distributed over four equal-area ring segments,
as shown in 1.15 fig.

The reconstructed two-dimensional star formation history of the artificial
galaxy is shown in 1.15 fig. The distributions of reconstructed and original star
formation histories are smoothed using a window of size 0'.4 x 0.4 (at Leo A
distance (m — M) = 24.58 this corresponds to 90 x 90 pc?), shifting it by 0’.02
increments. The morphologies of all four populations were reconstructed.

The distributions of the two older populations are reproduced with relati-
vely high accuracy. However, the distributions of the two younger populations
are less well reproduced. Their shape is distinguished, but the obtained abso-
lute star formation rate density values are twice lower. Due to the much lower
mass of these two populations, their recovered star formation is much more
influenced by the stochasticity of the low number of stars.
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1.15 pav.: Results of a test to determine the two-dimensional star formation
history. Top rows (with age intervals indicated) - generated two-dimensional
star formation history of the artificial galaxy. Bottom lines — reconstructed two-
dimensional star formation history. The surface density of the star formation
rate is coded according to the specified colour scale. The four populations of
the artificial galaxy are generated in four segments of an elliptical ring of equal
area. The parameters of the elliptical ring correspond to the outer region of the
disc of the Leo A galaxy: the limits of the semimajor axis 2'.5 < a < 3'.5, the
ratio of the semi-axes b/a = 0.6, the positional angle PA = 114° (Vansevicius
et al., 2004).
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1.4.3. Results of the reconstructed 2D star formation history of
Leo A

Over time, chaotic gravitational interactions disperse stars throughout the ga-
laxy, but this takes time. It is in low-mass dwarf galaxies such as Leo A that
this process takes several hundred million years or even longer (Bastian et al.,
2011). For this reason, the evolution of the star-forming morphology in the
Leo A galaxy can be traced back several hundred Myr by studying the existing
stellar populations.

Using the method described in section 1.4.2, the two-dimensional star for-
mation history of the dwarf galaxy Leo A over the last 500 Myr was reconstruc-
ted (1.16 fig.). The results were obtained using two data sets: higher quality
HST ACS observations limited to F475W < 25, but not covering the entire
star-forming region during the studied period; and the Subaru Suprime-Cam
observational data covering the entire galaxy disc, but of lower quality — limi-
ted to V < 24. Despite the different quality of the data used, almost the same
variation in star-forming morphology is reproduced in both cases.

The obtained results show that the star-forming region in the Leo A galaxy
has been retreating to the central regions during the last 500 Myr (1.16 fig.).
This confirms the currently prevailing opinion that dwarf galaxies are charac-
terized by an outside-in scenario (Bernard et al., 2007; Zhang et al., 2012;
Hidalgo et al., 2013; Benitez-Llambay et al., 2016). According to it, the star-
forming region in dwarf galaxies shrinks over time. As new stars form, their
strong feedback (e.g. supernova explosions, stellar wind, ionizing radiation)
disperses the gas into the surrounding regions. However, due to the low mass
of the galaxy, a large part of the gas at the edges is ejected into the halo or
even escapes the galaxy altogether and does not return to the star-forming
region. In this way, the region of the galaxy with sufficient gas density for star
formation shrinks, and at the same time the star-forming region shrinks too.
This scenario is also confirmed by the distribution of star formation in the last
200 Myr along the densest arc-shaped gas region near the centre (the gas densi-
ty distribution is shown in white contours 1.16 fig. according to measurements
by Hunter et al. (2012)). Before ~200 Myr, the star-forming region began to
transition from a wider region around the centre to a narrower arc-shaped re-
gion, following the density profile of the remaining gas. Most likely, active star
formation in the centre thinned the gas in the slightly less dense southern re-
gion, stopping further star formation in this zone. Nevertheless, when studying
two-dimensional distributions, one should keep in mind that the Leo A galaxy
is a three-dimensional structure and its disc is likely very thick or might even
be more like a sphere than a disc (Kirby et al., 2017). Therefore, more detailed
studies of galaxy evolution would require additional observational data on the

three-dimensional arrangement of gas and stars.
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The reconstructed two-dimensional star formation history of Leo A shows
possible clues to how the star-forming region shrinks in dwarf galaxies. In the
gas density map, represented by white contours in 1.16 fig., a large region of
rare hydrogen gas is visible to the southwest of the galactic centre (hereinafter
referred to as the HI "hole"). Such HI gas "holes" are quite common in star-
forming dwarf galaxies (Warren et al., 2011; Pokhrel et al., 2020). They are
thought to be caused by star formation feedback. It is in this case of Leo A
that, according to LeS¢inskaité et al. (2022) and Pokhrel et al. (2020), this
large HI "hole" most likely appeared after a type II supernova explosion no
more than 30 Myr ago. This conjecture is confirmed by the two-dimensional
history of star formation reconstructed in this work. These results show that
star formation has hardly occurred in this zone for the last 100-200 Myr, and
only in the last 30 Myr a resurgence of star formation can be seen. Most likely,
it was during this last episode of star formation that one or more high-mass
stars were formed, which later exploded as type II supernovae, dispersing the
surrounding gas. Unfortunately, the temporal resolution of the results is not
sufficient to establish a more accurate age estimate.

Using the reconstructed two-dimensional star formation history, the depen-
dence of the surface density of the star formation rate on the gas surface density
in the Leo A galaxy was also investigated (1.17 fig.). The obtained dependence
(dependency coefficient 1.6 £ 0.2) is in agreement with the results of other au-
thors for dwarf galaxies and low-density outer regions of disc galaxies (Bigiel
et al., 2008, 2010). In addition, the obtained results extend these dependences
to the lowest gas metallicities, which are little studied in this matter. Although
the metallicity of the Leo A galaxy is one of the lowest in the Local Group, the
determined dependence of the star formation rate surface density on the gas
surface density does not show significant differences from the results of other
low-density, but higher-metallicity galaxies, contrary to the predictions of some
authors (Krumbholz et al., 2009b), that this dependence should steepen sharply
as the metallicity of the gas falls. Nevertheless, Leo A may just be an excep-
tion to the rule and therefore more studies of such low-metallicity systems are
needed to test this hypothesis.

The determined distribution of the star formation rate surface density versus
the surface density of the gas shows several outlier values — three points at
log¥grr = —3.1, log¥yr = —0.2 values (1.17 fig.). These points correspond
to the visible HI "hole" southwest of the centre of the Leo A galaxy (1.16 fig.).
Most likely, when a population of young stars was born in this region sometime
in the last 30 Myr, the gas density in its environment was at least an order
of magnitude higher until stellar feedback expelled the gas. Based on results
from other areas, it can be concluded that over time the gas should return to
fill this cavity again. In this way, the three anomalous points in the established
distribution would shift to the right and return to the common distribution.
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Based on this case, it can be speculated that many star-forming regions have
experienced similar gas density fluctuations, perhaps on a smaller scale. This
hypothesis is also confirmed by Pokhrel et al. (2020) who found three more HI
"holes" in the Leo A galaxy, although they are significantly smaller.

The derived dependence between the star formation rate surface density
and the gas surface density in the Leo A galaxy remains even when the results
are integrated at different scales (1.18 fig.). This shows that star formation
processes in this scale interval (from 50 to 150 pc) follow the same laws —
i.e. interstellar gas clouds collapse in the same way, regardless of their size
(at least in this size range). The only visible difference in the upper left part
of the diagrams is caused by the aforementioned large "hole" in the HI gas
distribution. In the smaller-scale calculations of 50 pc, the influence of this
formation on the results is very pronounced, while at larger scales, the results
are almost averaged with the surrounding zones of higher density. In addition,
smaller-scale results show the saturation effect of the neutral hydrogen HI gas
density at ~9 Mg pc=2 value (Wong et al., 2013). This shows that the Leo A
galaxy might have a small fraction of molecular hydrogen Hs gas, which has
not yet been discovered. These molecules should be in the densest gas regions,
where the largest star-forming flashes occurred.

The star formation rate surface density over the last 100 and 200 Myr
follow the same dependence on gas surface density. This confirms the results of
Bastian et al. (2011) that the stellar and gas structures in dwarf galaxies like
Leo A remain bound for at least 200 Myr.

