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Euvyoeiotieg

H BuateiBr) aut) exmovidnxe otov Topéa Actpoguoixnic, Actpovouiog xou Mnyavixrc Tou Turuatog
Puowric Tou Edvixod xan Kanodiotpiaxol Iavemotnuiov Adnvdyv ota mhalolo tng andxtnong
BB TopoL BITADUATOS o EMXEVTEWVETAUL 010 Mixpd Népouc tou Mayyehdvou. Ipaypatede-
oL TNV PERETN AO TEIXWY TANYUGUOY XAl G TELXWY GUNVAOY GTNY XEVTEIXY TEpLo)T) Tou Yoho&ia
aTo).

®tdvovtac oto TéhoC authg g Tpoondideiag Yo el Vo EXPEAc® TNV EVYVOUOCUVY] L0V GE
6houg 6ooug cLVEBahay oe auth TN dlateY), 1 onola dev Yo unopoloe va ohoxinpewiel ywpic
v unooTApEn xan TV evidppuvoy| Touc.

Oa Rdeha apyixd vo euyaplo Thow ta uéAT e Entopehotc E€etaotinfic Emtponic, Kadnynt
Anéotoro Mactiyddn, Kadnynti Baoihn Xappoavdden, Av.Kadnynti Ocoyden Anoctoldto,
Enbe. Kadnynt Xtého Kalovtlidn, xoa Emx. Kodnyhreia Kodhdnn Aaclea yia Tig emotn-
HOVIXEC TUPATNENOELS XOL TA GYOMA TOUG.

Oa fidera var euyaplotiow Toug xo Nixdroo Péoxo xou xa Xtélha Tothid, yia tnv cuvepyaoio
HOg, OTa TAGLOLOL TNE TEOTTUYLoXg Toug epyaciog, mou ue BorRinooy exAnenow, Vo HEAETHOW Xol
VO XOTAVOHOW ovoly Té Béuata Tou SLdaxToptxoU.

Enfong, Yo Hieha va euyaplothow tov xo Miydin Homoyperiotou xan v xa wyd Aouxaldou,
Tou e TNV cuvuTopEY woc oTo (Blo ypagpelo dha auTd Ta Ypovia, ot culNTHOELS ot oL EDGTOYEC
TOPATNENOELS Xalk OL AVTAARAYEC ETLOTNHOVIXOY andPewy othpiay Tny pehétn wou. Tny deonowvida
Yol Zopumoltn yior ™) Bordeia xar v othel g oe OAn Ty Sudpxela TG EXTOVNONS TOU
OLdaxTopLXoL oE TEY VXS VéuaTal.

Oa Adela vo evyopiotion eniong Ty xa Logla Atovod yia TNy unooTheEn xaL TNy cUUBoAY
e oe pépoc e SotelPrc xadg enlong xou toug xo Anunten Aaldpou xou xo Ilétpo Apalivo
YioL TNV OUVEEYOGSLA YOG 0Ta TAXLOLY TN UEAETNG TV AOTEXDY CUNVOY OTO XEVTEO Tou Yool (o
Tov xo I'enyden MapaBéhia yia Ty ovctaotixt] Tou Bordeta yio Ty e€owxiwot| you pe v Python
xou tnv PyRAF.

Oa Rieha vo euyaplothow tov Av. Kaldnynti Zéla Avdpéo mou oe Oha tar Héuata Tou
BLdoxTopixol Ue xadodhynoe oty exTAfewot| Toug 1 pe Borince oty xatavonon Toug xou
v xo Bdhiow Avtwviou mou o’ 6An tn Sidpxeia e SlatpBhc e Tig e00TOYES EMOTNUOVIXEC
napaTNERoELS TNS, TNV evidppuvon xou TNV utootheEr e, ue Poriinoe oty extdvnone ne.

Idwaitepar Téhog, Yo fideha va evyaplotiow ™y Kadnyhteio Xatlndnunteiov Aéonotva, mou
oPY G YE EUTLOTEVTAXE O OTNV CUVEYEL UE oThpIEE Xou e xadodrynoe oe OAn TNV didpxelo
NC BLUTEPBNE %ol PE EVEUTVEUCE PE TO TEH0g o THY Ay dmn TNg YLt TNV EMO TNUOVLXT) EpEuVa, TNV
epyoota xou v Actpovoula.
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Abstract

The Small Magellanic Cloud (SMC) is one of the closest star forming dwarf galaxies
and the second nearest dwarf irregular galaxy to our own. The SMC is gas rich and
about two orders of magnitude less massive than our own galaxy. It is a member of
an interacting galaxy pair (the other member being the Large Magellanic Cloud - LMC),
which is believed to be infalling to (and interacting with) the Milky Way Galaxy. The aim
of this study is to analyze the stellar populations in the inner denser regions of this galaxy
and determine its star formation history and its star cluster population. Recent star
formation is exemplified by the presence of a large population of high mass X-ray binaries
(of the Be type). One of the aims of this thesis is to identify the optical counterparts of
known X-ray sources in the SMC central regions and ultimately link them to star forming
events.

Observations of four fields in the SMC central regions were obtained with the 6.5m
Magellan Telescope at the Las Campanas Observatory in Chile on October 4th, 2004,
using the Inamori Magellan Areal Camera and Spectrograph (IMACS). Each field had a
0.44° diameter (SMC3: RA 00 56 53.6, DEC -72 17 16.7, SMC4: RA 00 49 36.1, DEC
-73 16 18.0, SMC5: RA 00 53 22.4, DEC -72 26 36.2, SMC6: RA 00 53 15.0, DEC -72 42
06.8).

The images were reduced following standard procedures. After bias subtraction and
flat fielding (using IRAF), an astrometric solution was calculated and applied to the data
using the 2MASS catalog as reference. The absolute astrometric accuracy of the reference
catalog is approximately 0.1 arcsec. The final mosaic image in each filter and field was
constructed using SWarp. Point spread function (PSF) photometry was then performed,
using the DAOPHOT package in IRAF, separately for each constituent CCD. Absolute
photometric calibration was achieved by using a set of secondary standards selected from
isolated relatively bright stars (B<17.5mag and I<18mag) in the Zaritsky et al. [2002]
photometric catalog. This analysis yielded a photometric catalogue of 1.068.893 stars
with a limiting magnitude of B ~ 24.5, significantly deeper by at least 2 magnitudes than
any other published optical survey in the inner regions of the SMC, to date. Extensive
artificial star experiments were performed in order to estimate the level of completeness
of the data.

The photometric data were used to construct colour magnitude diagrams (B versus B-
I) in the four fields studied. These diagrams show a well defined main sequence (MS), the
subgiant (SG) and red giant (RGB) branches as well as the red clump (RC) and its vertical
extension to brighter magnitudes caused by the presence of younger stellar populations in
the fields studied. It is noted that in the case of field SMC4,the RC appears to be strongly
elongated (and strongly inclined, essentially along the reddening vector) towards redder
colours. This is caused by differential interstellar reddening, which is particularly severe
in this field.

The CMDs were used to study the stellar populations present in the SMC central
regions and estimate the star formation history (SFH), i.e. the star formation rate as a
function of look-back time. The latter was achieved by applying the method of Dohm-
Palmer et al. [1997] to MS stars. The method is more sensitive to relatively recent star
formation, as the time resolution and accuracy degrade with increasing look-back time.
A general conclusion of this analysis was that in all four fields star formation has been
more intense recently (in the past 1Gyr). More specifically, the star formation activity
seems to have been intense over the past ~100Myr, decreasing rapidly over a period of few
hundred Myr (look-backtime). In fields SMC4 and SMC6, there appears to have been a
small enhancement in SF around 700-800 Myr ago. Beyond 1Gyr, from about 1 to about
3Gyr ago, star formation activity seems to have been lower, while it peaked again between
4 and 8 Gyr ago. Our results also confirmed that most of the stars in the SMC seem to
have been formed over the past 8 Gyr. In the two fields with fainter completeness limits
(fields SMC3 and SMC5) the peak in star formation rate occurred close to an age of 6-7
Gyr. The SFH beyond the 50% completeness limit is less reliable, therefore for fields 4
and 6 the displacement to somewhat different ages of the SFR peaks beyond 4 Gyr is most
probably the result of increased uncertainties and biases.

To investigate probable differences in the mixture of stellar populations across the
SMC central regions, we followed a different approach, which takes full account of the dif-
ferences in completeness in the regions studied. The Luminosity Function (LF) of the MS



stars encodes information on the ages of the stellar populations present. Combining the
LF of MS stars with the completeness of our data, we derived the completeness corrected
LF (CCLF). The MS CCLF can be used for a rough comparison of the mixture of stellar
populations of different ages present in the different fields. The CCLF's have been normal-
ized to older stars, assuming that older populations are more evenly distributed spatially
than younger ones. Based on this analysis, it was found that fields SMC3 and SMC5,
which are located in the North-Northeast, have a significantly higher contribution from
younger populations compared to the Southern-Southwestern fields SMC4 and SMC6.
Younger populations therefore, seem to be more abundant in the North-NorthEasern re-
gions, which was also noted in near-infrared studies (e.g. Rubele et al. [2018])). Our
analysis confirmed that the history of star formation is not uniform along the so called
SMC Bar. Therefore, the "Bar” may not be considered as a unique entity, at least in
terms of stellar populations.

CMDs constructed over large regions may suffer from small but non-negligible resid-
ual systematic photometric errors due to PSF variability, different completeness levels,
differential interstellar absorption and possibly line-of-sight distance variations. All these
factors may result in ”blurring” specific features, such as distinct main sequence turnoffs,
in CMDs constructed over extended areas. In order to overcome these limitations, we
focused our study on smaller regions with optimal sizes of about 1.1 arcmin in radius.
Regions of this size contain enough stars to allow for detection of stellar evolutionary
features in the CMD, and at the same time they are small enough to be less influenced by
the previously mentioned systematic effects. We found that in a few regions (favoured by
low dust absorption) there are clear indications of distinct MS turnoffs (MSTOs), at 2.7
and 4 Gyr ago. This confirms beyond doubt that SF has not been continuous over this
period and that intense SF activity has been followed by periods of low SF. This may be
secular, or connected to the SMC-LMC interaction.

Apart from distinct turnoffs in intermediate ages, we also noted the existence of a
distinct turnoff around 56-120Myr old. Enhanced SF for this period was also reported
by Harris and Zaritsky [2004], Rubele et al. [2015] and Auchettl et al. [2019] who showed
that a large fraction of the supernova remnants in the SMC indicated a burst of star
formation between 50 and 200 Myr ago. We have investigated the kinematic behaviour
of this population using proper motion measurements from Gaia DR2. It was found that
the 56-120Myr stars are kinematically distinct from very young stars that still lie on the
zero-age main sequence (at least up to the saturation limit of the IMACS data). This is
a tentative result that needs to be further investigated using the new Gaia EDR3 data
and it alludes to the presence of distinct substructures proposed by Murray et al. [2019]
who also found that non-rotational motions are prevalent throughout the SMC. A first
analysis of the EDR3 data have shown that significant systematic errors were present in
the DR2 data, that probably created false kinematic trends.

Star clusters are often considered as the building blocks of galactic disks, as star
formation is generally clustered. The identification of star clusters (mostly small clusters)
in the SMC is an ongoing endeavour. It is only relatively recently that machine learning
and data mining methods and techniques have been employed to detect star clusters in the
Magellanic Clouds. Our data provide a unique opportunity to investigate the validity of
these identifications and classifications and have superior spatial resolution to most data
used to date to search for star clusters. Applying criteria based on CMDs corrected for the
field contribution, number density profiles and image inspection, we examined all known
clusters and candidates in our fileds. We could only confirm about 70% of the objects
classified as clusters in the most recent compilation of Bica et al. [2020]. Most of the non-
confirmed objects are artifacts, caused by the inferior spatial resolution of some of the
older surveys. We also applied the well-known data clustering algorithm, ”Density-based
Spatial Clustering of Applications with Noise” (DBSCAN), to both the IMACS data and
to Gaia DR2 data. DBSCAN is a non-parametric algorithm based on density.The results
from the application of DBSCAN confirmed the classification resulting from the use of
the three criteria described above. The combined use of the two methods is a very useful
tool for the discovery and verification of star clusters in resolved galaxies.

The last part of the thesis concerns the optical identification of X-ray sources that
have been discovered in the direction of the SMC central regions. To identify candidate
high mass X-ray binaries, we cross-correlated the most recent X-ray source catalogue in



the SMC central regions Antoniou et al. [2019] with the IMACS photometric catalogue.
In order to correctly interpret the results of the cross-correlation, we calculated statistical
tables of chance coincidence in different regions of the CMD: the CMD was divided in
colour-magnitude cells. For each cell, we calculated the ”chance coincidence”, i.e. the
probability to detect one or more optical matches (inside the specified cell) to a X-ray
source, within a search radius determined by the positional uncertainty. The resulting
chance coincidence probabilities in the various CMD cells for different search radii were
extracted. As expected, the chance coincidence probability is higher for regions of the
CMD with high stellar density, and increases with increasing search radius. We found a
total of 9 new candidate high mass X-ray binaries of the Be type, within a 2 sigma search
radius. Optical spectroscopy is needed to confirm these identifications.



Hepirndmn
Ewcaywyi

H pelétn auth emxevipdvetor oto Mixpd Négoc tou Mayyehdvou (Small Magellanic Cloud,
SMC), nov elvon évag xovTvée, Tholotoc ot aéplo yahadlac, o onoloc ahhnhemded TG00 pe to
Meydho Négoc touv Mayyerdvou (Large Magellanic Cloud, LMC), 600 xou ye tov dxd poc
Fahaglo. E€atiog e mixerc tou udlag, twv evioyoha€loxdy ahANAETBEdoEwY T6G0 UE TO
Meydho Négoc touv Mayyehdvou oo xou pe tov Tahalio poc (Besla et al. 2016, Hammer et al.
2015, Kallivayalil et al. 2013) xadcdc xou e mepimhoxne yewpetpiog tou (Hatzidimitriou et al.
1993, Subramanian and Subramaniam 2015, Ripepi et al. 2017) nopovoidlel iitepo evilapépoy
1600 w¢ TPog TNV LoTopia TNe aoTeic dnuovpyiac oe yohadiom xhipoxa, 660 xou WS TEOS TOV
TANYUOUS TV ACTEHOY GUNVOY TIOU TOV ATOTEAOVV.

‘Eyouv npayuotonomiel apxetég uehéteg yio Ty lotopla tng acteixrc dnuiovpyiog Tou SMC
(.. Harris and Zaritsky 2004, Sabbi et al. 2009, Cignoni et al. 2012, Rubele et al. 2015,
Rubele et al. 2018 xin) ypnowonoudviog t6c0 eniyelo TNAEoXSOTO 660 xat dedopéva and To
Hubble Space Telescope (HST), xopio 6pme ond autéc dev yLve pe dedopéva Tou €xouy UEYSEAN
YweW avdhuon xou TaUTOYpova UeYdho e0pog mediov. Méoa and o amoTERECUATA TWY UEAETOV
pobveton 611 To SMC €yel évtovn aoteixn dnuovpyia axoua xal oto tpdogato mapelddv. Eniong,
10 SMC yopaxtneileton and TARdog aoTeiX®y ounvey xal €youy mpaypotonoindel yeléteg 1600
O¢ mpoc Ty Tavopnot Toug (Bica et al. 2008, Bitsakis et al. [2018], Bica et al. 2020) éco xou
v otopla dnuovpyiac toue (Nayak et al. 2018). ITop’ Ao autd 1 aviyvevon xon Ta&ivounom
UXPOY 0O TEXDY OUNVOY oTNY Xevtpixl| teptoyh Tou SMC mopopéver avolytd mpdfinua egoutiog
e LPniric TuxvoThTag Tou TEdlou.

To dcdopeva

ot v perétn tou SMC yenoyomotinxoy PWTOUETEXES TOPATNEHOEC Tou eEAPUNCAY Ye TO
tnheoxdmo Magellan 6.5m oto Actepooxoneio Las Campanas otny Xuk, ue tnv xduepa IMACS,
HECWL TECTEPMV BlapopeTixtdv onuxdy giltpwv (B, V, R, I), xahdntovtac téooepa nedia Siopétpou
0.44° 1o xadéva, oty xevipwh nepoyf tou SMC (SMC3: RA 00:56:53.6, DEC -72:17:16.7,
SMC4: RA 00:49:36.1, DEC -73:16:18.0, SMC5: RA 00:53:22.4, DEC -72:26:36.2, SMC6: RA
00:53:15.0, DEC -72:42:06.8). H 9¢om twv tecodpwv nedinv oto SMC gaivetor 6to oyfipa. 9.
Exonde authc tne datpBric etvon (1) 1 cUGTNUATIXE LEAETY TWV UG TELXOY TANDUGHOY X0t TOU pU-
Yol acteic dnulovpyiog ooy GUVEETNOT TOU YEOVOU, GTIC TO XEVTEXES X0l ETOUEVWS UEYEANC
TUXVOTITAC TEpLoyES Tou Yohodio, 6Tou dAheg pelétes edewviouy onpoavtxés ereldeis (elte we
TpO¢ TNV emavetoax xdhun, elte we npog TV modtnta/Bdloc TV puTopETEXGOY BEBOUEVLYV),
(ii) n oUYxpLoN TNG MMXLOKAC XOTAVOURS TV ACTEIXWY CUNVAOY UE TOUS aoTeixols Thnduouols
nediou (0 otdyog autdE TEOUTAUTEL AVAIEDENON TV XATIAOYWVY ACTEIXWDY CUNVOY OTIC TEPLOYES
evdlagpépovtog, pe uedodouc mou mepthopfdvouy teyxvixée Machine Learning) xon (iil) 0 tow-
Tonolnom xou 0 YopaxTNELoUGS TNYGY oxtivey X (tou éyouv avaxahugdel ue to Chandra Deep
Survey) e omtixéc TnYEC.

Enelepyacia xaw avdAuor dedopEVLY
Aqgaipeon BIAS-"Eninedonoinon”-Actpopetpia

Apywd howndy, agaupédnre o nhextpovixde YopuBoc (BIAS) tne CCD xdpepac, éyive Siopdwon
yioo T oyetixh evouodnoio twv pixels ("emnedonoinon”, FLAT FIELDING) xou cuvtédnxe to
TEMXS TP0ooind” GV TV TUNRdTLY TV exdvey (frames), yetd and xatdhinin eneepyoasio
%o aoTpopeTe| Badpovounoy, pe ty yeron xotohdywv and to 2MASS. T dhec tic nopo-
v Biepyooieg yenowonouinxe to maxéto eneéepyaciog exdvewy IRAF. H Swduacio avth
npaypatonoinxe xan yloo tor téocepa Sloupopetxd @ldtea B, V, R, I. H ywpewr Slaxprtiny
Vo TNTA ATy EAUEETIXNY, YdET OTN XPNOT TEXVIXWOY TEOCUPUOC TIXNG OTTIXNAC OTY| SLIPXELN TOV
TOEUTNENCEWY.



PwtopeTpia

Yty ouvéyela avamtOyOnUe xaL EQapUOcTIXE UMY OPLIUOS PWTOUETELXAG AVIAUGTS, TTOL GUVOULALEL
To naxéto enelepyaoiac embévewv IRAF, ye ) yhdooo npoypaypatiopol Python (PyRAF). H
puwTopetpla €yive ue TV yefomn e cuvdptnone Point Spread Function (PSF). Me tov odyéprdpo
autd e&nydnoay ohec ol Baoixés ontixée mopduetpol Yl xdde dotpo ota @litpa B, R, V, L
Avaywyh e gotouetpiog oto cbotnue BVRI éyive ydvo vy tig petprioeic ota gidtea B, I,
HE TNV Yperion Seutepoyevdv dotpwy Baduovéunone (secondary standards) onéd tov gotopetend
xatdhoyo twv Harris and Zaritsky [2004]. Adyw e ywpiic petoBintdétnrtog tou unofddpou xou
¢ ouvdptnorne PSE, 0 0plondc Twv QOTOPETEOY TOQUUETEMY XL 1) AVOYWYT) TNE PWTOUETElOC
éyway yia xdde CCD, xéle nediou, Eeywpiotd. Ipénet vo avagepdel 6tL tar peyédn oto @litpo
R Bev umdpecav va Baduovoundoiv yiatl ta deutepoyevy| doTtpa ToU YernLoToltnxay ond Tov
xatdhoyo Harris and Zaritsky [2004] Sev elyav peyédn oto ouyxexpwévo @uhtpo. Iopého mou
urdpyouv dhhot xatdhoyol (BA. Massey [2002]), autol nepthopfdvouv xupinwe Aauted dotea, Tou
eugpaviCouv ”xopeopéva” eldwia otic edvec Tou IMACS xa Sev pnopolv va yenotporotnioiv.