Finally, the determined star formation efficiencies (what fraction of all the
gas in the region would be converted to stars by star formation in 100 Myr)
in the Leo A galaxy over the last 100 Myr range from 0.1% to 10%, with an
average value of just under 1%. If Leo A continued to form stars at this rate
without stopping, it would use up its entire gas reserve in just 10 Gyr. The
obtained values are in agreement with the star formation efficiencies of other
dwarf galaxies (Bigiel et al., 2008, 2010).
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1.16 pav.: Reconstructed two-dimensional star formation history of the Leo A
galaxy over the past 500 Myr. Top rows (with age intervals indicated) - reconst-
ructed star formation history using HST ACS observations that do not include
the edges of the currently star-forming region. Bottom rows, reconstructed star
formation history across the entire galactic disc using Subaru Suprime-Cam ob-
servations. The surface density of the star formation rate is coded according
to the specified colour scale. White contours indicate lines of uniform HI gas
density (Hunter et al., 2012). It can be seen that over the past 500 Myr, the
star-forming region has been moving towards the central regions of the galaxy
- the arc-shaped region where the HI gas densities are currently highest. In all
diagrams, north is at the top, east is on the left.
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1.17 pav.: The dependence of the star formation rate surface density on the
surface density of the gas. No trace of molecular hydrogen has been found in
the Leo A galaxy, so the HI gas density is assumed to represent the density
of all gas. Left, results from the reconstructed two-dimensional star formation
history of Leo A after integrating the SFR over the past 100 Myr. On the right
- during the last 200 Myr. The gray dashed lines indicate lines of equal star
formation efficiency, and the numbers next to them indicate how many years
it would take for star formation to use up all the gas at this efficiency. The red
line is a line fitted by the least square method (dependency coefficient 1.6 +0.2)
after excluding the three anomalous separated points in the upper left. The
results were calculated with a sliding 0'.4 x 0.4 size box (at Leo A distance
(m — M)g = 24.58 this corresponds to 90 x 90 pc?). The three separated points
in the upper left correspond to a large region of low-density gas southwest of
the centre of Leo A.
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1.18 pav.: The dependences of the star formation rate surface density on the
gas surface density were obtained by integrating the results at different scales
(top 50 x 50 pc?, bottom 150 x 150 pc?). All markings are the same as in
1.17 fig. The same dependence can be seen to hold at different galactic scales.
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2. STAR CLUSTERS OF THE ANDROMEDA GALAXY

In order to understand the basic laws governing the formation and evolution
of galaxies, it is necessary to find out the peculiarities of the formation of
not only the smallest dwarf galaxies but also the much larger galaxies such
as Andromeda galaxy. The two largest Local Group galaxies are our own
Milky Way galaxy and Andromeda (M31) galaxy at a distance of 785 kpc
(m — M = 24.47) from us (McConnachie et al., 2005). It would seem that the
easiest thing would be to study our Galaxy, where we are, unfortunately, being
inside it makes it extremely difficult to observe because the majority of the
disk is obscured by gas and dust residing in the disk. Therefore, the nearby
Andromeda galaxy, whose disc we can observe from the outside, is a much
better research object for studying the evolutionary processes of large galaxies.

The Andromeda Galaxy is a Local Group disc galaxy with a bar at its centre.
Tt is a slightly more massive Milky Way-like galaxy (Pefarrubia et al., 2014;
Kafle et al., 2018). However, despite the similarities, the evolutionary history
of the Andromeda Galaxy differs significantly. Unlike our own Galaxy, the
Andromeda Galaxy is thought to have undergone at least several major mergers
with smaller galaxies in the past 4 Gyr (Williams et al., 2015; Hammer et al.,
2018; Bhattacharya et al., 2019). This may be one of the reasons why massive
middle-aged star clusters are not found in our Galaxy, unlike in the Andromeda
Galaxy (Vansevicius et al., 2009). It is known that intergalactic interactions
can cause highly active star-forming bursts and lead to the formation of large
clusters (Barton et al., 2000; Di Matteo et al., 2007). Therefore, more detailed
studies of star clusters could reveal the peculiarities of the evolution of such
large galaxies as Andromeda and the Milky Way.

Most stars are born in star clusters. Although lower-mass clusters are gra-
dually broken up over time by two-body interactions, tidal forces, and other
processes, globular clusters and other massive clusters persist for a long time
and allow us to trace past episodes of star-forming activity far into the past.

2.1. Stellar measurement data and cluster sample

Star clusters in the Andromeda galaxy were studied using PHAT (The Pan-
chromatic Hubble Andromeda Treasury) survey data obtained with the HST
telescope (Dalcanton et al., 2012; Williams et al., 2014). The PHAT survey
covers a large part of the disc of the Andromeda galaxy, from the dense centre
to the sparse outer parts of the northeast disc. However, due to the extremely
high contamination of field stars in the central part of the galaxy, this region
has not been used in the cluster study (2.1 fig.). Observations were made with
three HST cameras using six photometric bands spanning from the UV region
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to the near-IR region: F275W and F336W were made with the WFC3/UVIS
camera, FAT5W and F814W were made with the ACS/WFC camera, F110W
and F160W — with WFC3/IR camera.

Photometric measurements of stars from the PHAT survey stellar photo-
metric catalogue Williams et al. (2023) were used in this study. This catalog
contains photometric measurements of 138 million objects in all six passbands
of the PHAT survey. However, F110W and F160W data were used only for
the selection of cluster members, but not for cluster parameter determination,
due to their poorer quality and low sensitivity to different cluster parameters.
Nevertheless, the remaining four photometric bands cover a wide enough range
of stellar spectra for reliable determination of cluster parameters.

This study analysed a sample of 854 star clusters from the 2753 cluster
catalogue of the PHAT survey Johnson et al. (2015). The clusters in this cata-
logue were discovered based on classifications by thousands of volunteers, who
distinguished the clusters from galaxies and other background objects. Howe-
ver, not all cluster stars have good photometric measurements which would
allow reliable determination of their parameters. Therefore, only a sample of
1181 clusters with the highest quality observations was selected following se-
lection criteria described in de Meulenaer et al. (2017), Naujalis et al. (2021)
and Kris¢iunas et al. (2023). Furthermore, clusters older than 1 Gyr were also
excluded, because the completeness of measurements does not allow clusters of
this age to reliably determine their parameters. After these rejections, a total
of 854 star clusters remained.

The parameters of the star clusters were determined by studying their stars
falling into the apertures specified in the paper Naujalis et al. (2021). The
extremely dense central parts of some clusters, with poorly measured stars,
were excluded from the analysis zones. These aperture corrections were made
by reviewing the CMD diagrams for each cluster as well as the observational
photographs in all six photometric bands.

To evaluate the quality of the photometry used, the dependences of photo-
metric errors and measurement completeness functions on star magnitudes in
six different density environments were determined (2.2 fig.). These dependen-
cies are calculated from the results of the PHAT photometry AST tests given
in Williams et al. (2023). Measurements in the F475W band, which provides
the deepest photometry, were used to estimate the densities of stars in diffe-
rent environments. Object densities in the AST test boxes are calculated as
the number of stars with F475W < 26 per square arcsecond, arcsec?. When
analysing the clusters, the photometric errors and completeness of the measu-
rements assigned to the stars of each of them are based on the density of the
objects counted in the aperture field of that cluster. Only stars with F475W
magnitude and with at least one other F'336W or F814W magnitude above
the 30% measurement completeness limit were used for cluster studies.
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2.1 pav.: The distribution of the analysed 854 clusters in the Andromeda Ga-
laxy, shown on a GALEX NUV image. Dashed ellipses indicate distances of
9, 14 and 19 kpc from the Galactic centre in the deprojected disc. Straight
dashed lines indicate angles from the major axis in the deprojected galactic
disc. North is up, east is to the left.
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2.2 pav.: Dependences of stellar photometry errors (solid lines) and measu-
rement completeness functions (dotted lines) on star magnitudes in six en-
vironments of different densities used in the M31 star cluster study. These
dependencies are calculated from the results of the PHAT photometry AST
tests given in Williams et al. (2023). The results of the four photometric bands
are marked in different colours: F275W in violet, F'336W in green, F'475W in
black, and F'814W in cyan. The vertical dashed lines mark the 50% complete-
ness limit of the measurements in the respective photometric bands. Each plot
shows the density of the observations field in which the corresponding AST
tests were carried out — the number of stars with F475W < 26 per square

arcsecond, arcsec?.
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2.2. A method for determining the parameters of star clusters

What is a star cluster is difficult to define precisely (Renaud, 2018), but it is
generally considered to be a gravitationally bound population of stars of the
same age and chemical composition. However, in recent years, an increasing
number of massive clusters have been found with some differences in age and
chemical composition between the stars in the cluster population (Bastian &
Lardo, 2018). Nevertheless, these differences are generally smaller than the
errors in photometric studies of other galactic star clusters, so in the context
of this work it can be assumed that the stars in the cluster have the same age
and chemical composition. Taking all of this into account, each star cluster can
be characterized by its age, metallicity (a generalized parameter of chemical
composition), mass, and the interstellar extinction that affected their observed
light.