Ané v avdluon Twv anoteAeoudTov NG puToueTplag oto @iteo V dlamotddnxe 6Tl npene
VoL T0 eEUPECOUPE and TNV PEAETY) oG, xadde UTApY oY CUC TNUATIXE c@dhuaTa Tou oyetiloviay
HE TNV yeron tne pedddou adaptive optics xatd tnv Sidpxelo Tng napatienone. Houpdderyuo avtod
TOU CUCTNRATIXO) CPIAUATOC UTOPOUUE Vo BoluE oTo oyfua 18 édmou mapaTtnEoVUE Yla CUCTY-
MATLX UETATOTLON TOU OEIXTN YPWUNTOC GE CUYXEXPWEVES TEPLOYES Tou Tedlou mapathienong.
Onérte, av o to medlo V Vo pog €8ive TNy SUVATOTNTA VoL oVl VEOGOUUE Xl VO UEAETHOOUUE
o opLdEd doTed, eNEWdN elye TOV UEYUAUTERO YpOVOo Exleonc oTNY TOEUTHENOT), BEV UTOPECOUE
Tehxd va To yenowonoljooupe. Emong, avagépouue b dtu elyav yivel napatneroec xou oc
éva téunto nedlo (SMCT). Ou petpioeic autéc dev ypnoworotfdnxay xoddhou yioti éyvay otny
didpxeLol ToL AuxawyoUlg, Ue armoTéheaua Vo €xouy udPBodpo YeTaBANThc xou VPNAAC eviaong, Tou
odnyel oe yeydho o@dhuota oty putoueteio. H xotavour opoipatny autdy golvetal 6To oy
19.

Extiunon tng nAnpodtntac (completeness)

O tehixdg xotdhoyog nepihopfdver Baduovounuéva ueyédn B xan I xon tar opdiporta autodv yio
1.068.893 dotpa, ue optaxd uéyedog nepinov 24mag. o v eheyydel ) alomio tlor xat ) TAnpdTnTa
(completeness) tne putopetploc we npog To péyedos, oxolouvdicaue ) uédodo tne npootinng
T teyvntov dotpwv” oTic exdvee (artificial star experiments). To tAfidoc twv texvNTHOY dotpwv
ebvar ~ 8% Tou apyol TARdUoOU TwV dotpwy Tne meployc Tou pehetdue. Ta teyvntd do-
TEA €YOUY OUOLOUOEYPN YWELXT) XUTAVOUY Xou XaTovour UeYeddy. Xtnv cuvéyela eEdyouye
putouetplo e v (Bl Stadixacio Tou mepLYpdPNXE TEONYOUPEVWS. Xuyxpivouue Tov opidud
TOV TEYYNTOV AoTEwY ToU avaxTHinxay e Tov apyixd Toug aptdud, yia SlupopeTinés TWéC do-
Tewy peyedov. o va unopéoouye vo ueeTtricouue xaAbTERA TNV YwpeixY) UeTafoAY) Tou ToCOoOo-
100 TAnpdTNTaC, N HEAETN Tpayuotomoiinxe v empépoug Tunfuata twv CCDs. Tic peocoles
CCDs (mou elvan yeyahitepes) Tig ywplooye o 8 ooeufodind tufuarta xou tig axpoles (mou ef-
vou wixpotepe) oe 4. T va éyoupe peyahltepo otatiotind delypo enavoldBaye Ty mopamdve
dladxaota 10 gopéc oe xdde tufua CCD, npocdétovtag xdde popd xawvolpyla TeXVNTA Ao TEA.
Sy ouvéyewa vrohoyioaue ot noto péyedoc (v xdde @iktpo) n TAnedtnTa eivon 50% xon 20%.
H yopwh xatavour| twv dagdpmy peyedoy ye minpdtnta 50% xou 20% oto B gaiveton ota oyh-
potor 20, 21, And ta Swypdupoata oty exove 22, mpoxUNTEL 6Tl 1) TANedTNTA elvar XxahiTepN
oto pikteo B, xou ot nedio SMC3 xow SMC5. H Suobixacta outy) enavokfpinxe noAhéc o,
xadde elvon avoryxaio n Bedticon tne oplBeiag twv utohoyilduevwy Slopdhoewy TANEGTNTAS avd
uéyedoc, ol omoleg ye v oelpd toug yeetdlovian Yo Ty axpBéotepn efaywyr TS Wotoplag TNC
aoTpwic dnuovpyiag and to putouetpxd dedopéva (m.y. Cole et al. 2007, exdveg 23, 24).

Avoypdpporta deixtn ypopatos - peyédoug (B-1I, B)

Dot Ty perétn tov aoteix®y TANYUoUGY TV Tedlnv xataoxeudotnxay Slorypduuota delxtn
yeopotoc-peyédoue (B, B-I). Yt dwypdupota autd (emxdvee 25, 26, 27, 28) doxpivovion
dotpa oe dapopetinéc pdoec eZéhine (Kopio Axohoudio, xhddoc twv yrydviwy, optldvTiog



wAGB0c). O %OxHVEC YROUUES OTOL LY PAUMOTA TIOPLOTAVOUY TO OpLol XdTe amd Ta oTolo To
doTpa £Y0LY TOGOOTE TANEGTNTAC XdTw and 50% %o 20% avtioTolya. Onwe avapépae xou Tpo-
nyolpevee ota tedlo SMC3, SMC5H ta nocootd tinpdtntac 50% xou 20% ebvon oe peyohdTepa
peyédn, mou onuaiver 6tL N pwrtouetplor oo TEdio AU TE elvon To IO TN Ylol ToL TLo aLdEd do-
tpa. Enlong, opiotepd anewovileton avd Sdpopa ueyédn oto B 1o péoo opdhua peyédoug (ebvon
CUVBUAOUOE TOU CYIARATOS TTOU TEOXUTTEL OO TNV QPWTOUETEIO Xal TOU CYAALATOS UEOTG TUWNG
e Poduovounome, UEcw tne SLEB0one CPOAUATKV) Xl TO GPAAUA YPMUATOS TOU TPOXUTTEL od
o opdhpato Yeyeddv oto giiteo B xoun L.

Mapatnpodue 6Tt to nedio SMC4 €yel mo supeia xbpta axohoudio (edva 26), xou ETUNUUUEVO
0ptl6vTio xhddo. Auté ageiletan oTo YeYovog Oti oo medlo SMC4 undpyouy neployéc Ye UEYEAN
HECOUOTEXT] amoppd@non OondTE dnuiovpyolvTal évtova @ouvoueva epllpwone Pe cUVETEL Vo
€youue TNV epUUPOUETATOTUON TOU YPOUATOS TWV dOTEWY TWV CUYXEXPWEVKDY Teptoytv (B
oyfua 30).

Iotopia acTeinng dnuioveyiag

T v pekétn tou pudpol aoctpic dnoupylae CUVIETACEL TOU YEOVOL YENCLLOTOLOVUE TNV
pédodo nou avéntuie o Dohm-Palmer et al. [1997] yio xdde éva and ta 4 nedla nou peheTRooe.
H pédodoc epopubdotnre oe dotpa tne Kopae Axoloudiog (KA). T tov oxond autd ywelooue
o dotpa e KA oe opldvtiee Awpldeg ouyxexpyévo elpouc tou peyédoug B. Trodétouue
enione 6t M apywxr, ouvdptnon wélac (Initial Mass Function, IMF) nou da tnv ypelootolue
oty Voo pog etvan aveEdptnTy Tou Ypovou xou e€uptdtar Wovo and To PEYEDVOC XoU TO YEPWUAL.
Avth 1 obyPoon yivetow axdpa mo omodextr) dedopévou 6Tl T dotpa e KA éyouv otevod
ebpog yewuatog. Ernlong, deydpacte 6tL tar dotpa e KA mou Bploxovion oty B optldvtia
hwpelda éyouv tnv (Bo IMF. Igénet va npocé€oupe €8¢ bt pio hwplda €xel dotpa (Blar wdlog ahhd
BLapopETIXWY MY, Anhadt dotpa Tou €youv e€ehiydel xou Yo @byouv and tnv KA xou dotpa
vedtepa (Blag udlac pe ta meomnyolueva mou Ya cuveyicouv va efvon dotpa xbplac axohoutiag.
I vor AMBoupe urddn Ty pelwon TV T0cooTOV TANEGTNTIC Ot AUUdEOTERO TR DlALEOUYE
1o TAdog TwV doTpwY ot pio cLYXEXPWEVN Awpldo Ue To avTioTolyo T0G00TS TANEGTNATAS OF
oawtéd o péyedog. Anhadh av plo Awplda oe €va cuyxexpévo péyeldog, éxel N dotpa tng KA
%ol T0000Té TANEdTNTUS ot auTo To pEyedoc 50% Yewpolue dtL To dotpa teMxd elvar N/0.5.
H e€éM&n tou puduol aoteixfc dnutovpylac cuvapTHoEL Tou Yedvou Yo Ta 4 nedla gaiveton oTiC
exovee 31 xau 32. 'Eyouue unodéoel 800 Slapopetinée YeToAxdTnTES, Uiot Yoo Tar Teheutaia
~ 1.2Gyr (Z=0.004) »xou pla yio to Todoudtepa dotpa (uéypt ~ 12Gyr). O emdhoyéc autéc
Baclomrav oe oyéoelc nhxdag yetahhixotntag xadde enlong xan oe pehéteg mou €youv Yivel
oe aotpixols Thuinouolc oto SMC (Da Costa and Hatzidimitriou 1998, Kayser et al. 2007,
Rubele et al. 2018. H IMF nou ypnownoioope eivon 1 Salpeter (Salpeter [1955]), tnv onolu
yenoonoinoav ota poviéha touc ot Harris and Zaritsky [2004] vy tnv yerétn tne aotphc
onwovpyiag oto SMC. Xprion dhhwy IMF dev €yel onuovtd enintwon ota anoteAEoUaTd Yog.
Yo Swypdpparto 33, 34 BAénouye pe peyahlteen Aemtopépelo Tov puiud aocteixrc dnuoupylog
vt < 1.2Gyr. Hoapotnpotyue 6t vy t < 1.2Gyr) topouctdletar evioyuon tou puduol aoTtehc
onwovpylag xou ota 4 nedla. O pulude autde pewdvetor 660 TNYAUVOUPE TPOS To oW GTOV
xeévo. Yta medio SMC4 xon SMC6 petd to 800Myr epgovileton enione wo (Uxpdtepn) evioyvon
e aotewrc dnwoupyiac. Ev ouveyela, o pudude petdvetan and 1 éwg 3Gyr evdd otny cuvéyela
napoatneeitan o avénon peta€d ~ 4 — 8Gyr. Xto nedia dmou Ta mocOCTA TANEdTNTAG Elvon
Béhuota (SMC3, SMC5), napoatnpeeitar €va yéyloto aotpxhc dnuoupyloac petalld 6-7Gyr. To
nedlo SMC4 elvan oe peyahbtepn andotaot and epde oe oyéon pe to dhha tedio xou autd opelleton
otny xAfor mou €yel To SMC we tpog TNy yeouuy topatienong, toe’ dho dUTA ToL AMOTEAEUOAUTA
elvon (Bt oTar Gplar TOU CPAAUATOS Yiot UxEES PETABOAEC oTn T Tou ulodetolue Yiol To PETEO
ANOGTAOTC.

To anotehéoyata mou avapépoue eV elvon o YEVIXES YPUUUES O ouUpwvia Ye Ty BiBhL-
oyeapio. Ilpdyuott eneioddio evioyvone aoteixic dnwoupyiog ota ~ 4 — 6Gyr mpotelvetal omd
touc Rezaeikh et al. [2014], Weisz et al. [2013], Cignoni et al. [2012] xou Noél et al. [2009].
Enionc ov Bitsakis et al. [2018] xou Nayak et al. [2018] mpdtevav avgnuévo pudud actpnhc
onwovpyiag o teheutaior 100-200Myr.



Y UVoETACELS AAUTEOTNTOS

T perétn twv aotedy mAnduoudy yenowwornodnxay enione cUVIPTACELS AOUTEOTNTOC
TOV AoTEOY ®VELIG oX0AoLHHAC TOU XATACKEVACTNXAY UE Baon T BlaryeduuaTa SelxTn YemUaToC-
peyEYoue, oe Eva TETPAY WVIXO TAEY MO UTTOTIERLOY Y (0TiC omtoleg uTodtoupédnxay To apyxd Tedia),
ToV eMETEEPE TNV UEAETY) TNG YWEIXNS XATAVOUNE TWV BLUPORETIXWY TANIUCUODY.

O ouvapthoeic haunpdtnroag dopddinxay ye Ty yeion tov Tuoy TAnpdtntac (complete-
ness corrections) oe 6ho 10 @doua TV YeYeddy yia xdle vronepoy. Etol npoxdntel 1 Sop-
YUEVN Yior T TANEOTATAU CUVEETNOT AUUTEOTNTAS. 2 TNV EWOVA 37 ToElo TévovTal oL SlopBtwuéveg
oLVaPTACELC AauTeoTNTAS Twv 4 edlwy napathpnong. Ot cuvaptroelc £xouv xavovixonomndel ye
TETO0 TEOTO WOTE Vo €xouv To Blo TAnduoud dotpwy v B< 21.6. H xavovixonoinon éyive pe
TO OXENTIXG OTL doTpa auTOL Tou peyédouc 1 auThC TNg NAxiag elval opolduop@o xoTaveunuéva
oe 6ho Tov yoholla, ondte xdde nedlo mpémel va mepiéyel Tov (Blo aprtud doTpwy amd auTH TNV
nhixia xou médve. Me Bdor tic cuvopthoelc Aapnpdtntac to tedioe SMC3 xon SMCH nou Beloxovto
Boeeta xou PBopetoavatolxd tne pndpac tou yoholia avtiotolya €xyouv yeyolltepo aptdud VEwy
dotpwv and ta nedla SMC4, SMC6 mou Peioxovian votia xon voTloduTixd tng pndpoc.

Ernlone, yenowonoudviag ¢ cUVIPTAGELS AUUTEOTNTOGC XATAOXEVACTNXAY YEPTES YPOUATIXAC
aneéviong NS xAlong Tne Sloptwuévng cuVdETNoNE AAUTEOTNTAC, TOU ENETEEPAY TNV oVOLY VM-
LOT] TEQLOYWY UE ONUAVTIXES DLUPOPOTOCELS WS TPOG TN WIEN aoteixdy mAnduoudyv. H ywew
HETABOAY TNE xhioNe TV cuVaETACEY AaumedtnTag gatveton otny ewxéva 39. Iapatneodue 6T 7
RIEN TV aoTewdy TAnducucy dlagopontoeiton xatd urxog tng undpac tou SMC, dnA. 1 aotexm
onuLovpyio dev elvon ouoldUopn GTNY U

AloxplTd YEYOVOTA AcTEIXNG dnutoveyiag
Suppévia acteixfs dnuiovpyiog ota 2.7 xou 4 Gyr

Mehetidnxay ta dtarypdpporta deixtn ypmupatoc peyédouc (CMD) ot dixtuo utoneploy v axtivae
1 arcmin - apxetd pxpwy, GoTE vo uny ennpedlovron and uetaBoréc e eplilpwong xou amd
™ petoforr tou PSE, xau toutdypova apxetd HEYIAWY MOTE Vo €YOUV GTATIOTXG CNUOVTIXO
aptdud dotpwy oe 6ho to CMD. H e€oupetiny pwtopetplor xou ywpexry avdhuon enétpeday, yia
DTN Popd, TNV avordAudT Sroxexpipévwy cuuBdvtwy aoTtexhc dnuoupylos, ey and 2.7 xou
4 Gyr, ywplc ™v avdyxn poviehonolnong, aArd anevdelog amd mapatAENnomn TV dloypouUdTeY
oelxtn ypdhpatog uyeyédoug. Ta Slaxpitd autd ouuBdvta mapatneinxay oe UTOTEQLOYES OTA
nedlot SMC3 xon SMCH émou €youpe TOA) XOAH TOLOTNTA TNG POTOUETEING oXOUOL Xl GE oUDES
dotpo. Mdlota ol cuyxexpévee unomeployée yopaxtnellovton amd axodus xahdtepn noldTnTa
PWTOUETPIOG OE OYEoN UE TIC UTONOES LTIOTEPLOYEC Tou (Bou mediou (xdtw Sidypapua 46). Ot
BLopYWUEVES CUVPTAHOELS AUUTPOTNTOG TWY UTOTERLOY MY Y0V €va 0TeVo elpog Ty 0.011-0.014
(méveo Sudypoppa 46). To napamdve cuvodilovion 6To dTL oL unoTEploYES auTES Yopaxtnellov-
ot o6 VPNANE TOLOTNTOG PWTOUETELXS SEBOUEVA XoU TOROUGCIALOUY TOROUOLOL YOEUXTNELO TS (OC
npo¢ Tov mhudnoud twyv dotpwy e KA. H ywew xotavoun twv teploydy autwy napouctdle-
T oty ewova 45, Luvohxd, emiBefouwdveton 6Tl To peyahbTepo pépog twv dotpwy oto SMC
onwoveyHinxay ta tekevtata 6-7 Gyr, xou 6Tl 1 aoTer Snuiovpyia oTov Yohallo auTd Sev elvor
ouveyfc: meplodol évtovng aoTeurc dnwovpyiag gaiveton va axolouolvton amd TEPLOBOUS YT
M aotpxfic dnuiovpylag. Auth 1 dwxontdpevn Spaotnodtnta urnopel vo oxetileton (ev uépet
TOLAAYLIOTOV) We TNV Teoytaxt WoTopla Tou Moryyehavixol cuoThuaToS.

ITepiodog acteixrc dnuioveyiog 90Myr

‘Eva dhho anotéheopa mpoéxue omd TOV GUVBUAOUS TWV POTOUETRIXWY KOG JESOUEVWY UE TNV
eCoupeTiny| aotpopetpla Tou dopupdpou Gaia (Gaia Data Release 2). Kupiwe ota CMD tou
nedlov SMCH nopatneeiton cagpric Sioxexptuévr axolouvdo doTpwy TOU AvVTIoTOLYEL OF 0oTEXO
nanduoud pe nhixio tepinou 56-120 Myr (exdva 48. Tlapduoloc mainduoude evioniotnxe xo oTa
S medior (SMC3) ywplc dpwe va glvon téo0 Boxpitéc 6co oto nedio SMC5. Evioyuon tne
actewuic dnplovpyiag xatd v mepiodo 50-200 Myr €yel mpotodel xou amd dAloug cuyypopeic
Harris and Zaritsky [2004], Rubele et al. [2015] xou Auchettl et al. [2019]. Etnv nepintwon, o



EVIOTLOUOS ToU TANYUoHoL elvan Guecog, avw oe éva Sudypaupo delxtn yphuatog - peyédouc,
xon Sev Booileton oe xAmOLo GTATLOTLIXY) AVAAUOY), dTwe cLVERoLVE oE TpoYeVEsTERE PeAétec. To
eviunwotaxd elvar 6t O mhnduoude autde mopouotdlet xivnotixd teogil mou tov Eeywpellel and
T undhoima Véa dotpa oty meptoy . H xavnuotind autr) uehétn €yive pe Bdon dedopéva yio Tig
Blec xvnoelg xan tig naparhdEelg and to Gaia DR2. H otatiotiny) onuacia twy arotekeoudtonv
eréyydnxe ye ) yeron teot Kolmogorov-Smirnov. tic 800 dieudivoeic (opd avagopd, RA
xou ondxhor, DEC) n mdavétnra or 300 nhnduopol va elyav Bio xatavour oty bl xivnon
Arav 3.1% xou 0.013% avtiotoryo. Ta aroteléopata autAc TS EPELVIC TEOETOWACTNXAY Yid
dnuooieuon oto MNRAS (Strantzalis et al. 2020). To véa Sedouéva dpwe mou dnpootedTnxay
an6 to Gaia eDR3 yia ta (Blar doTtpat €500y BLaPORETIXES HIVNUATIXES TOPUUETEOUS TTOL elwoay
ONUAVTIXG TN CTATLOTLXY) ONUasid TWY TOEATAVE GUOYETIOEWY.