This study of the Andromeda star clusters used the Milky Way extinction
law Ry = 3.1 (Schlafly & Finkbeiner, 2011), the Andromeda distance modulus
m — M = 24.47 (McConnachie et al., 2005) and Kroupa (2001) IMF function
(1.3 equation) for stellar masses from 0.1 to 120 Mg,.

The stellar photometry of the PHAT survey allows reliable parameter de-
terminations for star clusters down to nearly 1 Gyr in age. During this time,
the metallicity of the M31 galaxy should have changed relatively little, so in
this work the value of the stellar metallicity was fixed at the solar metallicity
[M/H] = 0, taking into account measurements of the chemical composition of
the galactic gas (Sanders et al., 2012; Zurita & Bresolin, 2012). For these re-
asons, only age and interstellar extinction parameters were determined for star
clusters in this study. Nevertheless, the method used will be described in a mo-
re general form with an allowance for different metallicity values, considering
the applicability of the method in other works.

The method for determining the parameters of star clusters is based on a
probabilistic comparison of photometric measurements of all stars in the cluster
with a bank of stellar evolution models (isochrone bank). This study uses
isochrones from the same evolutionary model bank as the previously described
Leo A galaxy study (1.2 section) — PAdova and tRieste Stellar Evolutionary
Code PARSEC-COLIBRI v1.2S! (Bressan et al., 2012; Marigo et al., 2017).

The CMD method used in this work allows us to determine their age, ex-
tinction and metallicity, but not their mass. Using photometry of individual
cluster stars, the latter parameter can be determined, but with large uncer-
tainties due to the extremely high sensitivity to the stochasticity of the cluster
stars. The mass of the cluster is more reliably determined from integrated pho-
tometry. For these reasons, the masses of the star clusters were determined by
comparing their integrated magnitudes F475W in the photometric band (Nau-

Thttp:/ /stev.oapd.inaf.it/cgi-bin/cmd
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jalis et al., 2021) with SSP models of the solar metallicity (Bressan et al., 2012;
Marigo et al., 2017) taking into account the cluster parameters determined
from the CMD diagrams — extinction and age.

The influence of binaries was not taken into account when determining the
parameters of star clusters, as tests with artificial star clusters (2.3 section)
show that their influence on the results is much smaller than other errors.

The newly developed method for determining the parameters of star clusters
described and used in this paper consists of two parts. First, the most likely star
cluster members are probabilistically selected from the selected cluster aperture
zone. This is done by comparing the spatial distributions and distributions
in different CMD diagrams of objects residing in the cluster aperture with
the analogous distributions of background objects located outside the cluster
aperture. The method uses similar principles as the method for determining
the two-dimensional star formation history of a galaxy described in section
1.4.1. Photometric measurements of each selected cluster star are compared
with an isochrone of specific parameters and the probability of that star having
the same parameters is calculated. This is repeated with the entire bank of
isochrones and the full probability distribution for the star under study to
have various sets of parameters is calculated. This procedure is performed
with all the selected stars of the cluster, and after summing the probability
distributions of all of them, a common probability distribution for the whole
cluster is obtained, from which the best solution of the cluster parameters is
found.

2.2.1. Background decontamination

A two-part method for the selection of star cluster members was developed.
First, using a modified version of the Perren et al. (2015) cluster decontami-
nation method, the probability of being a cluster member is calculated for
each object residing in the selected cluster aperture (R,p). These probability
estimates are then used to compare the density distributions of these objects
in various CMD diagrams with analogous distributions of background objects.
From this the true probabilities of the stars being members of the cluster are
calculated. Finally, all stars with a lower probability of being a member of a
cluster than the chosen threshold value are rejected.

Suppose that the sample of stars in the cluster aperture (sample A) con-
sists only of cluster members (sample C') and field stars (sample F'). Then,
the cluster member selection problem can be simplified to a probability cal-
culation problem: what is the probability that a star from the sample A is a
cluster member (€ C) or a field star (€ F))? This task can be divided into two
hypotheses:

o Hj: a star is a member of a cluster (€ C);
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o Hj: a star is a field object (€ F).

Since only one of these hypotheses can be true for each star and P(H;) +
P(H3) =1, it is sufficient to calculate only the probability of hypothesis H; in
order to distinguish the sample of C' and F' stars.

This probability is found using Bayes’ theorem, which states: given an
event H (in our case, the hypothesis H;) and an event D (in our case, a set of
measured data), and knowing that the probability of the event D is not equal
to zero P(D) # 0, one can find the conditional probability P(H|D) that the
event H will occur, knowing that the event D has already occurred, according
to the following formula:

P(H)P(D|H)

P(H|D) = =5

(2.1)
here P(H|D) is the probability of the hypothesis H given the measured data
D, also called a posteriori probability; P(H) — the probability of hypothesis
H without any prior knowledge, also called a priori probability; P(D|H) — the
probability of measuring the data D assuming that the hypothesis H is true;
P(D) is the probability of measuring data D, usually used as a normalization
constant.

After applying the Bayesian theorem to the hypotheses H; and Ha, four
equations can be written:

P(H,);P(D|Hy);

PURID: ==y 22)
P(H:|D); = P(H2)Ji3fl(7?H2)m

P(H,|D); + P(Hs|D); =1,
P(Hy); + P(Hsy); =1,

which directly derives the probability P(H1|D); that a randomly selected star
i located in the cluster aperture (€ A) will be a real member of the cluster
(hypothesis Hy), taking into account the available measurement data D (stellar
photometry):

P(H,);P(D|Hy);

PUMD) = B POIH,), + (1 - P(H))P(DIH),

(2.3)

Next, the only thing remaining is to define each of the members of this
equation. To estimate the a priori probability of the first hypothesis P(Hj);, it
was chosen to use the information about the positions of the stars in the cluster
aperture and in the zone of field stars outside the cluster: in the ring from 2
to 3.5 Rap — sample B. Such aperture limits ensure a sufficiently large number
of field stars (there should be at least a few times more than the objects in the
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cluster aperture) and, at the same time, are far enough away that not a single
cluster star should fall into this sample. On the other hand, this zone cannot
be too far from the cluster centre so that the population of field stars does not
differ too much from the stars contaminating the cluster sample.

The probability P(H;); is obtained by comparing the density of stars in the
environment of the selected star with the average density of stars in the field
(from the sample B):

Pi
P(Hy); = ————, 2.4
() pi +{p)B 24)
Nx 2 2
1 —4 ((ai_aj) + (6; — 9;) )
pi = NiXJé:l exp Rﬁp )

here X is a sample of stars with a distance from star ¢ of no more than 0.5 Rap;
(a,0) indicates the right ascension and declination coordinates of the stars in
the sky, respectively.

The probabilities P(D|H1); and P(D|H2); are also called likelihood func-
tions. For convenience, we will denote them as follows: Lo ; = P(D|H;); and
Lp,;, = P(D|Hs);. These probabilities are calculated by comparing the photo-
metric measurements of the selected star with the photometry of the stars in
the cluster aperture (€ A) and the photometry of the stars in the field zone
(€ B), assuming that the photometric errors follow a normal distribution:

Dri = 3 2 om(z‘,j;ac(z',ﬁexp {_(;%?zn;;)z] P {W} » (25)

here Y € {C,F} and X € {4, B}; (m,c) — indicates the star’s photometric
magnitude and colour, respectively; (o, 0.) — star magnitude and colour er-
rors, respectively. In the general case, the following expression can be used
for the likelihood function, but in this case the reliability of the results will
greatly depend on the accuracy of the determination of the photometric errors.
Unfortunately, in star clusters where object densities vary widely, it is very dif-
ficult to determine accurate photometric errors for each object. Therefore, in
this paper, in the calculation of the 2.5 equation, we equated all errors to unity
(om =1 and o, = 1), thus avoiding distortion of the results due to inaccuracies
in the determination of photometric errors.

Finally, inserting the above described 2.4 and 2.5 equations into the 2.3
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2.3 pav.: The selection of members of the star cluster APID 0031 is shown in the
CMD diagram and sky coordinates. The probabilities of stars in the aperture
zone of the cluster to be members of the cluster are indicated by colour (purple
- the lowest probability, red - the highest probability). Field stars outside the
cluster aperture zone are marked with grey dots.

equation gives the final expression of the probability P(H;|D);:

_ Lc,
P(H,|D); = Ton T (pn/p) T (2.6)

This obtained expression could already be used to reject field stars from the
cluster aperture, but it works only for clusters contaminated with few field stars.
If the cluster aperture contains as many or more field stars than true cluster
members, this probability alone will fail to reliably select cluster members. To
avoid this problem, a sliding window method of various sizes was used together
with the results of 2.6 eq.

First, a square window of size 0.5 x 0.5 mag? is selected in the CMD diagram
FAT5W (FAT5W — F814W) and all stars from the cluster aperture (from sample
A) and from the field stars (from sample B) that fall into the specified window
in the CMD diagram. Knowing the area ratio of the cluster aperture zone A
and field star zone B and how many field stars from the sample B fall into the
given window, it is calculated how many field stars should be among the stars
of the cluster aperture falling into this CMD window. This number of stars
with the lowest probabilities of the 2.6 equation is rejected from the selected
cluster aperture stars falling into the selected CMD window. The remaining
stars are marked as possible cluster members.

Next, the CMD diagram window is shifted by a quarter of its side length and
the procedure is repeated. This process is repeated until all stars in the cluster
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aperture have been checked at least once. The window size is then increased and
the procedure is repeated again. The size of the window is gradually increased
from 0.5 x 0.5mag? to 5 x 5mag? by increasing the borders of the window
by 0.5mag each time. This entire procedure is also repeated in two more
CMD diagrams: F336W (F'336W — F4A75W) and F110W (F110W — F160W).
Finally, the number of times each star in the cluster aperture was checked and
the number of times it was selected as a possible member of the cluster is
counted. The ratio of these numbers is then used as the star’s probability of
being a cluster member. An application of this method to the real Andromeda
star cluster APID 0031 is shown as an example in 2.3 fig.

In this work, only those stars with final probabilities of being cluster mem-
bers of at least 0.9 were used to determine cluster parameters. Such a high
threshold was chosen because the cluster parameterization method described
below (see 2.2.2 section) gives the most reliable results using the least field
star-contaminated sample of cluster stars, but at the same time the accuracy
of the results is not too sensitive to the lower number of stars.

Although this method fairly reliably selects cluster members from field stars,
it still in some cases leaves out bright stars that are clearly not cluster stars.
Therefore, to ensure the reliability of the selection of cluster members, the CMD
diagrams of each studied Andromeda cluster were visually inspected and bright
stars not rejected by the method described above, but which are significantly
off the isochrone that best fits the cluster’s stellar population, were discarded.

2.2.2. Cluster parameter determination

To determine the parameters of star clusters, probability distributions to have
various sets of parameters were calculated for each cluster. The set of parame-
ters with the highest probability is selected as the cluster solution. The proba-
bility distribution of a specific cluster is obtained by summing the probability
distributions of the selected cluster members. The probability of a specific star
having a certain set of parameters is calculated by comparing its photometric
measurements with the isochrone of the corresponding parameters, assuming
that the errors of the photometric measurements follow a normal distribution
and correspond to the error dependences described in the 2.1 section.

First, for each selected star cluster member ¢, the probability distribution
P;(Ay,t) for various combinations of extinction Ay and age ¢ is calculated. In
this work, the extinction was varied in steps of 0.05 mag from 0.0 to 2.5 mag
and the age log(t/yr) in logarithmic steps of 0.05 dex from 6.6 dex to 10.1 dex.
Such parameter limits and step sizes are chosen to cover all possible stellar
parameter limits with sufficient resolution.

The probability distribution P;(Ay,t) of the selected star ¢ is calculated
by comparing its position in the CMD diagram F; = (m;,¢;) (magnitude m;
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and colour ¢;) with each theoretical isochrone point L;(M;, Ay,t) = (m;,¢;)
of age ¢ which is reddened by an extinction value Ay. When comparing these
quantities, it is assumed that the photometric measurement errors correspond
to a normal distribution. Also, each isochrone point is assigned a small range
of initial stellar masses. Integrating the initial mass function IMF(m) in this
interval yields a weight equal to the probability of a star being born with a
mass corresponding to the initial mass interval of this isochrone point. All
these calculations are performed with all the isochrone points and the results
are summed up, thus obtaining the probability that the star ¢ is of age ¢t and
has extinction value Ay :

Pi(Ay,t) 12(; (F;, L;) / IMF (1) dm, (2.7)

exp[— %(F Lj)"S7 (Fi - L))
QW\/detEi ’

G(Fia Lj) =
Ni=> > Pi(Av,t)
Ay t

where G(F;, L;) is the normal distribution function; ¥, — covariance matrix of
errors of photometric measurements F;; N; — normalization constant over the

entire allowed space of Ay and ¢ parameters.

To avoid the influence of differential extinction, close binaries and optical
blends on the parameterization, the differences between the photometric me-
asurements of the test stars and the isochrone points are doubled for those stars
that are bluer than the main sequence MS of the corresponding isochrone. This
ensures that the method is not too sensitive to red stars and fits the isochrone
MS sequence as an envelope from the blue side.

The probability distribution of the star cluster Pc(Ay,t) to have a certain
combination of parameters (Ay,t) is calculated by multiplying the probability
functions of all selected members of the cluster:

Po(Ay,t) = 1HP (Ay, 1), (2.8)

Ne :ZZPC Ay, t)
Ay ot

For each cluster, the probability distributions of Pc(Ay,t) are calculated
in the FATSW (FAT5W — F814W) and F814W (FA75W — F814W) CMD dia-
grams. Then these distributions are multiplied and the maximum of this new
distribution gives the most probable extinction value of the cluster Ay pest-
Then, according to the 2.8 equation, the probability distribution Pc(Ay,t) is
also calculated in the F336W (F275W — F336W) CMD diagram but with a
fixed extinction value Ay pest- The resulting distribution is multiplied with the
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previously calculated distributions from the two CMDs. The maximum of the
obtained distribution is chosen as the most probable value of the age of the
cluster. This is done because UV photometric measurements are less reliable
than other photometric bands and often only reduce the accuracy of extinction
determinations. However, the luminosity of young stars in the UV region is
very sensitive to their age, which allows UV measurements to provide more
accurate cluster ages even despite larger photometric errors.

The confidence intervals of the determined parameters of the studied star
cluster are obtained from the one-dimensional parameter probability distribu-
tions for the 16th and 84th percentiles. These 1D probability distributions
are calculated by integrating the final probability distribution of the cluster
parameters over one of the parameters. Also, for each studied cluster, the re-
liability of the parameter determinations is visually checked by looking at how
well the parameter isochrone of each cluster matches its stellar distributions in
the CMD diagrams. Accordingly, for some (~15%) of the studied Andromeda
clusters their determined parameters were slightly adjusted. In this way, the
influence of poorly measured or unrejected field stars on the final results is
minimized.

2.3. Tests with artificial clusters

Tests with artificial star clusters were performed to verify the reliability of the
star cluster parameterization method. These clusters were generated according
to the methodology described in the 1.2 section, using the dependences of the
stellar photometric measurement errors and completeness functions described
in the 2.1 section, thus simulating the quality of the photometric measurements
of stars in the M31 galaxy.