Avoyvmplon xol TALTOTOINCY ACTEIXWDY CUNVOV

Yric xevtpée teployéc tou SMC, 1 avory vodploT do Tetxdy ounvey (xuplne pixpdv) ropepunodile-
Ton oo TNV LVPNAY aoteu] tuxvotnta. To npdlAnua etvon peyohdtepo 6ty T Sedopéva dev Eyouy
emapxt| yopeLxY| dtaxpltixy xovdTnTa. Ol TEpIGGHTEROL TEOTPATOL XATIAOYOL UG TEIXWY CUNVLY OTO
SMC éyouvv Baoiotel xuplwg oe dedouéva yaunhotepne moldtntoag and to dedouéva mou €Youue
Tpa otn dddeon woc (Bica et al. 2008, Bitsakis et al. 2018, Bica et al. 2020). O Bica et al.
[2008], napouciooce évay and Toug YEYOAITEPOUSC X0l TILO OAOXATIPWOUEVOUS XATUNGYOUS UG TELXOY
ounvoyY Ghwv Ty peyeddv, ol Bitsakis et al. [2018] napousiocay évav xatdhoyo otny evpltepn
neployxn Tou SMC nou nepielye 1319 avtixelyeva YopaxTNEIOPEVO WG AGTELXE CUNVY, TO TEQLO-
cbtepa avaepdvtovoay Yl TpdTn popd. IToAd npbdogata, ol Bica et al. [2020] noapovoiocay
EVOY AVOVEWUEVO XATEAOYO oL xupleg fTay Boclouévoc 6Toug 17BN UTHEYOVTES XUTOAGYOUC,
xou mepLelye eNdylota avixelpeva and tov xatdhoyo Tou Bitsakis et al. [2018], vt o neplo-
obtepa elyav anoyapaxtnelotel and aotewxd oufvn. H peiétn pog Poaciotnxe oty tadvéunon
TOV BLEAPOPWY VTIXEWEVKOY TOU €Y0UV YORUXTNEITEL ¢ Ao TELXd UV 6TouC dbo teheutaloug
xoTaAdYoUs, ota 4 medlo Tou YEAETHOUE.

O €heyyoc €yive ue Bdomn ouyxexpuéva xplthpla, 0TS UXTIVIXG BLoY AT ETLPUVELOXNS
aprduntxic aoteiic muxvétnrac (Radial Profiles, RD) Sirypdupora delxtn yoduatoc-ueyédoug
(CMD) xar 6UyxpLon) Toug pe to CMD dotpwv mediou pe v yerion tou xprtneiov Kolmogorov-
Smirnov). Erniong yenotponoviooye we Seutepetiov xplthplo Thy exéva TG TERLOYNS TOL GUAYVOUS
oTi¢ nopatneroels poc ue to Magellan Telescope, Sedouévng tne xaAdtepng ywelxnc avdAuong, o
oyéom pe Ta dedopéva Tou elyay yenothonolndel oTiC TECITOOTEPES TEQLTTWAOELS YLl TOV EVIOTLOUS
%ol TOELVOUNCT TWV AoTELXGY ounvey. pdyuatt dueca goalveton and Tig edveg 6Tl xdmola
Y avTixeipeva” Tou €youv yopaxtnEloTel we aoTewd oufvy, dev gaiveton vo givan (B Tic dvo
tehevtaieg neployée tng ewdvoc 53.

'Onwe npoavapépdnue, XaTaoAEVACOUE TO TEOPIA AXTIVIXNS XATAVOUNC TNG ETLPAVELXNE TUXVOTY-
Tac x&de TEpLoYNC UE XEVTPO, TO XEVTEPO oL €Bvay oL xatdhoyol Yo xdde aoteixd oufvoc. Autd
Tou avoévoupe ebvan exdetind pelwon e emavetaxic tuxvétntog (BA. to 4 méve Storypdupata
e emdvac 54), OUWS O XETOLES TEPLTTWOOELS 1) ETUPAVELUXT TUXVOTNTA TOPAUEVEL o TadepT| uéoa
oto mhaiotor Stoxupdvoewy tou unoPddpou (Bh. To 2 xdtw dorypdupoto e emévas 54). ‘Eva
ac Tewd ounivog xatd ndoa miavotnta Yo napouvcidoet Eva CMD pe SiapopeTind yopoxTnelo Tixd
pe To CMD tou vnofddpou yipw tou. Ta va Sopdnoovpe to CMD tou unodhgiouv ouivoug
oné to unéPodeo, cpopuboaue pic Mroeowov| uédodo (BEHR, Park et al. 2006). To tehixd
dlorypdupato mpoéxuay and Ty cUyxplon tou CMD tng neployrc tou oprvoug xou to CMD
woc looepfadixrc teptoyfic tou umofBddpou Ylpw and to ouivoc. To undPodpo opileton oe éva
BoxTOMO YOpw amd TNy Teployn) Tou oufvouc. I'ia mapdderypo 6Ty TERinTWoY) TOU Ao TEIXOL CUT-
voug NGC306 (BA. ewdva 56), hopPdvovtoag unddn to eNdyloto Tne Tihc Tmou divel o ohydprduog
(xdrtes Be€id, ebdva 56) mpoxdmter éva Sudypopue pe TANY0C doTpwv Téve otny xVpta axohoudio.
Avtideto oty mepintwon tov BS259 (BA. exdva 59) mopatnpolue dtL dev undpyouv dotpeo Tou
Topopévouy UETA TNy agaigeot. Autd ogelheton oTo yeyovog 6Tt to CMD tng meployng tou
BS259 noagovoidlet ta (Blor yopoxtneio Txd ye to unéBadpo yhpw and auTH TNV TEELOY Y.

Xpnowonowdvtag ta tpion mopandve xprthpto 1) exdva, 2) oxTivixd Teogih empoaveloxic
nuxvotnroag, 3) to daypdupoate CMD mou mpoxintouv and tnv Mnroeotav avdiuor, Berxope
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Tola amd T AVTIXE(UEVOL TTIOU €youv xaTnyoplomoinlel cav ouivry oToug xatdhoyoug dev unopet
va elvon pdypatt aotexd ouivn. And tov xoatdloyo twy Bica et al. [2020], to 30% twv oun-
vov (Tou Beloxovtoaw ota 4 media yag) anoyopaxtneiotTnxay, evd 10 10006t autd frav Tohd
HEYOAUTEPO YLot TOV xotdhoyo Twv Bitsakis et al. [2018] (ue to 87% twv ounvdv va €youy anop-
eupOel). Xty exdva 60 paiveton 1 yweix xatavour Twy ounvey and toug 2 xoatoddyous, ota
4 medlo tou yehethooue, 6mwe Tovouidnxay pe to napandve xpltiple. Emiong, peiethoaue Tic
%xaTavVoUES Twv dotpwv KA tng neploync tou ourvoug oe olyxplon e tou unofBddpou we mpoc
10 péyedog xol We TPOS TOV JEIXTN YPOUATOC UE TNV YeHoT Tou xpitnelou Kolmogorov-Smirnov
(BX. emxdva 62. LNy exdva 63 Unopolpe vor SolHE GTL yior AVTIXEMEVRL TTOV Aoy dPOX TNELC TNHXOY
omd oo Ted ourvn, N mhavdtnTa N xatavouy Twv dotewy e KA tou "ourfvouc” oe clUyxplon
ue TV xatavouy| twv dotpnv e KA tou unoBddpou va mpoépyovtal and tov (Bto mhnduoud etvor
HEYSAT.

Emniéov, emyetpidnxe aveldpTnTy TAUTOTOMOT ACTEIXWY OUNVGY TOGO and To Bixd uag de-
dopéva 660 xan and o dedouéva and t GAIA eDR3, pe v e@appoyy tou ahyderdpov DBSCAN
(Density-Based Spatial Clustering of Applications with Noise). ITpdxeiton yior évar ahybpripo
machine learning xou €yl dwoel e&oupetind anoteréopoto xVplwg yio Ta dedouéva and tnv Gaia,
AOYW NS ouoloyévelag Toug. To anoteréopata tng yerétng authc Yo dnuooteutody oto MNRAS
(Strantzalis et al. 2021a)

IInyéc axtivewoy X oto SMC

Téhog, €yive ywpxh cuoyétion LeTadl Tou VEOU XaTahOYOoL TNY KOV axtiviy X ot xatebiuvor tou
SMC nou mpoéxue and tapatnerioeis pe tov dopupdpo Chandra (XVP, P.I. Andreas Zezas, An-
toniou et al. [2019]), e TOV XATINOYO TV OTTIHWY THYWY TOU XOTOY PAPNHAY X0 PWTOUETEHOTHAY
ota 4 medla mTou YeAeTACUUE, UE OTOYO TNV TawTonomon Twv TNydy axtivoy X. Ia xdde mnyn
v v omola Peédnxe ontxd counterpart eviog Tou XOXAOU OG TEOUETELXOU CQAALITOSC, UT-
ohoylotnxe 1 mdovéTnta va ebvan 1 cuoyétion tuyalo. Ta anoteléopata Qaivovtal 0TV ExoVa
68.

Ty ouvéyeto oviyveiduxay urodrigie BeXRB yia didpopes oxtives ebpeone (uio, 800, tpele
(POPEC TOU AOTPOPETEIXOV o@dApatoc e mnyhc axtivwy, (edva 69) . Me autd tov tpdmo
tavtomoidnxay (v axtiva épeuvog 1o) 54 vnodhgia cuothpata BeXRB (nou eivon cucthpota
axtivey X pe ouvods aotépa peydhne pdloc, xou ouyxexpluéva gaopatixod tirou Be). T axtiva
20 éyouye 9 véa umodhple cuoThuata (. ywelc Tponyoluevn avagopd), evd yio oxtiva 3o
éyovue 70. Evag pxpdc oprdude mnydy axtivey X ocuoyetiotnxe e yahalies (~ 5.7%) ue Bdon
g edvee and to Magellan Telescope xou xvpiee and to Hubble Space Telescope (ewdvor 70.
To amoteléoparta e perétne autng da dnuocteutolyv oto Strantzalis et al. 2021b).

11



Contents

1

Magellanic Cloud . . . . . ... ... ...

Introduction

1.1 General features of the Small Magellanic Cloud galaxy . . . . . ... ... ...
1.2 Three dimensional structure of the SMC . . . . . ... ... ... ... .....
1.3 Star Formation History of the Small

1.4 Star Clusters in the SMC . . . . ..

1.5 High mass X-ray binaries in the SMC . . . . .. ... .. ... ... .. ....
Observations

Data Reduction

3.1 Bias Subtrsaction-Flat fielding . . .
3.2 Astrometry ... ...........
3.3 Photometric Analysis. . . . . . ...
3.4 Completeness Evaluation . . .. ..
3.5 Colour Magnitude Diagrams . . . . .

Star Formation History
Luminosity Functions

Discrete Star Formation Events

6.1 Peaks of Star Formation at 2.7Gyr and 4Gyr . . . . . ... ... ... ...

6.2 The ~90 Myr Star Formation period

6.2.1 Kinematical study of the 90Myr population using Gaia DR2 data . . . .

Identification of Star Clusters in the

X-ray sources in the SMC

SMC

12

13
13
15
16
18
21

24

27
27
28
30
41
43

45

58

63
63
66

73

91



1 Introduction

1.1 General features of the Small Magellanic Cloud galaxy

The Small Magellanic Cloud (SMC) is one of the closest late type star forming dwarf galaxies
and the second nearest dwarf irregular galaxy to our own, the closest being the disrupted Canis
Major dwarf (Martin et al. [2004], Conn et al. [2008]). The SMC is a gas rich galaxy about two
orders of magnitude less massive than our own galaxy and a member of the Magellanic Cloud
interacting galaxy pair, which is believed to be infalling to (and interacting with) the Milky
Way Galaxy. A detailed understanding of the star formation history, structure and evolution
of the SMC has important implications about galaxy interactions, star formation (SF) in dwarf
galaxies and ”near field cosmology”.

The distance of the SMC has been estimated by many authors using different methods.
Hilditch et al. [2005] used forty eclipsing binaries of spectral types O and B and estimated a
distance of 61+1kpc. Inno et al. [2013] used a large near infrared (NIR) data set of Cepheids and
derived a similar value of 614 3kpe. A combination of different types of distance indicators [de
Grijs and Bono, 2015], including eclipsing binaries systems, pulsating stars, stellar population
tracers and star cluster properties resulted in a weighted average distance of 61.94 £+ 0.57kpc.
In agreement with this result, Scowcroft et al. [2016] using Spitzer observations of classical
Cepheids confirmed a distance of 62.0+£0.3kpc. Based on Gaia DR2 data of RR Lyrae variables
a similar distance of 59.9 & 2.9kpc was reached by Neeley et al. [2019].

Figure 1: Wide-field Luminance Filter image of the Magellanic System (39°x27°). The LMC
is located toward the top left and the SMC is to the bottom right. The Milky Way globular
cluster 47 Tuc is visible to the west of the SMC. A tail of stars stretches out from the SMC
in the direction of the LMC. The outskirts of the LMC disk display pronounced asymmetries.
For illustrative purposes, colour insets of the inner regions of the LMC and SMC (from Besla
et al. 2016) are also shown.

The SMC interacts (D’Onghia and Fox 2016, Besla et al. 2012, 2010) both with its neigh-
bouring Large Magellanic Cloud (LMC) and with the Milky Way Galaxy (MW). These inter-
actions have produced the Magellanic Stream (Mathewson et al. 1974), a trail of gas extending
than 180°across the sky, and a ”counter-tail”, the so-called Leading Arm. The ongoing LMC-
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SMC interaction is furthermore clearly shown by the stream of gas and stars linking the two
galaxies, commonly referred to as the Magellanic Bridge (McGee and Newton 1981). These
gravitational interactions have had a significant impact on the evolution of the MCs (Putman
et al. 1998). Studying the current properties of the MCs is the key to understanding their
recent evolution and interaction mechanisms between each other and with the MW. According
to Besla et al. [2016] and Hammer et al. [2015], the MCs are on their first infall towards the
MW, having entered the Local Group as a small group of dwarf galaxies [Sales et al., 2017].
Due to the relatively small mass of the SMC compared to the LMC and the MW, its star and
cluster formation histories, morphology and overall dynamics are expected to be significantly
affected by these interactions.

The traditional picture of the orbits of the MCs began to change with the work of Kalli-
vayalil et al. [2006a], Kallivayalil et al. [2006b] and Kallivayalil et al. [2013], who inferred that
both galaxies move faster around MW than originally thought. Also, Besla et al. [2007], Patel
et al. [2017] suggested that the MCs are passing for the first time close to the MW , or have a
long period orbit, depending on the mass of the MW and the LMC. van der Marel and Kalli-
vayalil [2014] were the first to measure the internal proper motion field of the LMC, revealing
a clockwise rotation of the disk in the plane of the sky, consistent with previous results of van
der Marel and Sahlmann [2016] who used proper motions from the Tycho-Gaia Astrometric
Solution (TGAS). Furthermore, the velocity map of LMC obtained by Gaia Collaboration et al.
[2018a] revealed a high degree of order in the rotational motion of this system, while the proper
motion residuals indicated a streaming motion along the Bar (Fig. 2). The periphery of LMC
showed evidence of more complicated substructure, indicative of tidal stripping by the MW
(Mackey et al. 2018, Nidever et al. 2019, Belokurov and Koposov 2016) and interactions with
the SMC, as presented by Belokurov and Koposov [2016] who studied the distribution of blue
horizontal branch stars.
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Figure 2: Proper motions of stars in the LMC (upper) and SMC (lower) showing the compo-
nents x (left) and y (right). The colour shows the median PM in each pixel. The black density
contours are logarithmically spaced, such that the outermost contour is at a source density 100
times lower than the highest density. The centre of each colour bar is chosen to be the median
PM of all sources (Gaia Collaboration et al. 2018a).
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On the other hand the SMC seems to have a more complex kinematical structure. Dobbie
et al. [2014] studied radial velocities of intermediate age red giant branch stars and found signs
of tidal stripping in the outer regions of the SMC as well as a velocity gradient along the
northwest-southeast axis. The young stellar populations also show a similar velocity gradient,
with even higher velocities encountered in the direction of the SMC Wing (an almost horizontal
eastwward extension of the SMC, Evans and Howarth 2008). An extensive study of proper
motions in the central region of the SMC has been presented by Nidever et al. [2018], who used
data from the near-infrared VISTA survey of the MCs system. The map of proper motions as
a function of position within the SMC revealed a nonuniform velocity pattern indicating of a
tidal feature behind the SMC and a flow of stars in the southeast moving predominantly along
the line of sight.

In recent study by De Leo et al. [2020] used a combination of spectroscopic data and proper
motions to conclude that the gaseous component of the SMC is probably far from dynamical
equilibrium. They also found evidence that the SMC is currently undergoing tidal disruption
by the LMC within 2 kpc of its centre and possibly all the way into the very core. A detailed
kinematic analysis of proper motions of stars in the Magellanic Bridge based on the Gaia Data
Release 2 and on Hubble Space Telescope ACS data is presented in Zivick et al. [2019], who
found a general pattern in the Bridge proper motions pointing away from the SMC toward the
LMC.

During the last two decades realistic dynamical simulations of the MCs have been presented
by many authors (e.g. Besla et al. 2010, Besla et al. 2012, Diaz and Bekki 2012), based on
new proper motions data together with improved estimates of the parameters of the galaxies.
Connors et al. [2006] conducted an N-body simulation of the MCs-MW system and compared
the results with HI data from the Parkes All-Sky-Survey (HIPASS). They showed that the in-
teraction between the SMC and the LMC results in both a spatial and kinematical bifurcation
of both the Stream and the Leading Arm. Tepper-Garcia et al. [2019] questioned the interpre-
tation of the Leading Arm formation, showing that a hot MW corona would inhibit it. On the
other hand Bekki and Chiba [2009], Diaz and Bekki [2012] using chemodynamical simulations
suggested that the Magellanic Bridge and a structure away from the SMC (” Counter Bridge”)
also formed as a result of the LMC-SMC interactions.

1.2 Three dimensional structure of the SMC

The SMC has a complex geometry. One of the first studies that suggested that the SMC has a
large line of sight depth was by Mathewson et al. [1986], who used Cepheid distances to derive
an overall depth of about 32kpc. The large line of sight depth was confirmed for the older
stellar population and was found to be very significant in the north eastern outer regions of
the SMC, using intermediate age red clump stars as distance indicators by Hatzidimitriou and
Hawkins [1989] and Hatzidimitriou et al. [1993]). Since then there have been numerous studies
of the SMC structure and geometry (e.g. Subramanian and Subramaniam 2009, Subramanian
and Subramaniam 2012, Subramanian and Subramaniam 2015, Ripepi et al. 2017, Deb et al.
2019). Subramanian and Subramaniam [2009] confirmed the large line of sight depth in the
outer regions of the SMC, using a similar method as in Hatzidimitriou and Hawkins [1989].
Using red clump stars as well as RR-Lyrae variables, representing intermediate age and the old
stellar populations respectively, Subramanian and Subramaniam [2012] claimed a large line of
sight depth (~ 14kpc, (Fig. 3)) for both populations. The older populations generally seem
to follow a spheroidal or slightly ellipsoidal distribution. Jacyszyn-Dobrzeniecka et al. [2016],
based on the analysis of a large sample of Cepheids, also described the SMC as an extended
ellipsoidal galaxy. They identified two large ellipsoidal off-axis structures, with the northern
one located closer to us and younger, while the south-western is further away and older.
More recently, Deb et al. [2019] using classical Cepheids and modeling the observed 3D
distribution as a trixial ellipsoid obtained the geometrical and viewing parameters of the
SMC. More specifically, the viewing angle parameter have inclination angle i= 3.465° £ 0.030°
with respect to longest axis from the line of sight and position angle of line of major axis is
=63.086° £ 0.117°. Also, the SMC is not a planar but heavily elongated for more than 25-30
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Figure 3: Two-dimensional plot of the depth in the sub-regions of the SMC obtained from the
analysis of the red clump stars (Subramanian2012).

kpc approximately in the north-east towards south-west direction (Ripepi et al. 2017, Ripepi
et al. 2016). Subramanian and Subramaniam [2012],

1.3 Star Formation History of the Small Magellanic Cloud

The stellar populations and star formation history (SFH) of the SMC have been the subject
of numerous investigations over the past 4 decades [e.g. Gardiner and Hatzidimitriou, 1992,
Noél et al., 2007, Cignoni et al., 2013, Nidever et al., 2017, Rubele et al., 2018], employing
both ground-based and space observations. More recent studies are generally characterised by
increased photometric accuracy and depth, improved spatial resolution and increased sophisti-
cation of stellar models and SFH simulation codes. The first extensive study of the distribution
of populations of different ages over an area of 100 square degrees (excluding the inner densest
regions) was published in the early 1990’s (Gardiner and Hatzidimitriou 1992) and was based
on photographic photometry. They claimed that only 7% of the stellar mass in the outer re-
gions could be attributed to old populations. About a decade later Harris and Zaritsky [2004]
published the first comprehensive study of the SFH of the SMC, based on CCD photometry.
They studied the central area (4 x 4.5 deg?) of the galaxy, using data from the Magellanic
Cloud Photometric Survey obtained with the 1-m Swope Telescope

[Zaritsky et al., 2002]. They concluded that approximately 50% of the stars that have ever
been formed in the SMC, did so more than about 8.4 Gyr ago, and that only a small amount
of stars formed between 8.4 and 3 Gyr ago. They also claimed that during the last 3 Gyr there
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Figure 4: Comparing the global SFH solution, with and without the BV colour offset by Harris
and Zaritsky [2004]. The original SFH solution is shown as the solid histogram.

has been a rise in the mean star formation rate (SFR) with three main bursts occurring at 2.5,
0.4 and 0.06 Gyr ago (Fig. 4).