For a detailed assessment of the method’s capabilities, artificial clusters were
generated with three different mass values (log(M/Mg): 300, 1000, 3000), three
different extinction values (Ay: 0.00, 0.50, 1.00) and eight age values (log(t/yr):
7.0, 7.5, 8.0, 8.3, 8.5, 8.7, 8.85, 9.0). For each set of parameters, 50 artificial
clusters were generated to estimate stochastic effects. As in the M31 galaxy
cluster study, all artificial clusters are generated with a single fixed value of
solar metallicity [M/H] = 0. The value of the M31 galaxy distance modulus
m — M = 24.47 (McConnachie et al., 2005) was used to calculate the apparent
magnitude of the stars.

Simulated background field stars from 50 real M31 galaxy cluster environ-
ments were additionally added to the resulting artificial cluster populations.
These stars are randomly selected from the ring 2-3.5 Ra, around the centre
of the selected cluster of Andromeda galaxy. The background stars for each
cluster were selected to match the background density of the actual cluster.

The method described in the 2.2 section was applied to all artificial star
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clusters and their parameters were determined. The results of artificial clus-
ters of characteristic parameters are shown as examples in 3.4-3.6 fig. These
diagrams show the influence of different parameters on the distribution of pho-
tometric measurements of cluster stars in CMD diagrams and on the reliability
of the correspondingly determined results. It can be seen that the stochastic
problem of the number of stars is particularly acute for low-mass clusters. Me-
anwhile, the older a cluster is or the higher extinction it has, the harder it is
to distinguish its stars from the background.

The results of all tests are shown in 2.7 fig. The age-extinction degeneracy in
the parameterization of star clusters is clearly visible (s, t, u diagrams). This
effect is strongest for low-mass clusters (< 300Mg), which often randomly
lack late-evolutionary stars due to the small number of stars in the cluster.
Nevertheless, the results show that the method used can reliably determine
the parameters for star clusters with measurements of the quality of PHAT
photometry.

The method reliably determines ages and extinctions for clusters with mas-
ses of at least > 1000 M, and ages up to 1 Gyr. As the ages of the clusters
grow, the dispersion of the results increases slowly. The reliability of the results
depends much more on the mass of the cluster (the smaller the mass, the less
reliable the results) and on the extinction values (the higher the extinction of
the cluster, the less accurately the parameters are determined). Nevertheless,
the average standard deviation of the age determination from the true values is
0.16 dex and for the extinction — 0.13 mag. The main factors determining the
reliability of the results are the ratio of the number of cluster to background
stars, the age difference between the background populations and the cluster,
and the effect of age and extinction degeneracy which is shown in 2.7 fig.
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2.4 pav.: Colour-magnitude, colour-colour, and parameter probability distribu-
tion plots of a low-mass young artificial star cluster generated with two different
extinction values. The determined parameters for each cluster are shown at the
top of the first CMD plots, respectively. The isochrone corresponding to these
parameters is drawn in black. The derived solution is marked with a black dot
in the probability distribution diagrams. The actual cluster parameters are
indicated above the corresponding diagram. The real stars of the cluster are
marked with triangles. Circles mark the background stars randomly selected
from the real environment of the M31 galaxy cluster APID 2843. Grey dots
are background stars from the 2-3.5 R, ring around the centre of the real
APID 2843 cluster. Stars marked in red are used in cluster parameterization.
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Blue - rejected stars as pollution from the field population.
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2.5 pav.: Analogous diagrams as in 2.4 fig. of an artificial star cluster with an
older age (300 Myr) generated with three different mass values. The influence
of cluster mass on the determined results is visible.
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2.6 pav.: Analogous diagrams as in 2.4 fig. of a low-mass artificial star cluster
generated with three different ages. The influence of cluster age on the deter-

mined results is visible.
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2.7 pav.: Results of tests of artificial star clusters - dependence of reconstructed
parameters (age and extinction) on real artificial cluster parameters. Artificial
clusters are generated with three extinction values: Ay = 0.00 — top two rows,
Ay = 0.50 — middle two rows, Ay = 1.00 — bottom two rows. Clusters are
generated with three initial cluster stellar mass values: 300 Mg — first column,
1000 Mg — second column, 3000 Mg — third column. For each set of age,
extinction, and mass parameters, 50 different realisations of artificial clusters
were generated. Open circles indicate the medians of the distributions of the
fitted parameters, and the error bars — the 16th and 84th percentiles. The
fourth column shows the interdependence of the differences between the esti-
mated parameters and the true ones, illustrating the age-extinction degeneracy.
The yellow contours cover 68% of all points.
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2.4. Star cluster parameters of the Andromeda galaxy

By applying the method described in section 2.2 to the PHAT survey data,
parameters (age and extinction) were determined for 854 star clusters in the
Andromeda galaxy. Examples of deriving parameters for clusters of various
characteristic parameters are shown in 3.8-3.11 fig. Also, using the obtained
cluster age and extinction values and integrated magnitude estimates published
by Naujalis et al. (2021), their masses were determined after applying the
approximation of SSP models.

To assess the reliability of the results, the determined parameters of the star
clusters were compared with Johnson et al. (2016) published values of ages, ex-
tinctions and masses of young clusters, later supplemented by clusters older
than 300 Myr in Johnson et al. (2022) paper. A total of 682 clusters overlap
between our samples (2.12 and 2.13 fig.). Most of the determined values corres-
pond quite well to the published results of Johnson et al. (2016, 2022). The ave-
rage difference in ages of star clusters equals (Alog(t/yr)) ~ 0.09 dex, the ave-
rage difference in interstellar extinction values equals ( DeltaAy ) ~ —0.10 mag
and the average mass difference equals (Alog(M/M)) ~ 0.05 dex. The fol-
lowing differences in the results are small and correspond to the average er-
rors of the cluster parameters: (o(log(t/yr))) ~ 0.1 dex, (c(Ay)) ~ 0.1 mag,
(o(log(M/M))) =~ 0.1 dex. Nevertheless, it is clear that our method syste-
matically determines slightly older cluster ages and, at the same time, slightly
lower extinction values. This degeneracy of cluster parameters is well known
in integrated photometry cluster studies (de Meulenaer et al., 2013, 2014) and
as shown by the results of tests with artificial star clusters (2.7 fig.), also valid
in the analysis of CMD diagrams. At the same time, systematic differences
between the determined cluster masses may have arisen due to the fact that in
this work the masses were determined using a simple SSP method, which does
not take into account the stochasticity of the stellar masses in the cluster. It is
because of this that the biggest differences are seen between the smallest mass
clusters <800 Mg, where stochasticity effects are the greatest (2.13 fig.).

However, the parameter values determined by several clusters differ signifi-
cantly. These outliers are likely due to extremely large errors in distinguishing
cluster members. Many more stars of the field population fall into the aperture
zones of all these clusters than the members of the cluster itself, which makes it
extremely difficult to reliably estimate the parameters of these clusters. Also,
other differences in the determined parameters could have arisen due to the
fact that in this work the research was performed with a newer version of the
photometry catalogue of stars in the Andromeda galaxy Williams et al. (2023).
Also, unlike Johnson et al. (2016, 2022), this work used stellar measurements
not only in the F'475W and F814W photometric bands, but also in photomet-
ric bands covering the UV and IR regions (F275W, F336W, F110W, F160W).
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This may have improved the accuracy of the selection of cluster members, as
the stars in the field population are typically older than the cluster stars (only
clusters younger than 1 Gyr were studied in this work) and much fainter in the
UV region, so they are often easier to distinguish from true cluster members.
In addition, the optical resolution is much higher in the UV region, making
stellar measurements less affected by the dense field stellar background.

The determined distribution of extinction values of clusters (2.14a fig.)
shows that the youngest clusters (¢ <50 Myr) do not have extinction values
lower than Ay < 0.3 mag, but the older the clusters, the lower this lower
extinction limit. Because younger clusters have had less time to move away
from their birthplace, they are more likely to be found close to regions of dense
gas that are still forming stars. As a result, young clusters are more likely
to occur in or behind clouds of dusty gas. Nevertheless, some of the older
clusters (>500 Myr) also have significant extinction values. These clusters are
most likely on the other side of the galactic disc, blocked by a dense layer of
interstellar gas. However, extinction values for some clusters may have been
determined higher than they actually are due to differential extinction in the
cluster environment. The method used in this work does not take into account
the effects of differential extinction and may have determined higher extinction
values for such clusters than they should. This problem is most relevant for
young clusters, which are more often found in inhomogeneous dust clouds.