The claim for low SF rate between 3 and 8 Gyr ago has been largely challenged by several
subsequent studies, with the more recent one based on the Vista Magellanic Cloud Survey
(VMC, Rubele et al. 2018). The VMC covers the entire region of the MCs and Magellanic
Bridge (Fig. 5). In this study it was found that half of the stellar mass of the SMC formed
prior to an age of 6.3 Gyr, while ~80% of the stellar mass formed between 8 and 3.5 Gyr ago.
Similar results, supporting enhanced star formation at intermediate ages between ~4 and ~6
Gyr have also been found in specific (small) regions (Noél et al. 2009, Cignoni et al. 2012, Weisz
et al. 2013). In particular Noél et al. [2009] found one peak of SF rate (SFR) at ~4-5 Gyr and
an old one at ~10 Gyr almost in all fields. In the W fields, this old enhancement splits into
two, one peaked at ~8 Gyr old and another at ~12 Gyr. Concerning the oldest population,
as exemplified by RR-Lyrae variables (e.g. Muraveva et al. 2018) and one bona-fide old star
cluster, NGC 121 (Glatt et al. 2008), it comprises only a small percentage of the total stellar
mass of the galaxy [Soszynski et al., 2002]. Noél et al. [2009] and Sabbi et al. [2009] provide an
age of about 12Gyr for the oldest stars although they both agree that SF was low at that time
and that the old population is similar at all radii and at azimuth. Moreover, spatial variations
in the SFH of the SMC were found to be consistent with gas drawn into the center of the SMC
about at 3.5 Gyr ago, which simultaneously shut down star formation in the outer regions
while dramatically increasing the star formation rate in the centre (Weisz et al. 2013).

Over the past ~500Myr there has been a significant enhancement in SF, strongly concen-
trated in the Bar and the Wing areas [Cignoni et al., 2013, Sabbi et al., 2009]. Stars younger
than ~100Myr have a highly inhomogeneous spatial distribution [Sabbi et al., 2009], with a
clear offset to the North-East and the Wing regions. Also, Noél et al. [2009] found a strong
dichotomy between SE and W in the current irregular shape of the SMC. This dichotomy is
produced by the youngest population and began ~1 Gyr ago.

Additional tracers of the SFH of the SMC include variable stars and AGB stars or core
collapse progenitors, although these involve a smaller number of objects. Rezaeikh et al. [2014]
used long period variable stars to find two formation epochs, one at ~6 Gyr and another at
0.7 Gyr. Cioni et al. [2006] studying AGB stars concluded that old stars (7-9Gyr) are located
at the periphery of the SMC, while younger stars (< 7Gyr) are present in the direction of the
LMC. Auchettl et al. [2019] studying 23 supernovae remnants proposed that a burst of SF
occurred 50 and 200 Myr ago.
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Figure 5: Magellanic system area tiled for VMC observations (Cioni et al. 2011). The under-
lying image shows the HI distribution (McClure-Griffiths et al. 2009).

Possible correlations between the SFHs of the SMC, the LMC and the MW due to their
interactions have also been studied by some authors. Harris and Zaritsky [2004] suggested that
two bursts of SF that apparently took place 2.5 and 0.4 Gyr ago in the SMC were temporally
coincident with past perigalactic passages of the SMC with the MW. It is noted that at the
time it was thought that the MCs have been orbiting the MW for several Gyrs (as mentioned
earlier, the data available today suggest that the MCs are falling towards the MW for the first
time). Rezaeikh et al. [2014] found a common burst of SF in both Clouds at 0.7 Gyr which
may be linked to the interaction between the MCs. Generally, there is no strong evidence for
periodic behaviour in the SFHs of the MCs, suggesting that repeated encounters with the MW
are unlikely (Weisz et al. 2013), as indeed seems to be the case according to the most recent
estimates of the orbit of the MC system. Moreover, the different initial star formation epochs
of MCs, suggest that the two galaxies may not have formed as a pair and at least the SMC
formed in isolation (Rezaeikh et al. 2014).

1.4 Star Clusters in the SMC

The study of star clusters (SCs) is a unique tool for understanding the star formation history
of a galaxy. Several studies have been carried out over the past century with the purpose of
discovering and characterising the star cluster population of the SMC, with the first recorded
attempt being that of Shapley and Wilson [1925]. Hodge and Wright [1974] presented for
the first time a comprehensive study of the structural parameters of the then known SMC
clusters. A year later Bruck [1975] presented a list of candidate star clusters based on UK
48-inch Schmidt Telescope photographic plates. In 1986 Hodge [1986] revised the SMC cluster
catalog based on CTIO 4m photographic plates, adding 213 new clusters (and candidates),
thus bringing the total number of known clusters (and candidates) to 601. Taking into account
the incompleteness of the data Hodge [1986] estimated that the total number of star clusters
in the SMC could be around 2000. About ten years later, Bica and Schmitt [1995] compiled an
updated catalogue of 554 clusters in the SMC and MC Bridge, using all available information
at the time (Fig. 8). Using the Optical Gravitational Lensing Experiment (OGLE)survey
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data, Pietrzynski et al. [1998] provided another catalog of star clusters in the central region
of the SMC, using an automatic algorithm detecting overdensities. The catalog contained
238 clusters, 72 of which were new objects. In 2008, Bica et al. [2008] combined data from
previous catalogs to compile a comprehensive catalog of star clusters in the SMC, also providing
structural parameters for many of them.

Figure 6: The extended objects that characterized as star clusters (C), clusters associations
(CA), clusters nelula (CN) in the catalog of Bica and Schmitt [1995] (red crosses) and of Bica
et al. [2020] (blue circles).

The great majority of the above studies were mainly based on visual inspection of images
(at least as a first step). Recently, automated clustering algorithms have been employed to
study the cluster population in the Magellanic Clouds, and in the SMC in particular, with
varying success. Piatti (2017, 2016) applied Machine Learning algorithms to identify clusters,
particularly smaller and lower density ones, from the SMASH-VMC survey. Some of the 38
new clusters they identified are hardly recognizable on optical images, without the help of a
robust field star decontamination. Bitsakis et al. [2018], also following an automated detection
method (Bitsakis et al. [2017]), detected a total of 1319 candidate star clusters in the central
area of the SMC, of which 1108 were new identifications, although according to Piatti [2018]
this unprecedented number of clusters could be greatly overestimated. One of the more severe
deficiencies of the Bitsakis et al. catalog is that it failed to recover ~ 50% of the known
relatively bright clusters located in the SMC main body. At the same time, the number of new
cluster candidates per time unit as a function of time was noticeably different from the intrinsic
SMC cluster frequency. The most recent updated catalog of star clusters in the SMC has been
presented by Bica et al. [2020] (Fig. 8). They published a list of star clusters, associations
and related objects in the SMC and the Magellanic Bridge (MB) with 2741 entries, a factor
of 2 larger than the previous version. A major contribution of this work is a new sample of
45 clusters and candidate clusters in the SMC and the Magellanic Bridge. It is also noted
that in this catalog the majority of the Bitsakis et al. [2018] identifications are classified as
associations.

The age distribution of SMC star clusters has been the subject of several studies. Chiosi
et al. [2006] derived the ages of 311 SCs younger than 1Gyr and found an enhancement of
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formation between 15 and 90 Myr. Glatt et al. [2010] studying 324 SCs identified two periods
of enhanced SC formation at 160Myr and 630Myr, with the former probably linked to a close
encounter between the SMC and LMC.

The youngest clusters in the SMC seem to reside in supergiant shells, giant shells, intershell
regions, and toward regions with a high Ha content, suggesting that their formation is related
to expansion and shell-shell interaction. Piatti et al. [2007] found indications that many young
clusters are located closer to the centre of the SMC. There are also young clusters still embedded
in HII regions, which have been misidentified as HII regions alone in the past [Stanghellini et al.,
2003].

Deep photometric data have been extensively used to derive the ages of intermediate and
old SCs. Piatti (2012, 2012b, 2011, 2011, 2007, 2005, 2001) studied intermediate age SCs using
accurate Washington photometry. By combining their data with other in the literature, they
derived an age distribution of 43 well known SMC clusters older than 1 Gyr. They identified
two enhanced cluster formation periods, at ~ 2Gyr and at ~ 5Gyr. The most recent peak
occurs at a time that may correspond to a very close encounter between SMC and LMC (at
least according to the LMC-SMC orbit known at the time of these publications). They also
suggested that from the birth of the SMC cluster system until approximately the first 4Gyr of
its lifetime, the cluster formation rate seems to have been constant (Piatti et al. 2011). Parisi
et al. [2014] studied 15 star clusters based on data taken with the VLT and they confirmed
(using also data for another 35 clusters from previous studies) the existence of two periods of
enhancement of cluster formation at 2 and 5 Gyr ago, while they disproved an age gradient as
clusters younger than 3.5 Gyr were found to be located at several galactocentric distances and
not only near the center. They also derived the cluster age-metallicity relation (also presented
in a systematic manner for a smaller sample of clusters by Da Costa and Hatzidimitriou 1998)
and concluded that for clusters younger than 4Gyr, it is in reasonable agreement with the
bursting model of Pagel and Tautvaisiene [1998]. Other authors, Mighell et al. [1998], Glatt
et al. [2008], Girardi et al. [2013], have also studied intermediate age and old clusters using
photometric data obtained with the HST, or other ground based telescopes (e.g. Dias et al.
(2014, 2016).

Age distribution
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Figure 7: Spatial distribution of star clusters in the SMC as a function of age. (Nayak et al.
2018).
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A more recent extensive study of the age distribution of star clusters in the SMC is presented
in Nayak et al. [2018]. They studied 179 SCs using data from the OGLE III survey and
a semi automated quantitative method developed by Nayak et al. [2016] to estimate cluster
parameters. They derived the spatio-temporal distribution of SMC clusters by combining
previous studies with their catalogue. The SCs located in the southern part of the SMC were
found to be in the age range of 600Myr - 1.25Gyr, while those younger than 100Myr were
mostly found in the northern part of the SMC, with the central parts of the SMC showing
continuous cluster formation (Fig. 7). The peak of the cluster age distribution was determined
to be at 130+£35Myr, close to the age of the peak in the LMC SC age distribution (Nayak et al.
[2016]), which suggests that the burst of cluster formation in both Clouds may have a common
origin, presumably the LMC-SMC interaction. Additionally, 90% of their studied sample was
found to have masses <1700Mg suggesting that the SMC SC population is dominated by low
mass clusters as also suggested a few decades ago by the seminal study of Kontizas [1980] who
concluded that the SMC SCs that they studied were on average about 10 times less massive
than those in our Galaxy. A recent study by Maia et al. [2014] provided masses for 29 young
and intermediate age clusters within the range 300-3000 M. Another extended recent study
of the spatial and age distribution of SCs is by Bitsakis et al. [2018]. Their results suggested
that the bulk of the clusters in both MCs were formed approximately 300Myr ago, probably
during a direct collision of two galaxies.

1.5 High mass X-ray binaries in the SMC

There are many types of astrophysical objects which emit X-rays, such as active galactic nuclei,
binary stellar systems, stars, etc. A binary stellar system contains two stars that orbit around
the common center of mass. Binaries that emit X-rays (X-ray binaries - XRBs) consist of a
non-degenerate star (donor) and a degenerate star (accretor) such as a white dwarf, neutron
star or black hole, that are close enough for mass transfer to occur from the normal star to the
dense collapsed star, that results in X-ray emission.

There are two main types of X-ray binaries, depending on the mass of the donor star: High
Mass X-ray Binaries (HMXBs): In this case the donor is an early type massive star. Optically,
only the donor star can be observed. Low Mass X-ray Binaries (LMXDBs): The donor star is
a low mass star that has evolved to fill its Roche lobe and is transferring material through the
inner Lagrangian point L; onto the compact object (Seward and Charles 1995, Casares et al.
2017).

According to van den Heuvel [2019] HMXBs can be classified in three main types. The first
type is the supergiant HMXB that have been discovered by Schreier et al. [1972] and Webster
and Murdin [1972]. An O- or early B- type supergiant star is the donor of this system and is
close to filling its Roche lobe. These systems have orbital periods shorter than 15 days and
the X-ray emission is mostly powered by the capture of matter from the strong stellar wind
of the supergiant companion. The compact star is a neutron star. The second class is called
Be-emission X-Ray Binary (BeXRB). Maraschi et al. [1976] first recognized and suggested this
type of system. A Be-star is the companion (donor) star and it lies very close to the main
sequence. The characteristic of these stars is the variable emission-line spectrum of hydrogen.
The donor star is surrounded in its equatorial plane by a rapidly rotating disk where the
emission lines are formed. Most of HMXBs are of the BeXRB type and particularly in the
SMC there are at least 120 (?, Antoniou et al. 2019) such systems. Usually the compact object
in these binaries is neutron star and only one black hole BeXRB is known (Casares et al. 2014).
The third type has the fewest members. In this case the companion is a Wolf-Rayet star, so
the binary system is called Wolf-Rayet X-Ray Binary (WRXB). All of them except CygX-3
have been discovered in external galaxies (Esposito et al. [2015]). They have very short orbital
periods (about a day). Emission lines of He, C, N are characteristic of these stars and they
are produced in an external strong radiation-driven stellar wind with mass-loss rates around
10~® Mg amd velocities 2000-5000 km s~! (Hamann et al. 2006, Crowther 2007). The SMC
due to the short distance is an ideal target to study the population of the HXRBs.

In LMXBs material is transferred from a slightly evolved late type star into the compact
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Figure 8: The two mechanisms by which matter is transferred onto a compact object in a
binary system. Upper panel: An evolved lower mass star is loosing mass to its companion star
because it fills its Roche lobe and mass flows through the L; point. Matter flowing out of the
star forms a stream that impacts the accretion disk and by viscous forces is gradually accreted
onto the compact where the X-rays are generated. Lower Panel: A compact object is orbiting
a massive star which is losing mass through a powerful stellar wind accreted by the compact
object and producing X-rays (Seward and Charles 1995).

object. An accretion disk is formed around the compact object due to the angular momentum
of the material which leaves the star and cannot fall directly onto the compact object. The
major difference between high and low mass XRBs is in how the matter is transferred from
the normal star onto the compact object. The stars of the LMXBs direct its mass into the
gravitational influence of the compact object in order to yield detectable X-rays. On the other
hand the material in case of HMXB is transferred through the stellar wind. One of the most
exciting areas of the X-ray astronomy is the search fro low mass X-ray binaries. Very few are
known in the Magellanic Clouds (Seward and Charles 1995, Moe and Di Stefano 2015).

The SMC has been studied by many authors in X-rays. A first study was presented by
Bruhweiler et al. [1987] using Deep Einstein IPC imagery of ~ 50% of the main body and Wing
of the SMC and yielding a list of 25 X-ray sources. Wang and Wu [1992] did a comprehensive
analysis of the Einstein data in the SMC covering a large area and provided a catalogue of
70 sources. Seward and Mitchell [1981], using also Einstein data, studied a 40 square degree
region. ROSAT satellite observations from 1990 to 1998 were used by Sasaki et al. [2000] to
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derive a catalogue of 121 discrete sources and from 1991 to 1994 by Haberl et al. [2000] to
derive 517 discrete sources. A 4yr X-ray monitoring survey by Laycock et al. [2005] used the
Rossi X-Ray Timing Explorer to study the long-term behaviour of X-ray pulsars. A catalogue
of 106 discrete sources was obtained from an extensive study of 22 observations fully covering
the main body and the eastern Wing, by the end of the ASCA mission by Yokogawa et al.
[2003]. Another extensive survey covering the SMC Bar and Wing, was carried out with the
XMM-Newton space observatory by Haberl et al. [2012], and Sturm et al. [2013]. A more
recent study by Coe and Kirk [2015] present ~ 70 X-ray emitting binary systems that contain
Be stars as the mass donor to a neutron star accretor. A large homogeneous sample of HMXBs
was also provided by Haberl and Sturm [2016] who investigated their properties and confirmed
148 objects.

The stellar mass of a galaxy may be associated with the XRB formation rate. Lehmer et al.
[2010] based on Chandra observations studied 17 luminous infrared galaxies. The imaging and
X-ray spectral information allowed them to measure separately the X-ray contributions from
active galactic nuclei and normal galaxy processes. Furthermore, Mineo et al. [2012], based
on a homogeneous set of X-ray, infrared and ultraviolet data, studied populations of HMXBs
in a sample of star-forming galaxies and explored their connection to star-formation rate.
They agreed that HMXBs and their collective luminosity are good tracers of the recent star
formation activity in their host galaxy. Antoniou et al. [2019] performed a deep Chandra X-ray
Visionary Project survey of SMC regions with different ages of stellar populations and studied
the number of HMXBs as a function of the local star-formation rate, and the stellar mass
produced during the specific star-formation burst, as well as a function of the age of their
parent stellar populations. Each of these indicators serves a different role, but in all cases they
found that the HMXB formation efficiency increases as a function of time (following a burst
of star formation) up to ~40-60 Myr, and then gradually decreases.

It is commonly accepted that the occurence of BeXRBs is affected by metallicity. Linden
et al. [2010] found the population of young and bright HMXBs to be a strongly metallicity
depent. The connection of X-ray binaries and metallicity has also been suggested by many
other authors like Dray [2006], Antoniou et al. [2010], Fragos et al. [2013], Antoniou and Zezas
[2016].
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2 Observations

Observations of five fields in the SMC were obtained with the 6.5m Magellan Telescope at the
Las Campanas Observatory in Chile on October 4th, 2004, using the Inamori Magellan Areal
Camera and Spectrograph (IMACS) [Dressler et al., 2011]. IMACS is a wide-field imager and
multi-object spectrograph with an eight CCD mosaic. In its f/2 configuration it provides a
0.44 deg diameter field of view with 0.2” pixel size. The images were taken through B, V, I
and R standard Johnson-Cousins filters.

In Table 1 the logs of observations are shown. The first column gives the Universal Time
(U.T.) of each observation, the second column the name of the field, columns 3 and 4 the
coordinates of the center of the field, column 5 the total exposure time, column 6 the filter and
column 7 the airmass. The exposure time was 90s long in V', 120 s in B and 30s in R and [.
Each image was constructed using the package of SWARP, from a total of 8 dithered single
exposures in V, 6 in B, and 2 in R and I.