The distribution of the derived cluster masses versus age is shown in
2.14b fig. The red dashed curve approximates the cluster detection limit of
the used cluster catalogue. This limit corresponds to SSP models of solar me-
tallicity without extinction, with an integrated magnitude of FA75W = 21.5.
The real detection limit strongly depends on the specific cluster extinction va-
lue and the population density of field stars in the cluster environment. The
determined mass values are in good agreement with the published results of
Johnson et al. (2016, 2022) without any systematic deviations, except for the
youngest (<10 Myr) and the lowest mass ( M <300 M) clusters. A dozen
of them are up to 2 times the mass we determined. Clusters of such low mas-
ses start to be dominated by the stochasticity of the number of stars, so the
approximation of SSP models is no longer suitable for them.

From the differential age distribution of star clusters (2.15 fig.), it is possi-
ble to determine the features of the star formation history of the galaxy and
the evolution of star clusters. All distributions in 2.15 fig. were plotted after
rejecting clusters with masses less than 800 Mg, thus avoiding cluster detec-
tion completeness effects for clusters younger than ~700 Myr age (2.14b fig. ).
The distribution is basically dominated by the evolutionary fading of clusters
described by the exponential decrease of the number of clusters per age inter-
val (marked in blue) up to ~300 Myr, when the processes of cluster disruption
start to dominate the distribution (Boutloukos & Lamers, 2003; Lamers et al.,
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2005; Fouesneau et al., 2014b; Johnson et al., 2017). Unfortunately, the sample
of clusters under consideration does not allow a reliable estimation of the rate
of disintegration of clusters, as it covers an insufficiently wide age range. Furt-
hermore, the statistics of clusters older than ~600 Myr are already noticeably
affected by cluster detection completeness effects (2.14b fig.), even after exclu-
ding low-mass clusters. Therefore, the cluster disruption function (marked by
the red dashed line) found by other authors in the southwestern part of the
Andromeda disc (Vanseviéius et al., 2009) was plotted in the diagrams.

The distribution of cluster ages over the past 130 Myr is consistent with a
uniform cluster fading process. From this, it can be concluded that the rate
of cluster formation, and at the same time the rate of star formation, was
constant in the analysed region of the galaxy during this period. Meanwhile,
at even older ages, a clear increase in the number of clusters is seen at the
age of (220 £ 40) Myr, indicating an episode of enhanced cluster formation.
This episode may have been caused by Andromeda’s interaction with the M32
galaxy (Gordon et al., 2006; Block et al., 2006; Wang et al., 2012; Dierickx
et al., 2014). According to Gordon et al. (2006), the M32 galaxy may have
collided with the galactic disc of M31 ~210 Myr and then a second time before
~110 Myr. However, the cluster age distribution derived in this work (2.15 fig.)
does not show an episode of enhanced cluster formation before 110 Myr. These
differences between regions of the galactic disc could be explained by the fact
that the M32 galaxy crossed the Andromeda galaxy disc for the second time
in the southwestern region and did not significantly affect cluster formation in
the opposite region of the north-eastern disc, which is studied in this work.

Judging by the fact that the number of star clusters begins to decrease only
at an age of 300 Myr, the characteristic time of cluster disruption in the north-
eastern region of Andromeda’s disc could be 300 Myr or even more. Such a
conclusion would correspond to the results of other authors (Vansevicius et al.,
2009; de Meulenaer et al., 2017; Johnson et al., 2017). However, due to the
intense star formation episode that occurred at the same time and the small
number of older clusters, the exact value of the characteristic cluster disruption

time cannot be determined.

The distribution of the determined masses of the 854 star clusters studied in
this work is shown in 2.16 fig. Cluster masses vary from 100 Mg to 20000 M.
The most common value is ~1500 Mg. The number of lower mass clusters
decreases steadily due to detection completeness effects - the lower the mass of
a cluster, the less likely it is to be detected. On the other hand, the distribution
of higher mass clusters should not be distorted by detection completeness ef-
fects. Therefore, only the interval of higher masses M >2000 Mg was used for
the study of the cluster mass distribution. In this mass interval, the Schechter
function (Gieles, 2009) was fitted to the differential mass distribution — mar-
ked by the blue curve 3.16 fig. The function is tuned by changing only the
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characteristic mass M* parameter — the o parameter is fixed at the value of
« = 2. The Schechter function that best describes the cluster mass distribution
is found by finding the maximum of the Poissonian likelihood function:

P(M*) = Hexp[Niln(S(M*, M;)) — S(M*,M;) —In(T(N; +1))]  (2.9)
S(M*, M;) = /MY A(M*)ym™%exp(—m/M*)dm,

here M™ is the characteristic star cluster mass of the Schechter function; M; — i-
th cluster mass bin; N; — number of clusters in M; cluster mass bin; S(M™*, M;)
— the integral of the Schechter function in the M; mass bin; I'(N; + 1) — gamma
function; A(M*) — Schechter function normalization constant. This function
is mathematically equivalent to the probability mass function of the Poisson
distribution, but unlike the traditional expression, it is not sensitive to small
numerical errors and is therefore more suitable for computer calculations. The
resulting distribution of this function and the M* value that best matches the
data (red vertical line) are shown in 2.16 fig. Also, the confidence interval of
the determined M* value is estimated from this function distribution — the
16th and 84th percentile interval is marked with blue vertical lines.

The determined characteristic mass of the Schechter function M* =
(11.0755) x 10® My, is in agreement with the Johnson et al. (2016) determined
M* = (8.5778) x 103 M, value for young (<300 Myr) Andromeda star clusters.
On the other hand, the obtained mass distribution does not correspond to the
Schechter function (M* = 2 x 10% Mg) determined by Vansevi¢ius et al. (2009)
in the southwestern part of the M31 disc — marked with a red curve 2.16 fig.
A clear lack of massive clusters is visible. Their sample of clusters spans mu-
ch older ages (<3 Gyr) and contains many more massive clusters, unlike the
sample of clusters studied in this paper. This confirms Johnson et al. (2016)
finding that the mass function of young (<300 Myr) clusters is truncated in
Andromeda, and also shows that this feature also holds for more than twice as
old (<700 Myr) star clusters. Schechter’s function was also fitted separately to
star clusters of two age intervals and a trend for the characteristic mass to grow
with increasing cluster age was determined (2.17 and 2.18 fig.): log(t/yr) < 8.0,
M* = (10.475%%) x 10° Mg; 8.0 < log(t/yr) < 8.6, M* = (12.3757) x 10% M.

The distribution of all studied star clusters in the deprojected disc of the
M31 galaxy is shown in 2.19 fig. The positional angle of the major axis is equal
to 37.7° and the inclination angle of the disc is equal to 77.5° (Hodge, 1992).
Clusters of four age groups are shown in different colours. It can be seen that
the clusters are more concentrated in three ring structures than in spirals. In
addition, the younger the clusters, the more concentrated their distributions
are at the centres of the rings. For convenience, these structures will hereafter
be referred to as star cluster rings. From the radial distribution of young
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(<100 Myr) and massive (>800 Mg) clusters shown in 2.20 fig., the positions
of the centres of these rings were determined: at distances of ~6 kpc, ~11 kpc
and ~16 kpc from the galactic centre.

The distributions of the cluster number surface density and age medians
in the galactic disc (2.21 fig.) show a very slow evolution of cluster group
structures — during 400 Myr, the distribution of clusters remained concentrated
at three cluster rings. In addition, the distributions of the median ages of the
clusters in the middle 11 kpc ring show that star formation did not occur
uniformly throughout the ring at the same time. Individual areas of the ring
are dominated by cluster populations of different ages.

The radial distribution of the star cluster number surface density, norma-
lized to the age interval, is shown in 2.20 fig. Distributions calculated for two
age intervals: young ¢ < 100 Myr (blue line) and older 100 < ¢ < 400 Myr
(red line) clusters. The distributions are calculated in the 60° azimuthal seg-
ment (from —25° to +35° around the major axis), since only in this zone does
the PHAT survey fully cover the galactic disc up to a distance of 20 kpc from
the centre. Over the entire 400 Myr age interval, overdensities in the cluster
distribution are visible at distances of 6 and 11 kpc from the Galactic centre.
Meanwhile, the 16 kpc ring is visible only in the distribution of the youngest
t < 100 Myr clusters. This suggests that the outermost ring formed only in
the last 100 Myr, unlike the other two rings. This indicates that the formation
of the third ring and the other two rings were caused by at least two different
events. The 6 and 11 kpc rings may have formed as a result of M32 passing
through the Andromeda disc ~210 Myr ago, while the formation of 16 kpc ring
started only after the second pass of M32 ~110 Myr ago (Gordon et al., 2006).

Our results show that younger clusters t < 100 Myr are more concentrated
in narrow star cluster rings compared to the population of older clusters ¢t >
100 Myr. This confirms that clusters form in smaller star-forming regions
and then disperse throughout the galaxy. Nevertheless, even ~400 Myr age
cluster distributions still correlate with the narrow distributions of the youngest
clusters. From this it can be concluded that the dispersal of groups of star
clusters from their birthplaces is a relatively slow process. From the differences
between the younger (¢ < 100 Myr) and older (100 < ¢ < 400 Myr) cluster
distribution concentrations at the 11 kpc ring (2.20 and 2.21 fig.) the upper
limit of the radial expansion for cluster groups <0.5 kpc during the period of
~300 Myr was derived. From this, it was established that the dispersion of
radial velocities of star clusters should not be greater than ~2 km/s. This
value is much smaller than the observed dispersion of stellar velocities in the
Andromeda Galaxy, which ranges from 30 to 50 km/s (Quirk et al., 2019).
This suggests that star clusters enable a much more precise determination of
the distribution of star formation in the galactic disc than studies of unbound
stars, which spread out through the galaxy much more quickly after formation.

157



ID0003, Rr=1.30", Rc=0.60"

F275W+F336W+F475W

V] BUB BBI Ell IR
log(t/yr) =8.70 Gl

20p Ar=045| 5 20} 200

SO
o 7 0 v g P 0 o5 v 7 + oy g 1
F336W - FA75W F475W - F814W FA75W - F814W F110W - F160W
BBI x IBI BBI x IBI x UV

24 2.4 2.4

2.0 2.0 20

Lo 16

- 212
s, .

5 g
log(t/yr)

P
2 i T i,
ey

04

0.4z

7

g g B g
log(tlyr) log(tlyr)

B g
log(tlyr)

2.8 pav.: Top: images of the M31 galaxy star cluster APID 3 in all six photo-
metric bands of the PHAT survey (bottom row of images) and various colour
combinations (top row of three images). The names of the photometric bands
and their combinations are indicated at the bottom left of each photo. The
blue circles show the cluster apertures obtained by Naujalis et al. (2021) and
the red circles the apertures they used to determine the cluster colours. The
location of the cluster in the M31 galaxy is shown at top right. Each photo has
a border size of 10”. Bottom: Colour-magnitude (top row) and parameter pro-
bability distributions (bottom row) plots for this APID 3 cluster. The derived
parameters of the cluster: Ay = 0.45, log(Age/yr) = 8.70, log(M /Mg) = 3.30.
Stars marked in red were used in cluster parameterization. Blue - rejected
stars as pollution from the field population. Grey points are background stars
from the 2-3.5 R,p, ring around the cluster centre. The isochrone corresponding
to the determined cluster parameters is drawn in black. The best solution is
marked with a black dot in the probability distribution diagram.
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2.9 pav.: Analogous photos and diagrams as in 2.8 fig. of the young M31 galaxy
star cluster APID 7. The derived mass is log(M/Mg) = 3.20. The background
of this cluster can be seen to be sparser than that of APID 3, making it easier
to distinguish its stars from background objects.
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2.10 pav.: Analogous photos and diagrams as in 2.8 fig. of
dense globular star cluster APID 52 of M31 galaxy. The
log(M/Mg) = 4.12. Such massive and extremely dense but young star clusters
are not found in the Milky Way galaxy. The central part of this cluster had to
be excluded from the analysed area due to the extremely high density of stars.
The dark spot seen in the IR measurements is a defect in the observations.
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2.11 pav.: Analogous photos and diagrams as in 2.8 fig. of the extremely young
M31 galaxy star cluster APID 141. The derived mass is log(M/Mg) = 2.82.
The CMD diagrams show that some of the old red field stars were assigned
to the cluster.
parameters, as such a young cluster has enough very bright stars to overshadow
the faint background stars.
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2.12 pav.: Comparison of the determined ages (left) and extinction (right) of
the M31 galaxy star clusters with the values obtained by Johnson et al. (2016,
2022). Colours indicate the number of clusters at each point according to
the colour scale shown on the right. A systematic bias is visible between the
results — age and extinction degeneracy: the method described in this paper
systematically derives slightly older cluster ages but lower extinction values
than Johnson et al. (2016, 2022).
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2.13 pav.: Comparison of the determined masses of the studied star clusters
with the values obtained by Johnson et al. (2016, 2022). A slight systematic
bias is visible - cluster masses derived in this work are on average smaller
by (Alog(M/M)) =~ 0.05 dex. This systematic bias and spread increases
noticeably for low-mass clusters (<800 Mg) — the SSP method used in this
work to determine cluster masses does not take into account the stochasticity
of stellar masses, which has the greatest effect on low-mass clusters.
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2.14 pav.: Derived extinction (panel a) and mass (panel b) versus age distribu-
tions of star clusters in the M31 galaxy. To reduce the overlapping of points and
increase the clarity of the distributions, the coordinates of all points were ran-
domly shifted in both axes from 0 to £0.0125. The blue dotted line represents
the interstellar extinction value of the Milky Way Ay = 0.17 in the direction of
the Andromeda galaxy (Schlafly & Finkbeiner, 2011; Brown & Walker, 2022).
The red dashed line in panel a indicates the limit where the cluster MSTO
reaches F'475W = 25 mag — the maximum limit for the application of the met-
hod described in this paper. The red dashed line in panel b indicates the limit
where the cluster integrated magnitude is F475W < 21.5 mag — the approxi-
mate limit of cluster detection. It can be seen that the youngest clusters do
not have extinction values lower than Ay < 0.3 mag, but the older clusters do.
Also, a population of young gravitationally unbound stellar associations at the
youngest ages is distinguished.
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2.15 pav.: Top: distribution of determined ages for star clusters more massive
than 800 Mg. Middle: differential age distribution of the same sample of
clusters (size of circles corresponds to the mean error of the points). The solid
blue line shows the rate of evolutionary decay of clusters, and the dashed red
line the rate of cluster disruption. The inclination angles of these lines are
chosen according to the results of Vansevicius et al. (2009) determined for the
southwestern region of Andromeda’s disc. Bottom: differences between the
differential age distribution and the evolutionary decay rate of the clusters.
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2.16 pav.: Top: Mass distribution of 854 star clusters. Middle: the differential
mass distribution of the same sample of clusters normalized to the total number
of clusters (circle size corresponds to the mean error of the points). The red
dashed line shows the Schechter function (Gieles, 2009) with characteristic mass
M* =2 x 10° M, which was found in the southwestern part of the M31 disc.
The solid blue line shows the Schechter function fitted to this cluster sample
with characteristic mass M* = 11.0 x 103> M. The cyan areas indicate the
confidence interval of the fit of the function (8.7 — 14.5) x 10 Mg, — the 16th
and 84th percentiles of the probability density function. Both functions are
aligned at the 3000 Mg point. Bottom: probability density function of the
Schechter’s characteristic cluster mass. The blue vertical line indicates the
most likely M* value, and the blue area around — the 16th and 84th percentiles
of the distribution.
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2.17 pav.: Mass distribution of young (¢ < 100 Myr) star clusters in the M31
galaxy (top), differential mass distribution (middle) and Schechter function
characteristic cluster mass probability density function (bottom). All mar-
kings are analogous to 2.16 fig. The characteristic mass value of the Schechter
function fitted to the distribution of young clusters M* = (10.47;%%) x 10° M.
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2.18 pav.: Mass distribution (top), differential mass distribution (middle)
and Schechter function characteristic cluster mass probability density func-
tion (bottom) of star clusters in the M31 galaxy with ages 100 < ¢t <
400 Myr. All markings are analogous to 2.16 fig. The characteristic mass
value of the Schechter function fitted to the distribution of young clusters
M* = (12.37%%) x 10> M, is higher than that determined for the youngest
t <100 Myr clusters (2.17 fig.).
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2.19 pav.: Positions of the analysed star clusters in the deprojected disc of
the Andromeda galaxy. The determined cluster ages are coded in four colours
according to the scale shown on the right. The vertical dashed line labeled 0°
indicates the major axis of the galactic disc. Clusters closer to us have negative
X coordinates, clusters on the far side of the disc have positive X values. The
circles represent distances of 9, 14, and 19 kpc from the Galactic centre.
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2.20 pav.: Distributions of the number surface density of massive (>800 Mg)
star clusters, normalized to the age interval, for two different age intervals. The
distributions are calculated in a 60° azimuthal segment — from —25° to +35°
around the major axis. The distribution of the youngest (¢ < 100 Myr) clusters
is marked by a blue line, the older ones (100 < ¢ < 400 Myr) are marked by a
red line. The error bars represent the RMS dispersion of the radial bins.
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2.21 pav.: Distributions of the number surface density of massive (>800 Mg)
star clusters (diagrams a and ¢) and median age distributions (diagrams b and
d) in the deprojected galactic disc. Cluster number surface density values are
colour-coded according to the indicated scale in the middle. The upper dia-
grams a) and b) show the distributions of young (¢ < 100 Myr) clusters, the
lower ones c) and d) show the distributions of older (100 < ¢ < 400 Myr)
clusters. Median ages (plots b and d) are colour-coded according to the corre-
sponding scales on the right. All other notations are the same as in 2.19 fig.
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OVERVIEW OF MAIN RESULTS