Table 1: Logs of observations

U.T. Field RA DEC Exp. Time Filter Air Mass
(J2000) (J2000) (s)
00:13:32 SMC3 0:56:53.6° -72:17:17.6’ 90 A% 1.768
00:19:26> SMC3 0:56:53.4" -72:17:17.2 90 \% 1.749
00:22:59° SMC3 0:56:50.1" -72:17:16.7 90 A% 1.737
00:26:06> SMC3 0:56:50.2" -72:17:16.3’ 90 A% 1.727
00:29:15 SMC3 0:56:50.1° -72:17:46.4° 90 A% 1.718
00:32:18 SMC3 0:56:50.1° -72:17:46.4° 90 A% 1.708
00:37:13> SMC3 0:56:53.3" -72:17:48.7 90 A% 1.694
00:40:24> SMC3 0:56:53.4" -72:17:49.1 90 A% 1.685
00:47:29° SMC5 0:53:19.8" -72:17:42.7 90 A% 1.657
00:52:03° SMC5 0:53:19.9° -72:17:42.5 90 A% 1.649
00:54:18 SMC5 0:53:16.5° -72:17:42.3’ 90 A% 1.639
00:57:26> SMC5 0:53:16.5° -72:17:42.2 90 A% 1.631
01:00:44> SMC5 0:53:16.4" -72:17:13.17° 90 \Y% 1.623
01:03:47  SMC5 0:53:16.4" -72:17:12.9’ 90 A% 1.616
01:08:377 SMC5 0:53:19.77  -72:17:13.0° 90 A% 1.604
01:11:42> SMC5 0:53:19.7 -72:17:12.9’ 90 A% 1.597
01:15:55" SMC6 0:53:14.9° -72:42:05.8’ 90 A% 1.591
01:19:06> SMC6 0:53:14.9" -72:42:05.4° 90 A% 1.584
01:22:49° SMC6 0:53:11.5" -72:42:05.5 90 A% 1.576
01:25:53” SMC6 0:53:11.5" -72:42:05.4’ 90 A% 1.570
01:29:05> SMC6 0:53:11.6° -72:42:05.6’ 90 A% 1.563
01:32:08° SMC6 0:53:11.7 -72:42:05.6’ 90 A% 1.557
01:35:22> SMC6 0:53:15.3" -72:42:05.8’ 90 \Y% 1.551
01:38:25> SMC6 0:53:15.2" -72:42:05.6° 90 A% 1.545
01:42:31 SMC7 0:49:16.6° -72:44:56.0° 90 A% 1.530
01:45:35 SMC7 0:49:16.7° -72:44:56.0° 90 A% 1.525
01:56:33° SMC7 0:49:13.4° -72:44:55.6’ 90 A% 1.506
02:00:25" SMC7 0:49:13.3° -72:44:55.5’ 90 A% 1.500
02:03:377  SMC7 0:49:13.3" -72:44:26.0° 90 \% 1.495
02:06:40° SMC7 0:49:13.3° -72:44:25.8’ 90 v 1.490
02:09:56° SMC7 0:49:16.8" -72:44:25.2’ 90 A% 1.485
02:12:59° SMC7 0:49:16.9° -72:44:25.4’ 90 A% 1.481
02:16:15> SMC4 0:49:36.0° -72:16:18.1° 90 A% 1.487
02:20:50° SMC4 0:49:36.0" -72:16:18.5 90 A% 1.481
02:24:45> SMC4 0:49:32.4> -72:16:18.3’ 90 \% 1.476
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Fig. 9 presents the locations of the five fields studied in this work on a Spitzer - MIPS 24
 map of the SMC. The circles indicate the field of view of the IMACS data. The radius of
each circle is ~ 0.21 degrees.

o

Figure 9: The location of the five studied fields marked on a Spitzer-MIPS 24, map of the
SMC.
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3 Data Reduction

3.1 Bias Subtrsaction-Flat fielding

In this section we discuss the techniques used to pre-process the images. Initially, we derived the
mean value of the overscan strip section at the edges of the image and we subtracted this con-
stant value from the entire frame. Using the task CCDRPOC of the package IRAF/CCDRED
we trimmed the image of the overscan region and edge lines and columns. Below we show the
parameters of the task CCDPROC (for CCD8 of a field, as an example).

PACKAGE = ccdred
TASK = ccdproc

images = c8.fits List of CCD images to correct
(output = c8db.fits) List of output CCD images
(cedtype= CCD) image type to correct
(max cac= 0) Maximum image caching memory
(noproc = no) List processing steps only
(fixpix = no) Fix bad CCD lines and columns
(oversca= yes) Apply overscan strip correction
(trim = yes) Trim the image?

(zerocor= no) Apply zero level correction?
(darkcor= no) Apply dark count correction?

(flatcor= no) Apply flat field correction?

(biassec= [2049:2111,4097:4160]) Overscan strip image section
(trimsec= [1:2048,1:4096]) Trim data section

(zero =) Zero level calibration image

(d rk =) Dark count calibration image

(flat =) Flat field images

A sample of BIAS frames with zero exposure time were also obtained during the observing
day, with the purpose of combining them to derive a high S/N bias frame with which to correct
all other images (including calibration images). A BIAS image is a zero exposure time frame,
giving for each pixel the electronic offset of the system, which is inherent in the structure of
the CCD. We subtracted the averaged BIAS frame from each image. The process is also called
”zero correction”. We used again the task CCDROC, with parameter values as shown in the
following.

PACKAGE = ccdred
TASK = ccedproc

images = c8db.fits List of CCD images to correct
(output = c8dbe.fits) List of output CCD images
(cedtype= CCD) image type to correct

(max cac= 0) Maximum image caching memory
(noproc = no) List processing steps only

(fixpix = no) Fix bad CCD lines and columns
(oversca= no) Apply overscan strip correction
(trim = no) Trim the image
(zerocor= yes) Apply zero level correction
(darkcor= no) Apply dark count correction
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(flatcor= no) Apply flat field correction
(biassec= ) Overscan strip image section
(trimsec= ) Trim data section

(zero = BIASc8.fits) Zero level calibration image
(dark = ) Dark count calibration image

(flat = ) Flat field images

The final step of pre-processing is flat fielding. Flat fielding corresponds to correcting the
combined optical-system and CCD throughput at each pixel so that each pixel on the CCD
would respond equally to a source with the same photon flux. Flat fielding removes the effect of
the pixel-to-pixel sensitivity variations across the array as well as the effect of dust or scratches
on the CCD window, and vignetting by the telescope or camera lens optics. A flat field frame
must be produced for each filter. The flat-field frames are obtained by exposing the CCD array
to an evenly illuminated target at very close range (and therefore out of focus) or by imaging
the twilight sky.

The Flat-field effect is multiplicative, thus to correct for uneven response/sensitivity, we
needed to divide each science or calibration image with the normalised flat field image (ob-
tained through the same filter), after it was corrected for BIAS. This was done using the task
CCDPROC.

PACKAGE = ccdred
TASK = ccedproc

images = c8dbec.fits List of CCD images to correct
(output = c8dbcfl.fits) List of output CCD images
(ccdtype= CCD) image type to correct

(max cac= 0) Maximum image caching memory
(noproc = no) List processing steps only

(fixpix = no) Fix bad CCD lines and columns
(oversca= no) Apply overscan strip correction
(trim = no) Trim the image

(zerocor= no) Apply zero level correction
(darkcor= no) Apply dark count correction
(flatcor= yes) Apply flat field correction
(biassec= ) Overscan strip image section
(trimsec= ) Trim data section

(zero =) Zero level calibration image

(dark = ) Dark count calibration image

(flat FLATc8Bourflats.fit) Flat field images

3.2 Astrometry

Position measurement of a star is one of the most basic measurements of astronomy. An image
in the World Coordinate System (WCS) links each pixel to a specific direction in the sky. Here
we describe the process to derive an astrometric solution that will map our pixel locations in
the WCS system.
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First, we need to derive the transformation between the (x,y) pixel coordinates and equa-
torial coordinates (Right Ascension -RA and Declination -Dec). To do this, we first identified
a set of 25-30 stars common on each one of our images and SAO-DSS, which has accurate
astrometry. For this set of common stars, we created a file having one star per line, and four
columns, the first two giving the (x,y) pixel coordinates on our image and the last two giving
the RA Dec coordinates from SAO-DSS. To compute the transformation between the pixel
and celestial coordinates we applied the task CCMAP, from the IRAF/IMCOORDS package.
The task was run in interactive mode which allows us to control the fitting process (e.g. to
change the order of the fit, reject outliers if necessary, display the data and repeat the fitting
with updated parameters). The derived astrometric solution is attached to the image file (.db),
which is now astrometrically calibrated. The solution attached to the image file is updated
every time a new fit is performed. The parameters for this task are shown below.

PACKAGE = imcoords

TASK = ccmap

input = c8xyradec.dat The input coordinate files
database= c8lguide.db The output database file
(solutio= ) The database plate solution names
images = c8dbcffwes.fits) The input images
results= ) The optional results summary files
xcolumn= 1) Column containing the x coordinate
ycolumn= 2) Column containing the y coordinate
Ingcolu= 3) Column containing the ra / longitude
latcolu= 4) Column containing the dec / latitude

(
(
(
(
(
(

(project= tan) Sky projection geometry
(xxorder= 2) Order of xi fit in x

(xyorder= 2) Order of xi fit in y

(xxterms= half) Xi fit cross terms type

(yxorder= 2) Order of eta fit in x

(yyorder= 2) Order of eta fit in y

(interac= yes) Fit the transformation interactively

Generally, this first astrometric fit had an rms (root-mean square) in x, y less than ~0.4.
The second step was to fine-tune the astrometric solution using the 2MASS point source cat-
alogue (Skrutskie et al. [2006]). We first downloaded the catalog of 2MASS point sources that
lie within the image studied. Using the task CCFIND we located these sources on the output
CCMAP image created earlier. The output includes a list of the objects located, with the
input (2MASS) celestial coordinated and the corresponding (matched) x,y pixel coordinates.
CCMAP is run again to improve on the transformation solution. In the first iteration of the
task CCFIND, the parameters ”sbox” and "cbox”, are set equal to 21 and 9, respectively;
”sbox” is the search box (width in pixels) that defines the region on the input image searched
for a match and used to compute the initial source centers x and y; ”cbox” is the centering box
(width in pixels), that defines the region of the input (CCMAP) image used to compute the
final x and y values. In subsequent iterations the parameter ”sky projection” is set to ”tnx”
(rather than ”tan” used for the first iteration). Only objects whose coordinates are successfully
located on the image are written to the output coordinate file. The parameters for the task
CCFIND are shown below.
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PACKAGE = imcoords

TASK = ccfind

input = ¢81602masssex.dat The list input celestial coordinate files
output = c81602masssexout.dat The output matched coordinates files
images = ccd0160c8dbcffwes.fits The input images

(Ingcolu= 1) Column containing the ra / longitude

(latcolu= 2) Column containing the dec / latitude

(Ingunit= hours) Input ra / longitude units

(latunit= deg) Input dec / latitude units

(insyste= j2000) Input celestial coordinate system

(usewcs = yes) Locate objects using the existing image wcs ?
project= tnx) Sky projection geometry

center = yes) Center the pixel coordinates ?

sbox = 21) Search box width in pixels

cbox = 9) Centering box width in pixels

P

The task CMAP is repeated with the updated coordinates from CCFIND, but using
”sbox”=16 and ”cbox”=6. The rms of the final accepted astrometric solution is <0.3.

Combination of the separate images is most certainly the most critical step in creating a
CCD mosaic. For this purpose we used the program ”SWarp” (Bertin [2010]) and obtained the
final images by resampling and co-adding the fitted images using the astrometric projection
defined in the WCS.

3.3 Photometric Analysis

Photometry may be performed within IRAF in a number of different ways. In this project
we used the package DAOPHOT [Stetson, 1987]. DAOPHOT is a fortran software package
for crowded field photometry, which has been incorporated in IRAF as a subpackage within
NOAO.DIGIPHOT. The main tasks we used were:

1. DAOFIND: searches the IRAF images for local over-densities above the local background
and writes out a list of detected objects.

2. PHOT: computes accurate centers, sky values and magnitudes for the list of objects in
the DAOFIND output file. PHOT computes accurate centers for each object using the
centering parameters defined in CENTERPARS. It computes an accurate sky value for
each object, using the sky fitting parameters defined in FITSKYPARS. Finally, it com-
putes magnitudes using the photometric parameters defined in PHOTPARS. PHOT is
an aperture photometry routine. The image data characteristics are specified in DATA-
PARS.

3. PSTSELECT: selects candidate isolated stars in order to estimate the Point Spread
Function (PSF). It reads the input photometry file and extracts the ID, the coordinates
of the center, and the magnitude of the selected PSF stars.

4. PSF: builds the PSF for the specified image using the output list of PSTSELECT. Suit-
able PSF stars are selected interactively using the image display and image cursor. A
good PSF star should not be too close to the edge of the image (as defined by parameters
datamin and datamaz) in the DATAPARS task and it should not contain bad pixels. The
output PSF image contains parameters which define the centroid, magnitude and size
of the PSF model and also the analytic components of the PSF (the PSF is an analytic
function which approximates the light distributions in the cores of the selected stars).
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5. ALLSTAR: computes x and y centers, sky values and magnitudes using the output list
of PHOT and fitting with the PSF groups of stars on the image. Initial estimates of
the centers, sky values and magnitudes are read from the photOmetry list. ALLSTAR
groups the stars dynamically, performing a regrouping operation after every operation.
ALLSTAR computes a weighted fit to the PSF. The weight of each pixel is computed
from the radial weighting function, with weights derived from the random errors. The
ALLSTAR error predictions are based on the detector noise which is characterised by
the DATAPARS parameters readnoise and epadu. Finally, ALLSTAR computes two
statistical parameters which characterise the goodness of fit, ”chi” and ”sharp”. The
”chi” parameter is essentially the ratio of the observed pixel to pixel scatter in the fitting
residuals to the expected scatter derived from the DATAPARS parameters readnoise and
epadu. It is important, therefore, for these values to be set correctly. A plot of ”chi”
versus magnitude should scatter around unity with no significant trend in ”chi” with
magnitude. ”Sharp” is roughly defined as the difference between the square of the width
of the object and the square of the width of PSF. ”Sharp” has values close to zero for
single stars, large positive values for blended doubles and partially resolved galaxies and
large negative values for cosmic rays and blemishes.

Some of the IRAF tasks used here, only provide values for the parameters used by other
tasks. We can recognize these tasks by the character @ at the end of their names. These tasks
are:

e CENTERPARS: sets the centering algorithm parameters that control the action of the
centering algorithms.

e DAOPARS: edits the DAOPHOT parameters required by all tasks which compute the
PSF model.

e DATAPARS: sets the image data dependent parameters. These parameters are functions
of the instrument optics, the noise characteristics and range of the linearity of the detector
and the observing conditions.

e FINDPARS: edits the object detection parameters where are used by DAOFIND.

e FITSKYPARS: edits the sky fitting algorithm parameters that control the action of the
sky fitting algorithms.

e PHOTPARS: edits the aperture photometry parameters. The integral of the flux within
the circular apertures specified by the aperture sizes is computed by summing pixels in
the aperture with the specified weighting function.

Using the previous tasks we defined the parameters for the relevant tasks. In the case of
CENTERPARS the default parameter values have been proven to produce reasonable results
in the majority of cases, and were adopted throughout our analysis. These parameter values
are:

PACKAGE = daophot

TASK = centerpars

(calgori= none) Centering algorithm

(cbox = 5.) Centering box width in scale units

(cthresh= 0.) Centering threshold in sigma above background
(minsnra= 1.) Minimum signal-to-noise ratio for centering algo
(cmaxite= 10) Maximum iterations for centering algorithm
(maxshif= 1.) Maximum center shift in scale units

(clean = no) Symmetry clean before centering

(rclean = 1.) Cleaning radius in scale units

(rclip = 2.) Clipping radius in scale units

(kclean = 3.) K-sigma rejection criterion in skysigma
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(mkcente= no) Mark the computed center
(mode = ql)

The PSF function defined in DAOPARS was function=auto. There are six different PSF
functions that can be selected to derive the best possible matches for the cores of the selected
stars. The analytic function and six look-up tables are used to compute the PSF model. The
PSF model is quadratically variable over the image, with terms proportional to 1, x, y, x**2,
xy, y¥*2. The parameter psfrad=13, is the radius of the circle within which the PSF model is
defined. Psfrad should be a pixel or two larger than the radius at which the intensity of the
brightest star of interest fades into the noise. The other parameters are default.

PACKAGE = daophot

TASK = daopars

functio= auto) Form of analytic component of psf model
varorde= 2) Order of empirical component of psf model
nclean = 0) Number of cleaning iterations for computing psf
saturat= no) Use wings of saturated stars in psf model comput
matchra= 3.) Object matching radius in scale units
psfrad = 13.) Radius of psf model in scale units

fitrad = 3.) Fitting radius in scale units

recente= yes) Recenter stars during fit

fitsky = no) Recompute group sky value during fit
groupsk= yes) Use group rather than individual sky values
sannulu= 0.) Inner radius of sky fitting annulus in scale uni
wsannul= 11.) Width of sky fitting annulus in scale units
flaterr= 0.75) Flat field error in percent

proferr= 5.) Profile error in percent

maxiter= 50) Maximum number of fitting iterations
clipexp= 6) Bad data clipping exponent

clipran= 2.5) Bad data clipping range in sigma

mergera= INDEF) Critical object merging radius in scale units
critsnr= 1.) Critical S/N ratio for group membership
maxnsta= 10000) Maximum number of stars to fit
maxgrou= 60) Maximum number of stars to fit per group
mode = ql)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

The parameter describing the full width at half maximum of the PSF is fwhmpsf. From a
statistical analysis it was found that a value of 5 or 6 for filter B and 4 for filter I are good
choices. The standard deviation ”Sigma” of the sky counts was estimated using a large number
of small background regions, and it was found to be between 20 and 35. In the parameters
file shown here we have set sigma=30, as an example. The parameters Datamaz and Datamin
are used to detect and remove bad data from the sky. In all cases we adopted datamin=0
in order to allow detection of as faint stars as possible, and datamaz=42000, just below the
saturation limit of the detector in order to ensure linearity. The parameter readnoise is the
detector’s electron noise and epadu is the detector’s gain per ADU (Analog Digital Unit). We
adopted readnoise=5 and epadu=0.8, as recommended in the technical characteristics pages
of the Magellan Telescope website.

PACKAGE = daophot
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TASK = datapars

(scale = 1.) Image scale in units per pixel
(fwhmpsf= 5) FWHM of the PSF in scale units
(emissio= yes) Features are positive

(sigma = 30.) Standard deviation of background in counts
(datamin= 0.) Minimum good data value
(datamax= 42000) Maximum good data value
(noise = poisson) Noise model

(cedread= ) CCD readout noise image header keyword
(gain = ) CCD gain image header keyword
(readnoi= 5.) CCD readout noise in electrons
(epadu = 0.8) Gain in electrons per count
(exposur= ) Exposure time image header keyword
(airmass= ) Airmass image header keyword

(filter = ) Filter image header keyword

(obstime= ) Time of observation image header keyword
(itime = 1.) Exposure time

(xairmas= INDEF) Airmass

(ifilter= INDEF) Filter

(otime = INDEF) Time of observation

(mode = ql)

In the task DATAPARS we provided the appropriate value for the parameter threshold,
which denotes how many units of sigma above of local sky background can a star be to be
detected by DAOFIND. The other parameters are set to their default values. Finally, in the two
remaining tasks FITSKYPARS and PHOTPARS all parameters are also set to their default
values.

PACKAGE = daophot

TASK = findpars

(thresho= 4.) Threshold in sigma for feature detection
(nsigma = 1.5) Width of convolution kernel in sigma

(ratio = 1.) Ratio of minor to major axis of Gaussian kernel
(theta = 0.) Position angle of major axis of Gaussian kernel
(sharplo= 0.2) Lower bound on sharpness for feature detection
(sharphi= 1.) Upper bound on sharpness for feature detection
(roundlo= -1.) Lower bound on roundness for feature detection
(roundhi= 1.) Upper bound on roundness for feature detection
(mkdetec= no) Mark detections on the image display?

(mode = ql)

The photometric analysis was performed individually for each one of the 8 CCDs consti-
tuting each field. This choice was dictated by the positional variations of the point spread
function (PSF) and of the background. The PSF was determined from 150 bright unsaturated
stars using PSTSELECT. PSF photometry was then performed for all sources detected in each
CCD mosaic using ALLSTAR by applying the corresponding PSF. The detection threshold was
set at 40 above the background. The recovery of faint and/or partially blended sources was
achieved by repeating the procedure with the same PSF (after removing the already measured
sources) four times. The measurement of the magnitudes was performed on the initial image
using the complete list of the detected stars with the threshold reduced to 30 above background
for the last two repetitions. The distributions of the instrumental magnitude, of the error of
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the magnitude, of the sharpness and of the chi square of four iterations are presented in Fig. 10.
Fig. 11 shows the magnitude error versus magnitude, using different colours for the different
iterations (data from CCD2 in field SMC5 are shown here as an example). Using this iterative
method we detected fainter stars. As expected errors increase with magnitude.

Histogram of instrumental magnitude for 4 iterations (CCD2) Histogram of error for 4 iterations (CCD2)
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Figure 10: Distributions of the instrumental B magnitudes and the corresponding errors, sharp-
ness and chi square values, for CCD2 in field SMC5. Different colours are used to indicate the
different iterations.
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Figure 11: Errors of the instrumental magnitudes versus magnitude for the four iterations.

As discussed above, the final photometric magnitudes (as well as the corresponding errors,
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Figure 12: Blue lines: distribution of the photometric parameters (magnitude, error, sharp-
ness, chi square) derived from the initial image using the combined source catalog; Red lines:
distribution of the photometric parameters resulting from the combination of the photometry
derived in the invididual iterations from the subtracted images. The histograms shown here
as an example are for CCD2 in field SMC5.

sharpness and the chi square values) were derived from the initial image using as input the
combination of all 4 catalogs of stars detected in the individual iterations. In Fig. 12 we show
a comparison between the photometric parameters (magnitude, error, sharpness, chi square)
that were derived from the initial image using the combined source catalog (blue lines) with
the parameters resulting from the combination of the photometry derived in the invididual
iterations from the subtracted images (red lines). In Fig. 13 we compare the error distributions
for the two methods (same colour coding as in the previous figure). It is clear that the method
of using the combined lists directly on the original image gives better results.

Absolute photometric calibration was achieved by using a set of secondary standards se-
lected from isolated relatively bright stars (B < 17.5mag and I < 18mag) in the Zaritsky
et al. [2002] photometric catalog. It must be noted that a significant percentage of stars in
the Zaritsky catalog were actually resolved into at least two sources in our data. Clearly, such
cases were not included in the sample used for the photometric calibration. The calibration
correction was performed separately for each CCD image and involved only a zero-point term,
as the colour term was negligible. In Table 2 we report, for the different CCDs the range of
zero-point values obtained (column 3) per field (column 1) and filter (column 2), as well as the
total number of sources detected, Nyt (column 4) and the number of sources for which the
error in the instrumental magnitude was below 0.2mag, Ny<¢.2 (column 5). By applying the
zero-point corrections for each CCD we derived the B and I magnitudes of the stars within the
CCD. In the rest of our analysis we have retained stars with photometric instrumental errors
below 0.2 mag. In most cases more than 85% of the complete source list fulfilled this criterion.
The final errors include both instrumental magnitude errors and zero-point uncertainties. The
saturation limit for all fields corresponds to ~ 14 mag.
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Figure 13: Instrumental errors versus instrumental magnitudes for the B filter data using the
two different combination methods, as described in the text. Colour coding is the same as in
Fig. 12. Data for CCD2 of field SMC5 are shown as an example.

Table 3 lists the photometric results for a total of 1,068,803 sources . Column 1 gives the
field number, column 2 the CCD number within the specified field, column 3 lists the unique
ID of the source, columns 4 and 5 give the J2000 coordinates for each star, and columns 6-7
and 8-9 provide the magnitudes and magnitude errors (including zero point error) for the B
and [ filters, respectively. In Fig. 14 we show the CCD numbering system in each field. It
is noted that the orientation was different for field SMC6 (the field of view was turned by 90
degrees counterclockwise, for guiding reasons).

Table 2: The range of average photometric zero points per field and filter, the total number of
sources detected and the number of sources with instrumental error less than 0.2 mag.

Field Filter Zero Point range Niot No<o.2
SMC3 B 6.051 +0.009 - 6.391 +0.013 411074 365703
SMC3 I 4.636 = 0.010 - 4.833 = 0.009 391140 331254
SMC4 B 4.813 £0.016 - 5.112 £ 0.010 338836 317232
SMC4 1 4.324 +0.007 - 4.547 £ 0.010 415748 349697
SMC5 B 5.506 £ 0.010 - 5.743 £0.009 417994 369608
SMC5 I 4.783 +£0.016 - 5.000 +0.013 467574 377979
SMC6 B 5.172 £0.007 - 5.314 £0.011 327808 299546
SMC6 I 4.043 +0.006 - 4.220 +0.013 287903 247182

B Images: In each field, the final B image consists of six dithered frames with a total
exposure time of 720s. Each frame had an exposure time of 120s. The photometric parameters,
derived with the method described above, are shown in Fig. 15. It is noted that the FWHM
of the PSF was somewhat different in the different fields, as was ascertained using the IRAF
IMEXAM package in a sample of isolated stars. We found FWHMPSF=5 for SMC3, SMC5
and SMC6 and FWHMPSF=6 (SMC4), and sigma=20. The instrumental error and sharpness
distributions are similar in all fileds. Field SMC5 seems to go a bit deeper than the other fields.
It also has somewhat higher errors which may be due to the detection of fainter blended stars.

1The table is provided in its entirety in electronic form only in the Strantzalis et al. [2019]
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Figure 14: The CCD mosaic orientation for each field

Table 3: Catalogue of detected sources (the full catalogue is available in electronic form).

Field CCD Source-ID RA (J2000) DEC (J2000) Bmag eBmag Imag eImag

3 1 1 13.81901 -72.11543 17.855  0.013 18.022  0.015
3 1 2 13.89466 -72.11497 17.274  0.013 17.541  0.014
3 1 3 13.72003 -72.15316 16.807  0.013 17.000  0.019
3 2 19356 13.95725 -72.27774 19.050  0.013 19.016  0.017
3 2 19357 14.01589 -72.27467 22.627 0.05 21.48 0.10
4 1 283237 12.35343 -73.14637 17.966  0.012 16.631  0.016
4 1 283238 12.37794 -73.14379 19.292  0.013 19.213 0.04
4 1 283239 12.29457 -73.14603 22.31 0.05 22.02 0.17

It is noted that in field SMC3 the chi-square values are systematically higher than in the other
fields, possibly indicating a mismatch with the adopted point spread function.

I Images: In each field, the final I image consists of two dithered frames. Each frame had
an exposure time of 30s, thus the final image had a total exposure time of 60s. The values
used for the parameters FWHMPSF and sigma were 4 and 30, respectively, for all fields. The
distribution of the instrumental magnitudes, errors, sharpness and chi square values are shown
in Fig. 16. It is noted that instrumental errors are slightly larger in SMC3 and SMC5. In both
of these fields the photometry is deeper. It is possible that the detection and measurement of
fainter, generally blended, stars increases the noise level, explaining the observed effect. Also,
in all fields the chi square values are higher than for the B images.

R Images: The final R image consists of two dithered frames. Each frame had an exposure
time of 30s, thus the final image had a total exposure time of 60s. The parameters FWHMPSF
and sigma were set to 4 and 40, respectively, for all fields. Fig. 17 shows the distribution
of the derived photometric parameters for each field. The instrumental errors are generally
higher than in B, although the chi square and sharpness values are similar. Using B and R
instrumental magnitudes we could construct deeper colour magnitude diagrams (see Section
XX). However, the R magnitudes could not be calibrated using secondary standards, as the
Harris and Zaritsky [2004] catalogue used for B and I do not provide R magnitudes. No other
existing catalogue provides appropriate secondary standards. For example, the catalogue of
Massey [2002] does provide R magnitudes, but their stars are too bright, generally above the
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Figure 15: Distribution of instrumental magnitudes, errors, sharpness and chi square values
for the B images in the four fields, denoted in different colours ( red for SMC3, blue for SMC4,
green from SMC5 and grey for SMC6).

saturation limit of the IMACS images. For this reason we did not further use the R data in
this study.

V Images: The final V images consist of 8 dithered frames. Fach frame had an exposure
time of 90s, thus the total exposure time was 720s. Although the V images are deep and in
principle they would be very useful in our analysis, they had to be rejected, as they suffer
from severe systematic errors probably related to erroneous application of adaptive optics
corrections, on site. An example of these systematic effects is shown in Fig. 18, where a
systematic colour term is introduced to the photometry in different regions across the field of
view. The error is severe and could not be corrected for, therefore the V data were not further
used in our study. The same systematics were present in all fields.

Finally, it is noted that one more field was observed, field ?SMCT7”. However, the images
for this field were obtained during twilight and suffer from very high and variable background,
leading to shallower photometry and larger errors shown in magenta in Fig. 19. The results
for this field were not further considered in our study.
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Figure 16: Distribution of instrumental magnitudes, errors, sharpness and chi square values
for the B images in the four fields, denoted in different colours, as in Fig. 15.
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Figure 17: Distribution of instrumental magnitudes, errors, sharpness and chi square values
for the R images in the four fields, denoted in different colours, as in Fig. 15.
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Figure 18: Systematic effects present in the V images. On the top panels we show the Colour
magnitude diagram in a field in V. The left and right parts of the main sequence, marked in
different colours are plotted on the field of view on the right panel. The same is repeated for
I and B-I in the bottom two panels, for comparison.
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Figure 19: The B magnitude instrumental error distribution in all fields, showing that in SMC7
the errors are much larger.
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3.4 Completeness Evaluation

The term ”completeness” is used to signify the percentage of stars recovered by the reduction
process. This percentage is expected to decrease with increasing magnitude and increasing star
number density. Interpretation of the colour magnitude diagrams in terms of star formation
history requires a good undestanding of the photometric completeness in different magnitude
bins. To achieve this we followed the method of artificial star experiments: ” Artificial” stars of
different magnitudes, constructed from the observed PSF, are added in the actual images, and
then run through the reduction pipeline. The completeness is estimated from the number of
artificial stars recovered, in each magnitude bin. We used the standard artificial star package
in DAOPHOT, ADDSTAR. The PSF model adopted for the artificial stars was identical to
the one derived for the observed stars in each CCD. In order to minimize source confusion, the
number of the artificial stars added per CCD was limited to 8% of the total number of sources
detected in the particular area, in order not to change significantly the star number density.
The artificial stellar magnitudes were equally distributed within the instrumental magnitude
range of the observed stars. The artificial stars were randomly placed on the images, which were
subsequently analyzed in exactly the same way as described in the previous subsection. An
artificial star was considered as recovered by the detection and photometric reduction process,
if its final position lay within 0.7 pixels from the original one, where 0.7 pixels correspond to
more than twice the positional scatter of the astrometric solution. The percentage of recovered
stars defines the completeness, per magnitude bin. The same procedure was repeated 10 times
in order to increase the statistical sample and estimate the uncertainty in the completeness
values derived. In Table 4 we give the range of the B and I magnitudes for which completeness
falls to 50% and 20%, in the four fields studied. The 50% completeness level ranges from 23.2
mag (in B, for field SMC3) to 20.3 mag (in I, for field SMC4).

Table 4: The range of 50% and 20% completeness levels in each filter and field.

Field Filter Completeness 50% (mag) Completeness 20% (mag)

SMC3 B 22.4-23.2 22.9-23.9
SMC3 I 21.3-22.1 22.0-22.5
SMC4 B 20.9-21.4 21.7-22.2
SMC4 I 20.3-21.1 21.0-21.5
SMC5 B 21.5-22.9 22.5-23.5
SMC5 I 21.5-22.2 22.1-22.6
SMC6 B 21.0-21.8 21.5-22.4
SMC6 I 20.8-21.1 21.2-21.5

It is noted that the I data are shallower than the B data in all fields, and therefore the
50% completeness levels occur at brighter magnitudes. We also investigated the dependence of
completeness on location across the CCD mosaic, in each field. To this purpose, we divided, the
corner CCDs into 4 regions and the central CCDs into 8 regions of equal area, and estimated
the completeness in each one of these subregions.

Fig. 20 and Fig. 21 show the spatial distribution of the 50% and 20% completeness levels
in the four fields. The colour scale is in colour bins that correspond to about (or somewhat
more than) 1 o.

Finally, we investigated the dependence of completeness on star number density. Fig. 22
shows the dependence of the 50% and 20% level of completeness on the projected surface
density for the 8 different CCDs constituting the mosaic of the four different fields. As we can
see there is no significant correlation. It should be mentioned here that completeness levels can
be much lower in dense star clusters. Such high densities were not considered in this analysis.

In addition to these artificial star experiments, which are sufficient for the present study,
we also embarked on the execution of much more extended artificial star experiments which
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Figure 20: The distribution of the 50% completeness level in B. The colours change in steps
of one sigma.

are necessary for the full Star Formation History analysis that is planned as a follow-up of the
present work, following the method described in Cole et al. [2014] (see also Lianou and Cole
2013, Cignoni et al. 2012, Cole et al. 2007). For each CCD, the sample of the artificial stars
used was increased to about 700000, with 250000 stars brighter than 18.5mag and 450000 stars
fainter than this magnitude level. A total of 22400000 artificial stars were added in all four
fields. The input distribution of magnitudes of the artificial stars is shown on the top panel of
Fig. 24, while on the bottom panels the recovered distribution of magnitudes is shown for B
and I (for CCD2 in SMC3 as an example). A total of 87% of artificial stars were recovered
in B and 84% in I (for the example of SMC3- CCD2). Fig. 23 shows the colour magnitude
diagram of the injected (ADDSTAR magnitudes) and recovered (DAOPHOT) magnitudes. In
these experiments an artificial star was considred as "recovered” if its final position lay within
5 pixels from the original one.
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Figure 21: The distribution of the 20% completeness level in B. The colours change in steps
of one sigma.

3.5 Colour Magnitude Diagrams

We constructed B versus B — I colour-magnitude diagrams (CMDs) for the four fields (Fig. 25,
26, 27, 28). Each CMD corresponds to a 0.152 square-degree area. The error bars shown
on the left side of the CMDs denote representative photometric uncertainties, which include
both instrumental errors and the uncertainty in the zero-point correction. The differences in
limiting magnitude and completeness between fields SMC3 and SMC5 on the one hand and
SMC4 and SMC6 on the other, which have been discussed in the previous section, are also
apparent on the CMDs.

The CMDs show a well defined main sequence (MS) reaching up to the saturation magnitude
of B ~ 14 mag, indicating the presence of young populations in these fields. The subgiant (SG)
and red giant (RGB) branches are clearly defined. The red clump (RC) is also evident, as well
as its vertical extension to brighter magnitudes caused by the presence of younger stellar
populations in the fields studied. It is noted that in the case of field SMC4, the RC appears to
be strongly elongated (and strongly inclined, essentially along the reddening vector) towards
redder colours. This is caused by differential interstellar reddening, which is particularly severe
in this field. Fig. 30 shows the effect of differential reddening on the CMD for each CCD. The
RC and the MS show larger scatter in CCDs 1,2,3 than in CCDs 4,8,7. The MS turnoff region
corresponding to intermediate age and older populations, between 22mag and 23mag is also
clearly delineated, especially in fields SMC3 and SMC5. It is evident, therefore, that stellar
populations of different generations are present in the SMC Bar. This is better demonstrated
in Fig. 29 where indicative PARSEC isochrones [PAdova and TRieste Stellar Evolution Code
Bressan et al., 2012, Marigo et al., 2017] of different ages are overlayed on the CMD of SMC3,
as an example. We have assumed here a distance modulus of 18.96 mag [Scowcroft et al., 2016],
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Filter B: Level of Completeness 50% vs Density

Filter B: Level of Completeness 20% vs Density
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Figure 22: The dependence of completeness on star number density in the four fields studied.

an interstellar reddening value of E(B—1I) = 0.08mag (with a dispersion of 0.04mag) as derived
from the Haschke et al. [2011] extinction map for this region. These authors have adopted a
Milky-Way like dust extinction curve (for which Rp = 1.83) to derive the interstellar absorption
Ap. Recently, Yanchulova Merica-Jones et al. [2017] found a larger value of Rp475 = 2.65+0.11
in the SMC Bar. Assuming this higher value, interstellar absorption towards field SMC3 is
estimated to be Ap ~ 0.21mag, for E(B — I) = 0.08mag.

The isochrones shown have ages of 4 and 7 Gyr (green lines), and 40 Myr and 80 Myr (blue
lines)2. Although these isochrones are only indicative, we have assumed a lower metallicity
of Z=0.0009 for the older isochrones and a higher metallicity of Z=0.004 for the two younger
ones. These assumptions are not intended to constitute an accurate representation of the age-
metallicity relation of the SMC, however, they are in broad agreement with the age-metallicity
relations derived for SMC clusters and field populations (e.g. Da Costa and Hatzidimitriou
1998, Kayser et al. 2007, Rubele et al. 2018), assuming Z=0.0152 [Bressan et al., 2012]. It
is clear that the MSTO region is well bracketed by the 4 and 7 Gyr isochrones, suggesting
enhanced star formation during this period.

It is noted that although for the purposes of this analysis we have used an average value for
the distance modulus, it is well known that the SMC displays large line-of sight depth which
needs to be taken into account when interpreting a CMD in terms of populations of different
ages. For example in Field 5, using RR-Lyrae variables from Kapakos and Hatzidimitriou
[2012], we find a dispersion of about 7 kpc, which is consistent with the values derived for
Cepheids in this region by Subramanian and Subramaniam [2015]. Such a range in distance
would correspond to an age spread of about +0.5Gyr (for the older isochrones shown here).

2The isochrones shown do not change significantly when using the MIST [Dotter, 2016], or the Dartmouth
models [Dotter et al., 2008]

44



SMC3 CCD2

MNpB art
8ed —
M art
Ged
ded
2ed
10 12 14 16 18 20 22 24 26
Magnitude
SMC3 CCD2 SMC3 CCD2
8ed 8ed
Ged 6ed
Aed ded
2e4 2ed
0 0 :
12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26

B_art (mag) I_art {(mag)

Figure 23: Top panel. The magnitude distribution of artificial stars added in CCD2-SMC3
(red line for B and blue line for I). Bottom panels. Distribution of recovered artificial star
magnitudes for the CCD2-SMC3, in B and I, shown in solid lines. The dotted lines show the
injected distribution of artificial stars, as in the top panel.

4 Star Formation History

We used the method of Dohm-Palmer et al. [1997] to estimate the Star Formation History
(SFH), i.e. the star formation rate as a function of look-back time, in the four fields studied
here. The method is applied to MS stars and it is useful for studying the relatively recent
SFH, as the time resolution and accuracy degrade with increasing look-back time. We apply
the following equation to the MS stars.

logma  pta(logm)
C(M,,B-1) / o(logm, t)R(t)dtdlogm (1)
logmy t1(logm)
where ¢ is the initial mass function IMF normalized to unity, m is the stellar mass in Mg,
R(t) is the star formation rate in of M@ and ¢ is look-back time. We assume that the IMF
is independent of time and that the MS is simply a function of magnitude and not colour.
In order to account for the decrease in completeness as fainter magnitudes are considered, we
assigned to each star a weight depending on completeness (so a larger statistical weight is
given to fainter stars). For example for a star with a magnitude corresponding to the 50%
completeness level, we give a weight of 2, so we would count it as two stars.

We divided the CMD in discrete bins along the MS. The stars in a single bin along the MS
are assumed to have the same initial mass. However, each bin may include stars of different
ages. For example, assuming that there is a MS turnoff at a specified magnitude, the MS bin at
that magnitude level would include stars of that age, and stars of the same mass but belonging
to younger generations. Eq. 1 can be rewritten as,
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Figure 24: CMD of the field stars of SMC3, CCD2 with Top panel: additional ~ 700000
artificial stars, Middle panel: recovered artificial stars, Bottom panel: recovered artificial stars
using the derived magnitudes from DOPHOT.
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48



14

18|

20}

24|
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49



14 ‘ ‘ : :
+
+
,_I_.
1
16| ]
,_I_.
.
-
.+
18| : ]
,_I_.
I
[am]
T
20| ]
._I_.
+
+
+
22| ]
—=
-
24| + ]
-3 —2 —1 0 1 2 3 4
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indicate the corresponding 50% and 20% completeness levels.
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Figure 29: CMD of field SMC3 with PARSEC isochrones overlayed. The older isochrones
shown have ages of 4 and 7 Gyr and a metallicity of Z=0.0009 (green lines). The younger
isochrones shown have ages of 40 and 80 Myr and Z=0.004 (blue lines).
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TO
C(My) = ¢(logmy) Alogmy, Y~ Ry Aty, (2)

n=o

where n is the bin number. Alogm,, and A t,, depend on the bin size. Alogm,, can be expressed
as

dlogm
A = AM,
logm,, ( AN, )n » (3)

where the AM, is the bin width and the fraction d(logm)/(dM,) results from the relationship
between M, and logm along the MS. At, is the difference T'O,-T'O,,_1 in turnoff ages for
consecutive bins. So Eq. 3 yields for the n-th bin

dlogm
AM,

+Ry(TOy — TOy) + Ry (TO, — TO,_1))

where R; is the SFR for the youngest bin and Ry is the next youngest.