In this work, the star formation history of the dwarf irregular galaxy Leo A and
a population of the 854 star cluster of the Andromeda galaxy were investigated
using the developed analysis methods. These results were obtained based on
photometric observations of stars by the ACS camera of the Hubble Space
Telescope and the Suprime-Cam camera of the ground-based Subaru telescope.

The reconstructed star formation history of Leo A consists of various epi-
sodes of star formation activity followed immediately by star formation supp-
ression. These results support the scenario of bursty star formation in dwarf
galaxies (Teyssier et al., 2013; Onorbe et al., 2015) and at the same time help
to solve one of the problems of the currently prevailing cosmological ACDM
model. The centres of dwarf galaxies created in recent cosmological simulations
of the universe are too dense compared to observations of real galaxies. Howe-
ver, modelling star formation in bursts solves this problem, as star formation
feedback periodically pushes the gas away from the galactic centre and prevents
it from over-densifying.

It was determined that the majority of Leo A stars ~80% formed only in
the last 6 Gyr. Nevertheless, the population of the oldest >10 Gyr stars was
discovered in the galaxy, confirming the conclusions of other authors about its
existence (Dolphin et al., 2002; Cole et al., 2007; Ruiz-Lara et al., 2018). Also,
the mass of all stars in the galaxy M, = 3.3 x 10 M, was determined, which is
in good agreement with the estimates of other authors (Cole et al., 2014; Kirby
et al., 2017).

The obtained age-metallicity relation of the Leo A galaxy is consistent with
gas chemical composition measurements (van Zee et al., 2006; Ruiz-Escobedo
et al., 2018), which show the current metallicity of the galaxy, and spectroscopic
measurements of old >1 Gyr stars (Kirby et al., 2017). At the same time, the
reconstructed evolution of the galaxy supports the hypothesis that additional
low-metallicity gas fell into Leo A during the main period of star formation
Kirby et al. (2017).

Also, the two-dimensional evolution of the star formation of Leo A over the
last 500 Myr has been reconstructed. The obtained results show that the star-
forming region has been shrinking during the last few hundred million years.
This supports the prevailing theory that dwarf galaxies are characterized by
an outside-in scenario (Hidalgo et al., 2013; Benitez-Llambay et al., 2016). In
addition, the determined dependence of the surface density of the star formation
rate on the gas surface density corresponds to the results obtained in other
galaxies with low gas density (Bigiel et al., 2008, 2010) and extends them to
the area of extremely low metallicities.

The parameters of the 854 star clusters in the Andromeda Galaxy (M31)
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have been determined by applying a newly developed cluster analysis method to
data from the PHAT survey, which covers one third of the galactic disc. Cluster
age and extinction parameters were determined by comparing the photometric
data of isolated cluster stars with the bank of stellar evolution models. The
obtained results correspond well to the work of previous authors and extend
their results to older cluster ages.

The determined age distribution of the star clusters indicates at least three
bursts of star formation in the M31 galaxy 30, 80 and 190 Myr ago. The last
two episodes of star-forming activity may have been caused by the passage of
the M32 galaxy through the disc of Andromeda galaxy (Wang et al., 2012).
Also, there are indications that such bursty star formation episodes may have
taken place in the past.

The determined distribution of star cluster ages shows that the rate of star
cluster formation in the M31 galaxy was constant in the last ~ 130 Myr. Also,
an episode of star formation which took place ~ 220 Myr ago is identified.
This episode of star formation may have been caused by the passage of the
M32 galaxy through the disc of Andromeda ~ 210 Myr ago (Block et al.,
2006).

The results of Johnson et al. (2017) that the mass function of young star
clusters (< 700 Myr) of the M31 galaxy is truncated is confirmed - the characte-
ristic mass of the Schechter function is found to be M* = (11.0%33) x 10° M.
Moreover, it is shown that this parameter M* gradually increases for older
cluster populations.

The age distribution of star clusters in the galactic disc shows that younger
clusters are more concentrated in the dense star-forming regions of the galaxy’s
spiral arms. This indicates that most star clusters are formed in the spiral arms.
Moreover, this correlation remains visible even up to ~ 400 Myr, indicating
that the dispersion of the cluster velocities is very small. From the obtained
age distributions of the clusters, it was estimated that the dispersion of the
radial velocities of the clusters should not be greater than a few km/s. This is
an order of magnitude smaller than the determined dispersion of the velocities
of single stars in the M31 galaxy — from 30 to 50 km/s (Quirk et al., 2019). This
shows that, unlike single stars, star clusters allow us to determine changes in
star-forming morphology in the galactic disc even over several hundred million
years.
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PADEKA

Astrofizikinius tyrimus pradéjau dar bakalauro studijy metu ir iSbandziau
ivairias kryptis, tyrinéjau jvairias zvaigzdziy sistemas. Todél noréciau
padékoti visiems buvusiems vadovams bei konsultantams vedusiems mane

siame kelyje:
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tyrimy ir uz pirmuosius zingsnius astrofizikoje,

dr. Rimai Stonkutei — uz visus pamokymus bei patarimus tvarkantis su
zvaigzdziy matavimy duomenimis bei moksliniy darby rengime,

dr. Donatui Narbuciui — uz visus patarimus, pamokymus bei diskusijas

duomeny analizés srityje.

Dékoju vadovui prof. dr. Vladui Vanseviciui uz visas pamokas mokslo ir
gyvenimo srityse, uz visokeriopa globa bei galiausiai uz neispasakyta kantrybe

dirbant su manimi.

Taip pat, noréciau padékoti:

dr. Dmitrij Semionov, dr. Audriui Bridziui, dr. Jokubui Studziui bei dr. Juliui
Sperauskui uz visas pastabas bei patarimus issakytus moksliniy darby

gynimuose;
prof. dr. Arunui Kudinskui uz studijy metu suteiktas gilias astrofizikos zinias;

kartu mokslus éjusiems Edgarui Kolomiecui, Rokui Naujaliui, Alinai

Lesc¢inskaitei ir Kostui Sabuliui.

Nuosirdziausia padéka studijy metu mane palaikiusiems draugei Nikai,

draugams Denui, Kasparui, Vyteniui, Ramunui bei Juozui;
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