It is clear that in this method we have to know the SFR for the youngest bin. Working
backward in time, we can calculate the SFR as a function of look-back time. One disadvantage
of this procedure is the fact that the calculation of the SFR, for the fainter/older bins depends on
the ones determined for the younger bins. The brighter bins are usually sparse, thus statistical
errors are high and they propagate all the way through to the older/fainter bins.

Along with the SFR values for different look-back times, we estimated the corresponding
uncertainties, by taking into account the statistical uncertainty in the stellar number counts
and in the completeness levels derivation.

Another issue is that occasionally negative SFRs are derived, due to over-subtraction,
caused by statistical fluctuations. Examples are shown in Fig. 31 for field SMC3, and in(Fig. 32)
for SMC4, SMC6, for ages older than 8 Gyr. Generally, the low number of counts in the
youngest bins contribute to the uncertainties in the calculated SFR in all bins. An additional
caveat that needs to be mentioned is related to the saturation limit of our photometry at
B ~ 14mag, which leads to an overestimation of the SFR in the first MS bin considered.

In order to calculate C' for a specific bin using Eq. 4, we need three functions. The first
function provides the relation between absolute magnitude M, and stellar mass m along the
MS. The second function gives the relation between M, and turnoff age along the MS. Both
these functions were derived using the PARSEC evolutionary tracks and are shown below:

C(M,) = ¢(zogmn)< >nAMU (R\TO; + ...

(4)

logm = —0.141M, + 3.21, R?> = 0.9919 (5)

and

log(age) = 0.354M, + 1.80, R? = 0.9982 (6)

The third function is the initial mass function (IMF). In this work we adopted a power
law IMF, with a Salpeter [1955] slope of I'=-1.35 for the mass range from 0.5 to 100 M.
Our SFR results do not depend strongly on the assumed IMF, for the mass range of interest.
Indeed, application of the Kroupa [2001] or the Chabrier [2003] IMFs, for stellar masses down
to ~ 0.8Mp, yielded very similar results.

Clearly the calculated SFRs depend on the evolutionary tracks used. The models we used
here did not include treatment of convection and mass loss, and did not take rotation into
account. The effect of these assumptions on our results are difficult to quantify. The uncer-
tainties we provide for the SFRs are only random errors. Another possible source of bias is
our assumption that the IMF is the same for all ages and metallicities.

It is noted that we used normalized IMF functions. The normalization constant was chosen
so that the integral over all masses is unity. The following equation gives the normalized
Salpeter IMF used:
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Fig. 31 and Fig. 32 show the resulting SFH in the four fields, assuming two values for
the metallicity, Z=0.004 (red triangles) which is more appropriate for ages below 1Gyr and
7=0.0009 which better matches the metallicity of older populations (black circles). The choice
of these two metallicities has been discussed in the previous section. We indicate on the
diagrams the location of the 50% and 20% completeness limits with vertical dotted lines. We
also show for comparison the SFH for the same regions from Harris and Zaritsky [2004], who
used a Salpeter IMF and a metallicity of Z=0.001, and from Rubele et al. [2018] who used a
Kroupa IMF and a varying metallicity. It is clear that the SFR for the younger populations
derived here are too high compared to these studies. This is mainly due to the caveat mentioned
earlier, i.e. the fact that we ”start” building our SFH for populations older than about 10 Myr,
ignoring younger stars, which are present in the fields, but not included in the CMDs due to
saturation. Therefore, our results can be used to discuss trends of the SFR with time, but not
to derive absolute values of the SFRs.

Despite the differences in completeness, a general conclusion that can be drawn from Fig. 31
and Fig. 32 is that in all four fields star formation has been more intense recently (<1Gyr).
From about 1 to about 3 Gyr ago SF activity seems to have been lower, while it also peaked
between 4 and 8 Gyr ago. This is in excellent agreement with the appearance of the MSTO
region on the field-scale CMDs discussed in the previous section. In the two fields with fainter
completeness limits (fields SMC3 and SMC5) the peak in SFR occurs close to an age of 6-7
Gyr. The SFH beyond the 50% completeness limit is less reliable, therefore for fields SMC4 and
SMC6 the displacement to somewhat different ages of the SFR peaks beyond 4 Gyr is probably
an artifact. Small differences can also be expected from variations in interstellar reddening and
line-of-sight distance in the different fields. Field SMC4 (and less so, field SMC6) is on average
further away than field SMC3 (and less so, than field SMC5) by at least 5kpc, due to the
inclination of the SMC Bar Scowcroft et al. [2016]. In addition, interstellar reddening is higher
(and variable) particularly in field SMC4, as previously mentioned. Using a larger average
distance (68 kpc) and average reddening (E(B-I)=0.15 mag) value for SMC4 we recalculated
the SFH, which was found to be identical within the errors. Therefore, our adoption of a
uniform value for the distance and reddening of all fields does not compromise our results.

In Fig. 33 and Fig. 34, we show the SFH for stars younger than 1Gyr, in all four fields.
These diagrams are zoomed-in versions of the diagrams shown in Fig. 31 and Fig. 32, with the
bin width being smaller. In all fields, the SF activity seems to have been intense over the past
~ 100 Myr, decreasing rapidly over a period of few hundred Myr (look-back time). Moreover,
in fields SMC4 and SMC6, there appears to have been a small enhancement in SF around
700-800 Myr ago.

Generally, many recent studies agree that there are (at least) two major periods of intense
SF activity in the SMC main body, one very recently and one around 4-6 Gyr ago Rezaeikh et al.
[2014], Weisz et al. [2013], Cignoni et al. [2012], Noél et al. [2009]. The fact that SF activity
has been very intense over the past 100-200Myr is also corroborated by the burst of cluster
formation observed over roughly the same period Bitsakis2018,Nayak2018. It is interesting to
compare our rough estimate of the SFH of the SMC Bar with the results of the full analysis
of Rubele2018 for the same fields. These authors derived the spatially resolved star formation
history across the entire main body and Wing of the SMC, using the VISTA survey of the
Magellanic Clouds (VMC), in the Y JK; filters and a CMD reconstruction method. As it can
be seen in their Fig. 33 and Fig. 34, the SFR decreased from 5Myr to about 300Myr ago (with
a small increase around 200 Myr), showed a small enhancement around 800 Myr ago, and then
a more significant increase between 3 and 8 Gyr ago. These results are in very good agreement
with our findings. On the other hand the results of Harris and Zaritsky [2004], which suffer
from much larger uncertainties particularly in the crowded regions studied here, display much
poorer agreement with our results.
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Figure 31: SFRs as a function of look-back time for fields SMC3 and SMC5, up to 12Gyr
ago, derived from the completeness-corrected luminosity functionc of MS stars. We used the
PARSEC stellar evolutionary tracks, adopting a metallicity of Z=0.0009 (black line) and of
7=0.004 (red line). Orange points correspond to the results of Harris and Zaritsky [2004] for
the same fields, and green points correspond to the results of Rubele et al. [2018].
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Figure 32: SFRs as a function of look-back time for fields SMC4 and SMC6, up to 12Gyr
ago, derived from the completeness-corrected luminosity functionc of MS stars. We used the
PARSEC stellar evolutionary tracks, adopting a metallicity of Z=0.0009 (black line) and of
7=0.004 (red line). Orange points correspond to the results of Harris and Zaritsky [2004] for
the same fields, and green points correspond to the results of Rubele et al. [2018].

55



SMC3

0.014 @ Salpeter IMF, PARSEC isochrones, z=0.0009
a A Salpeter IMF, PARSEC isochrones, z=0.004
| 0.012 B Harris & Zaritsky, Salpeter IMF, z=0.001
& ¢ % Rubele et al., Kroupa IMF
X 0.010
j: A
™ 0.008
;
% 0.006 .
o)
< 0.004
o i
L 0.002 g S — 1

0.000 F *

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Age (Gyr) )
SMC5

0.014 @ Salpeter IMF, PARSEC isochrones, z=0.0009
RI\ A Salpeter IMF, PARSEC isochrones, z=0.004
| 0.012] — & B Harris & Zaritsky, Salpeter IMF, z=0.001
a % Rubele et al., Kroupa IMF
-;4 0.010
—
™ 0.008 o
N
" 0.006
S A
S
< 0.004
L'-'I-’ 0.002 \_._|—0*

J_}% .
0.000 * * &
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Age (Gyr) “

Figure 33: SFRs in fields SMC3 and SMC5 up to 1.2 Gyr ago, derived from the completeness-
corrected luminosity function of MS stars. We used the PARSEC stellar evolutionary tracks
adopting a metallicity of Z=0.0009 (black line) and Z=0.004 (red line). Orange points cor-
respond to the results of Harris and Zaritsky [2004] for the same fields, and green points
correspond to the results of Rubele et al. [2018].
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Figure 34: SFRs in fields SMC4 and SMC6 up to 1.2 Gyr ago, derived from the completeness-
corrected luminosity function of MS stars. We used the PARSEC stellar evolutionary tracks
adopting a metallicity of Z=0.0009 (black line) and Z=0.004 (red line). Orange points cor-
respond to the results of Harris and Zaritsky [2004] for the same fields, and green points
correspond to the results of Rubele et al. [2018].
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5 Luminosity Functions

The Luminosity Function (LF) is a fundamental descriptor of stellar populations, serving as
a census of stars of different magnitudes, M. Specifically, it measures the number of stars in
the interval M, M+dM for a given wavelength band and a given volume element (Gilmore and
Roberts 1988). In this section we utilise the LF of the MS stars alone, to search for differences
in the mixture of populations of different ages across the fields studied here. The MS luminosity
function was derived by counting the number of stars in each one of the cells defined along
the MS ridge line, shown as black and red areas in Fig. 35. All these cells are equal in area
(magnitude x colour) and have the same magnitude range.
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Figure 35: The MS of the field SMC5 divided into equal area cells. The blue points correspond
to the MS ridge line.

The MS LF were corrected for completeness, as described in section 4. The completeness
corrected LF (CCLF) for field SMC5 can be seen in the bottom panel of Fig. 36, while in
the top panel we show the uncorrected MS LF, and in the middle panel the dependence of
completeness on magnitude for the B data in SMC5.

The MS CCLF can be used for a rough comparison of the mixture of stellar populations of
different ages present in the different fields. Fig. 37 (top left panel) shows the MS CCLFs for
the four studied fields. The CCLFs have been normalized to the total number of stars with
magnitudes fainter than 21.6 mag in B. This normalisation assumes that older populations
are more evenly distributed than younger ones. It is immediately apparent that fields SMC3
and SMC5H have a higher contribution from younger populations compared to fields SMC4 and
SMC6. This difference was confirmed (at a significance level of 0.05) with the application of a
two-sample Kolmogorov-Smirnov test to the cumulative luminosity functions. It must also be
noted that in the overlap region between fields SMC5 and SMC6, the derived CCLF's are iden-
tical within the errors (top right panel of Fig. 37. Therefore, the difference between the global
CCLF of fields SMC5 and SMC6 cannot be accounted for by uncertainties in completeness
and normalisation. It is noted that fields SMC3 and SMC5 are located to the North-Northeast
of the Bar, while fields SMC4 and SMC6 are located towards the South-SouthWest. Younger
populations therefore, seem to be more abundant in the North-North Eastern regions of the
Bar.

One way of quantifying the spatial variation of the CCLF is to investigate the change of its
slope in different locations. To this purpose, we divided each CCD in smaller regions (4 for the
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Figure 36: Upper panel: Luminosity Function of Main Sequence stars in field SMC5; Middle
panel: Variation of completeness as a function of B magnitude; Lower panel: Main sequence
completeness-corrected Luminosity Function.
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Figure 37: CCLFs of the four fields.

corner CCDs, 8 for the rest), constructed the CCLF for each subregion and then calculated
its slope using a weighted linear regression in log scale. The slope was determined within a
certain magnitude range, starting from the 17.8mag at the bright end and reaching different
magnitude limits at the faint end. We used the overlap regions between SMC5 and SMC6 and
between SMC5 and SMC3 to investigate the possible presence of systematics between fields,
that would limit the usefulness of the LF slope as a diagnostic. We calculated the LF slope
with a range of different faint limits, in each overlapping region. In Fig. 38 we show the change
of the slope values as a function of the faint magnitude limit used, in the overlapping regions
between SMC5 and SMC6 (left panel) and between SMC3 and SMC5 (right panel), In the first
case, the slope values are consistent for the entire magnitude range, while in the second case
there are significant variations beyond ~ 21.5mag. This result indicates that safe comparisons
across the fields can be performed using a faint magnitude limit of < 21.5mag.

A steeper LF, i.e. larger slope, indicates a larger percentage of older populations. In Fig. 39
we show colour maps showing the variation of the LF slope in the four fields, using two different
faint limits, 21.5 and 21.0 mag. Lower values of the slope, indicating significant presence of
younger populations are shown in light yellow, while large values of the slope, indicating a
dominance of older populations are indicated in magenta. The errors in the slopes are shown
in the colour maps of Fig. 40, where in this case different colours correspond to different error
values. Lighter colours indicate smaller errors. It is clear that for the slopes calculated with
the faint limit of 21.5mag, the errors are smaller, as expected (larger samples involved). It is
noted that the difference between slopes that give adjacent colours in the colour maps is of the
order of 1o. As shown in the colour maps the larger percentage of young populations (light
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Figure 38: Comparison of the CCLF slope for different faint magnitude limits for the overlap-
ping areas between SMC5-SMC5 left panel and between SMC3-SMC5 right panel
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Figure 39: Colour maps showing the distribution of the values of the LF slopes, using two
different faint limits, 21.5mag (left) and 21.0mag (right). Increase of the slope changes the
colour from yellow to magenta.
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colour) is encountered in the central areas of the Bar (eastern half of SMC5 and top half of
SMC6).

Although the LF slope is only indicative of the mixture of stellar populations present in
the SMC Bar, it is clear that this mixture (and hence the history of Star Formation) is not

uniform across the ”Bar”.
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6 Discrete Star Formation Events

6.1 Peaks of Star Formation at 2.7Gyr and 4Gyr

In this section we focused on fields SMC3 and SMC5 due to the low photometric errors and rel-
atively low differential reddening (which strongly affects the CMDs in SMC4). CMDs over rel-
atively extended regions suer from differential interstellar absorption, small but non-negligible
residual systematic photometric errors and possible distance variations All these factors limit
the age resolution and the possibility to identify distinct SF periods.

SMCS5 subregion6 SMC5 subregion8a

bregion 8a SMC6

Figure 41: Upper left panel: CMD of subregion 6. Upper right panel: CMD of subregion 8a
Lower panel: The position of subregions 6 and 8a on on a Spitzer-MIPS 241 map of the SMC.

By selecting smaller regions (with still acceptable numbers of stars allowing statistical
analysis) with sizes between 0.9 and 1.1 arcmin in radius, devoid of extended dust absorption
and star clusters, we were able to uncover clear indications of distinct main-sequence turnos
on the CMDs, suggesting isolated relatively short-lasting star formation events, as indicated
by the two examples of Fig. 41 (CMDs of subregions 6 and 8a in SMC5, top panels). The
position of the subregions are shown at the bottom of the Fig. 41.
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Figure 42: CMDs of subregions 6 and 8a (upper panels), and the distributions of counts of the
red cell (lower panel), as it is defined in the CMDs.

The method we used to identify different MS TOs is to construct number distributions of
stars lying along and redwards of the main sequence, as shown with the red cells in the top
panels of Fig. 42, for the same regions displayed in Fig. 41. The width of each cell is 0.2mag,
larger than the mean error in this magnitude range (<22.5mag). In the bottom panels of
Fig. 42 we see the corresponding number distributions. The errors shown are equal to the
square root of the number of stars counted in a particular cell. In these diagrams, MS turnoffs
would appear as peaks. The CMD on the left and the corresponding number distribution,
show two clear peaks, one at (B-I)=0.35mag and another at (B-I)=0.55mag. No such peaks
can be seen on the CMD and corresponding number distribution on the right. In this case
there appears to be a possible peak around (B-1)=0.95 mag,

We attempted to estimate the average ages of the populations corresponding to these two
MS TOs through comparison with PARSEC isochrones with a metallicity of Z=0.0009, which
is consistent with the metallicity of the intermediate age and old stellar populations in the SMC
[e.g., Da Costa and Hatzidimitriou, 1998, Piatti, 2012a]. We have assumed a local interstellar
reddening value of E(B-I)=0.08 and a distance modulus of 18.96 mag. On the left panel of
Fig. 43 we have overplotted on the CMD of subregion 6 two indicative isochrones of 2.7 and
4Gyr, which appear to represent sufficiently well the average populations corresponding to the
two MS TOs. On the right panel, only the older isochrone is overplotted, indicating the position
of the turnoff that is visible on the CMD of subregion 8a. Similar results are obtained using the
Dartmouth (Dotter et al. 2008) and the MIST (Dotter 2016,Choi et al. 2016) isochrones. These
age estimates are only indicative. A full analysis of the SFH will be presented in Strantzalis
et al. (2021, in preparation), following the method of Cole (Cole et al. 2014, Lianou and Cole
2013, Cignoni et al. 2012, Cole et al. 2007).

We have investigated the entire area of Fields SMC3 and SMC5 in the same way. We
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Figure 43: CMDs of subregions 6 and 8a, with a 2.7Gyr and 4Gyr PARSEC isochrone over-
plotted.

found that there are several small regions, usually clear of severe interstellar absorption (see
below), that also show similar behaviour to the two prototypical regions of Fig. 41. The top two
panels of Fig. 44 show the ”MS turnoff” number distributions of fields SMC3 and SMC5 (upper
panels). The bottom panel shows and the sum of the number distributions of the subregions
that present one peak along the MSTO area around (B-1)=0.95 mag, similar to subregion 8a.
Furthemore, there is one more subregion (subregions 7) in the field SMC5 that presents two
peaks, similar to subregion 6, one at (B-I)=0.55mag and one at (B-1)=0.95mag.

The spatial distribution of subregions on a image of SMC (Spitzer-MIPS 24 y map) is shown
on the top panel of Fig. 45. The radius of circle of subregions (top panel) is equal with the
radius of the study subregion. Subregions with peak at (B-I)=0.95mag are red, with peak at
(B-I)=0.75mag are blue and with two peaks are black. It is not safe to draw conclusions without
see the position of the subregions on the colour maps of the 50% and slope of the luminosity
function (Fig. 46). We see that the colours or the class of the subregions does not depend
on completeness. It would be an explanation that in the regions with lower completeness it
would be impossible to detect the enhanced number of stars along the MSTOs. So, seems that
the present of discrete populations through of these distributions is more believable. Also, the
subregions with two (6, 7) peaks have a range of the slope of the luminosity function 0.011-0.013
and the subregions with one peak (8a, 2m, 2, 5b) have a range about 0.0125-0.0145. Based on
conclusion of section 5 (LF), the subregions 6, and 7 which have the first peak is overplotted
by an isochrone at 2.7Gyr, are located in regions which are dominated by younger stars, while
subregions 8a, 2, 2m, 5b (peak is overplotted by an isochrone at 4.0Gyr) are covered by regions
dominated by older stars.

The peak at (B-I)=0.55mag as we see in the Fig. 43 by using PARSEC isochrones is overlaid
by ages 2.7 Gyr. The 2.7 Gyr peak is probably coincident with the 2.5 Gyr SF enhancement
identied by Harris and Zaritsky [2004]. Interestingly, they also did not nd this star formation
event smoothly distributed but rather located within a ring structure. The relatively small
extent of our study cannot conrm the ring geometry, but we have found indications of non-
uniformity in the spatial distribution of this population (contrary to the conclusion of Rubele
et al. 2018). Regarding the second peak, several studies have shown enhanced star formation
at 4-5 Gyr, ago (e.g. Cignoni et al. [2012], Noél et al. 2009 and McCumber et al. 2005). What
is new in the present study is that we could actually identify distinct main sequence turnos
that allow a better estimate of the duration of the SF events.
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Figure 44: Upper panels:MS turnoff number distributions for fields SMC3 and SMC5. Bottom
panel:The sum of the number distributions of the subregions that show the same peak as for
subregion 8a.

6.2 The ~90 Myr Star Formation period

On the CMDs of all fields, shown in Fig. 25, 26, 27, 28, there is clear evidence of a MS
turnoff around B = 17mag, with a sequence of stars branching out to the red of the zero age
MS. In the following we will concentrate on field SMC5 where this population is most clearly
seen.

The left panel of Fig. 47 zooms in to the brighter part of the CMD in SMC5, clearly
showing this MS turn off. On the CMD we have overplotted two PARSEC isochrones [PAdova
and TRieste Stellar Evolution Code Bressan et al., 2012, Marigo et al., 2017] corresponding
to ages of 56 Myr and 120Myr, yielding an average age of about 90Myr. We have assumed a
reddening of E(B — I)=0.3 (corresponding to E(B — V) = 0.13), a metallicity of Z = 0.004,
and a distance modulus of 18.96 mag. The isochrones are only indicative. Stars lying on the
zero-age main sequence are marked in red, while stars consistent with the older population to
the red, are marked in blue. On the right panel of Fig. 47 we show the colour distribution of
stars defined in the figure on the left panel. The red and blue bins on the right panel correspond
to red and blue coloured stars in the left panel. The histograms show a secondary peak which
moves to redder colours for brighter magnitudes, confirming the presence of the 56-120Myr old
population.

Therefore, apart from the very young stellar population exemplified by the zero-age main
sequence stars (red points) there is a distinct population aged between 56 and 120Myr present
in the SMC Bar. This was also shown in our SF history analysis based on the MS Luminosity
Function in Section XX. Ennhanced SF for this period was also reported by Harris and Zaritsky
[2004], Rubele et al. [2015] and Auchettl et al. [2019] who showed that a large fraction of the
supernova remnants in the SMC indicated a burst of star formation between 50 and 200 Myr
ago.
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Figure 45: The position of all subregions of the fields SMC3 and SMC5 on a Spitzer-MIPS 244
map of the SMC. Green regions are the prototypical subregions 6, 8a and the red subregions
have similar behaviour to the two green.
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Figure 48: Histogram of the parameters of the catalogue of Gaia Data Release 2 of the two
discrete MSs. The stars are brighter than B=16.5mag
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6.2.1 Kinematical study of the 90Myr population using Gaia DR2 data

Driven by studies that have reported kinematically distinct populations in the SMC (e.g. De
Leo et al. 2020), we have investigated the kinematic behaviour of the two different age groups.
To this purpose, we used proper motion measurements derived from Gaia Data Release 2 (Gaia
Collaboration et al. 2016, Gaia Collaboration et al. 2018a). As very few stars have radial
velocity estimates in Gaia DR2, we limited our study to proper motions. Parallaxes were only
used to filter out foreground (galactic) stars, by demanding that the parallax should be less
than 0.25mas. We also limited our kinematic study to stars with proper motion errors less than
0.15mas/yr, which corresponds to a magnitude cutoff of B < 16.5mag (G < 16.7mag). This is
why the "red” and ”blue” sequences indicated in Fig. 47 reach 16.5mag at the faint end. The
final sample (the ”blue” and ”red” stars) contains stars with proper motions in right ascension
(pmRA) in the range of 0.2 to 1.7 mas/yr and proper motions in declination (pmDEC) in the
range of -1.9 to -0.6 mas/yr. There are known spatially correlated proper motion errors in
the Gaia DR2 catalog (Gaia Collaboration et al. 2018b), on small (1 degree) and large scales.
However, given the limited spatial extent of the data used here and more importantly the
fact that the populations considered here are spatially well mixed (see discussion in the next
paragraph), our results are not expected to be affected by these systematic effects. There are
also known colour related systematic trends in the parallax determination (Arenou et al. 2018,
Lindegren et al. 2018), which are quantified using ”chromaticity”, calculated from the effective
wavenumber. In our case, the range of the effective wavenumber values is small (1.73-1.93),
therefore we do not expect significant colour related trends in parallaxes, although we only use
them as a filter to exclude galactic stars.

The total number of stars in the blue and red sequences shown on the left panel of Fig. 47,
for which proper motions were available, is 460. In Fig. 48 we compare the distribution of
pmRA and pmDec of the stars belonging to the two different populations (red and blue in
Fig. 47). On average we derived a mean pmRA of 0.70£0.01 mas/yr and pmDec of -1.29+0.01
mas/yr. Taking into account the uncertainties, these values are consistent with the known
proper motion of the SMC (e.g. Kallivayalil et al. 2013 and van der Marel and Sahlmann
2016).

Inspection of the histograms suggests that the two populations may have different net
kinematics, with the difference being more pronounced in pmdec. Indeed, application of the
Kolmogorov Smirnov (K-S) test (significance level a=0.05) for stars with B<16.5 yielded a p-
value of 1.3x10~4 for the pmdec distributions, and 0.031 for the pmra distributions. Therefore,
the kinematics of the ~90Myr population seem to be distinguishable from the younger stars.
Of course, the K-S test cannot preclude the presence of systematic errors in the Gaia DR2 data,
although according to the official astrometry papers, these errors are expected to be negligible
in our case. Nonetheless, we have searched for a systematic correlation of proper motions with
stellar colour for all stars brighter than B~16.5mag, and found none. The difference in the
mean value of pmdec for the two groups of stars is ~0.1mas/yr which corresponds to ~30km/s
assuming that the distance of the SMC is 62kpc (Inno et al. 2013, de Grijs and Bono 2015).

The spatial distribution of young populations (especially those younger than ~100Myr) is
highly inhomogeneous (e.g. Sabbi et al. [2009]). It is therefore relevant to examine the spatial
distribution of the two populations under study. Fig. 49 shows the spatial distribution of the
two populations, retaining the colour coding of the previous figures. Although the distributions
in RA and DEC are not identical (as shown in the histograms at the top and on the right of
Fig. 49), the two populations are generally well mixed (in projection), at least within the 470pc
area covered by field SMC5.

We have also attempted to investigate the kinematics of the two populations along the line
of sight using bibliographic radial velocities of bright stars. Using the catalogue of Evans and
Howarth [2008] we found radial velocities for a total of twelve stars, six stars in each age group.
The weighted mean values for the radial velocities was 159.4+15km/s and 159.84+32km/s, re-
spectively. The small samples do not allow us to extract safe conclusions. Indeed a simple
simulation experiment showed that more than 200 stars are needed for the K-S test to distin-
guish safely between mean radial velocities differing by 20-30km/s, for a velocity dispersion
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Figure 49: The spatial distribution of the stars in the two populations (the first exemplified by
the very young stars on the ZAMS and and the second being ~90Myr old). The same colour
coding is used, as in Fig. 47. At the top, a histogram of the distribution of the RA values is
shown, and on the right, the corresponding distribution for Dec.
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Figure 50: Simulations of the p-value of the K-S test versus number of stars in two groups of
stars with radial velocities following normal distributions having peaks that differ by 10,20 and
30km/s, with a dispersion of 30 or 40km/s.

of 30-40km/s in each group (following the estimates for the radial velocity disprsion in young
populations in the SMC by Bekki and Chiba [2009].

We assumed that we have two populations with radial velocities following normal distribu-
tions with six scenarios about the difference in the average radial velocity (10, 20 and 30km/s)
for two different radial velocity dispersion of 30 and 40km/s. We also assumed, that the to-
tal number of stars in the first population is twice as large as in the second one. The ratio
of the number of the two populations is nj/ne=2 in any case. The number of stars in both
populations together varied from 50 to 450. We applied the K-S test and derived the p-value
for six different scenarios, and for the different sample sizes. The experiment was repeated
10000 times.The resulting p-values as a function of sample size (averaged over the 10000 it-
erations) are shown in Fig. 50. It is clear that more than 250-300 stars are needed to safely
distinguish the two populations for radial velocity differences ;20km/s. Smaller differences are
not distinguishable, for the assumed radial velocity dispersion.

In conclusion, the kinematical investigation we conducted indicated that the two different
age groups, one very young and one around 90Myr may also be kinematically distinct. This
tentative result alludes to the presence of distinct substructures proposed by Murray et al.
[2019] who also found that non-rotational motions are prevalent throughout the SMC. These
results need to be confirmed using more accurate proper motions and radial velocities, expected
in Gaia DR3.
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7 Identification of Star Clusters in the SMC

As outlined in the introduction, star clusters constitute an important component of a galaxy
and play a crucial role in our understanding of star formation, stellar evolution and galactic
dynamics. The identification of star clusters (mostly small clusters) in the SMC is an ongoing
endeavour. As already mentioned, the quest for SMC star clusters started almost a century
ago, and has been largely based on visual inspection originally of photographic plates and
subsequently of CCD images. It is only relatively recently that machine learning and data
mining methods and techniques have been employed to detect star clusters in the Magellanic
Clouds. Actually, one of the first attempts to automate star cluster detection in the SMC was
by Pietrzynski et al. [1998] who used an algorithm based on the detection of overdensities in
OGLE II data. The method was similar to the one applied by Zaritsky et al. [1997] in the
LMC. Piatti and Bica [2012] showed evidence that some of the candidate star clusters detected
with this algorithm, amounting to 10% of the total number, were in fact spurious.

In a more recent study Piatti et al. [2016] combined near-infrared data from the VMC
survey Vista survey with machine learning (using suitable kernel estimators for appropriate
ranges of radii and stellar densities) to search for clusters in regions of high extinction in the
main body of the SMC. They validated their results using near infrared CMDs. Out of 143
candidates, they could confirm 38 new clusters. One year later Piatti [2017] applied the same
method to search for new star clusters in the periphery of the Magellanic Clouds using data
from the Magellanic Stellar History (SMASH) Survey. They discovered 24 new stellar cluster
candidates distributed in 11 different SMASH fields, most of them located in the outer regions
of the LMC and SMC disks.

Another automated method, based on star counts to identify overdensities with respect to
the local background, was adopted by Bitsakis et al. [2018], who reported a total of 1319 star
clusters distributed over an area of 18 deg? in and around the SMC. They also estimated the
ages of the detected clusters. Only a small percentage of these clusters were known before (less
than 50% overlap with the Bica et al. [2008] catalog).

At the beginning of 2020, Bica et al. [2020] published an updated compilation of 2741 star
clusters, associations and related extended objects in the SMC and the Magellanic Bridge,
based on all existing catalogs. Their new catalog included a factor of 2 more objects than Bica
et al. [2008]. They re-assessed the cluster or association classification of each object by inspect-
ing digital atlases and imaging surveys in various bands. In particular, they cross-identified
recent cluster samples from the Visible and Infrared Survey Telescope for Astronomy (VISTA)
near-infrared YJKs survey of the Magellanic System, the Optical Gravitational Lensing Ex-
periment IV (OGLE IV), and the Survey of the MAgellanic Stellar History (SMASH) surveys,
confirming new clusters, reclassifying others and pointing out common objects. To classify
the objects they considered their angular sizes, stellar densities, contrast to the field, contam-
inants, presence of cluster pairs or multiplets, hierarchical effects (i.e. a cluster included in a
larger structure), shape and astrophysical parameters, when available. They also assessed the
presence of dust and gas emission (Bica et al. 2019), when applicable. Finally, they estimated
(improved) central coordinates and angular dimensions of the clusters, and classified them as
C: cluster, CA: cluster association, CN: cluster nebula, A: association, AC: association cluster,
AN: association.

Our data provide a unique opportunity to investigate the validity of these identifications
and classifications, as they were obtained with a 6.5m telescope and with adaptive optics and
have superior spatial resolution to most data used to date to search for star clusters.

We identified the objects in the Bica et al. [2020] catalogue of classes C, CA, and CN, that
lie in our fields. There are 108 such objects (out of a total of 625). This list contains two star
clusters from Chiosi et al. [2006] with the designation CVH and 19 clusters from Piatti et al.
[2016] with the acronym VMC. None of the 45 newly discovered faint clusters and candidates
in Bica et al. [2020] were located in our fields.

In Fig. 51 we show the spatial distribution of star clusters (red circles) from the catalogue
of Bica et al. [2020] overlayed on a Spitzer-MIPS 24m image. The radii of the red circles
correspond to the cluster radii. The white circles mark our four fields. In field SMC4 there is
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Figure 51: Spatial distribution of the stars clusters from the catalog of Bica et al. [2020]
overlayed on an image of the SMC obtained with Spitzer-MIPS at 24m.

a larger number of clusters than in the other fields, but many of them have only been detected
in the near infrared (in the VISTA data, Piatti2016). It is noted that SMC4 has significant
interstellar extinction.

As already mentioned we have only considered objects assigned a ”C”, ”CA” or "CN” class
by Bica et al. The objects classified as associations, should not be confused with associations
of young stars, which is the customary use of the term. In the Bica classification ”associations”
(”A”, 7 AC” and ”AN") are loose and extended concentrations of stars, which have on average
rather large ages, contrary to what one would anticipate. Fig. 52 shows the radius and age
distribution of clusters (C/CA/CN) and associations (A/AC/AN). Objects classified as clusters
are generally smaller than 20-30pc, while objects classified as associations can be as large as
70pc. What is unexpected is the age distribution of ”associations”, which includes a significant
percentage of old objects, even older than star clusters. Associations are unbound structures
and should not be detectable at large ages, and indeed at ages larger on average than the
bound clusters.

We have inspected the 108 ”clusters” from the Bica et al. [2020] catalogue and re-classified
them using a suite of criteria based on visual inspection on the IMACS images, their radial
profiles and CMDs.

We have classified our clusters into four classes: class 3 are clusters that are considered
as certain, class 2: probable clusters, class 1: probably not clusters and class 0 definitely not
clusters.

Visual inspection involves examination of the images around the published central coordi-
nates of a cluster, to confirm or otherwise the existence of a stellar overdensity in that location.
As the images used are all in the optical, embedded clusters cannot be properly characterised.
In these cases near-infrared data should be used. In Fig. 53 we show the IMACS images of 8
clusters as examples, two of class 3 (NGC306 and B55), two of class 2 (BS39 and H86-128),
two of class 1 (H86-170 and BS254) and finally two of class 0 (H86-166 and BS259). The
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Figure 52: Distribution of radii (left) and ages (right) of star clusters (red line) and associations
(blue line) from Bica et al. [2020].

superior spatial resolution of our data is well suited to confirm the classification of an apparent
stellar concentration as a star cluster. Many older catalogues of star clusters include false
cluster identifications, due to the overlap of very few bright stellar images, which gave the
false appearance of significant density increase. For example, objects NGC306 and B55 show
a clear concentration of stars at their center, while objects H86-166 and BS259 seem to have a
negligible number of stars at the center. In the case of BS39 and H86-128 the surface density
of the stars at the center is relatively high but visual inspection is not conclusive. Objects
H86-170 and BS254 show no evidence of increased star number density.

The second criterion involves the examination of the radial profiles of the Bica et al. [2020]
clusters. The radial profiles were constructed from the surface number density of the stars in
concentric rings around the published cluster center. The radial bin size of each ring is 15
pixels corresponding to 3 arcsec. The radial profiles of objects of class 2 and 3 were fitted with
King profiles (King 1962), as given in equation (8).

Fr) =KL/ @+ (r/re)?) = 1V (1 (re/re)?)? + fo (8)

where f; is the surface density of the background, r. is a scale factor that is called core radius
and r; is the value of r which the f reaches zero.

While the radial profiles of candidate star clusters NGC306, B55, BS39, H86-128 present a
clear overdensity in their central region, H86-166 and BS259 present a constant surface density
as a function of radius (Fig. 54).

Star clusters have almost ”simple population” CMDs characteristic of the age and metallic-
ity of the cluster and usually distinguishable from the surrounding field. In Fig. 55 we present
the CMDs of star clusters NGC306, B55, BS39, H86-128, H86-170, BS254, H86-166, BS259
using our IMACS photometry. All stars lying within the radius of the cluster, as published in
Bica et al. [2020], are included in these CMDs and are marked in blue. The red symbols indi-
cate field stars in an equal area annulus beyond the cluster radius. In cases of small clusters,
the contrast between the cluster and field CMDs is far from obvious. Moreover, increased in-
completeness in the high density regions in the cluster core decrease the contrast even further,
especially for the fainter stars. Therefore, correction for the field star contribution is not a
trivial task. The method we adopted to correct the CMDs for the field contribution utilises the
Hess diagrams of the clusters and corresponding fields. A Hess diagram is a relative density
map of occurrence of stars at differing color-magnitude positions on a CMD. Fig. 56 shows
CMD density maps (Hess diagrams) for the star cluster NGC306. The top left panel is the
Hess diagram of the cluster (including all stars within the cluster radius) and the top right
is the corresponding diagram for the background field (stars in an equal area annulus). The
bottom two diagrams show the results of the subtraction of the background diagram from the
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cluster diagram using Bayesian analysis, adapting the algorithm designed by Park et al. [2006].
This algorithm (Bayesian Estimation of Hardness Ratios, BEHR) was originally designed to
estimate the hardness ratios of X-ray sources and their uncertainties (see also Hou et al. 2020,
Connor et al. 2020 etc), which requires the removal of a background. Technically the problem
is the same as removing the background from the Hess diagram of a cluster.

BEHR is based on Poisson assumptions in a fully model based statistical approach. We can
evaluate the fully posterior probability distribution of the subtraction, which provides reliable
estimates and correct confidence limits, even when the number of stars of either the cluster or
the background, or both, is very low. In particular, the method is not limited to ”detectable”
stars and can properly calculate upper and lower limits. As already mentioned, we used the
algorithm in order to subtract the background from the cluster Hess diagrams. The Hess
diagrams were constructed by binning the CMD in magnitude-colour bins somewhat larger in
size than the corresponding errors. For each bin in the cluster diagram, we subtracted the
background contribution. The bottom left panel of Fig. 56 shows the mean subtracted Hess
diagram of the cluster, while on the bottom right we show the subtracted diagram with the
minimum possible number of retained stars.

Table 2: Star clusters in the Bica et al. [2020] catalogue that lie in the SMC fields studied
here.

Name Field RA DEC Type amin amax log(age) class
(J2000)  (J2000) (arcmin)  (arcmin) (yr)

B90 SMC3 0:57:55.6 -72:17:31 C 0.45 0.35 7.9 1
BS269 SMC3 0:58:20.3 -72:13:18 CA 0.4 0.3 8.3 0
BS270 SMC3 0:58:23.7 -72:12:46 CA 0.55 0.5 8.03 0

H86-166 SMC3 0:56:00.6 -72:21:54 CA 0.7 0.5 8.1 0
H86-170 SMC3 0:56:20.3 -72:21:15 C 0.5 0.5 0.0 1
H86-171 SMC3 0:56:39.3 -72:13:03 C 0.55 0.35 0.0 1
H86-175 SMC3 0:57:50.3 -72:26:25 C 0.4 0.4 8.0 1
H86-179 SMC3 0:57:57.0 -72:26:42 C 0.4 0.35 7.5 1
H86-181 SMC3 0:58:19.0 -72:17:57 C 0.65 0.65 7.6 2
H86-183 SMC3 0:58:33.5 -72:16:50 C 0.55 0.55 7.65 2

L56 SMC3 0:57:30.2 -72:15:51 C 0.95 0.95 7.63 3
NGC306 SMC3 0:54:15.0 -72:14:29 C 1.1 1.1 7.7 3
NGC330 SMC3 0:56:18.7 -72:27:48 C 2.8 2.5 7.63 3

B47 SMC4 0:48:33.0 -73:18:25 C 1.0 1.0 9.11 3

B48 SMC4 0:48:37.0 -73:24:53 CA 1.3 1.1 7.7 1

B50 SMC4 0:49:02.5 -73:21:57 C 0.55 0.55 7.0 1

B53 SMC4 0:50:03.7 -73:22:57 C 0.95 0.95 8.27 1

B54 SMC4 0:50:28.4 -73:12:11 C 0.65 0.65 8.2 3

B55 SMC4 0:50:22.1 -73:23:13 C 0.7 0.6 8.21 3

B56 SMC4 0:50:54.9 -73:12:06 C 0.45 0.45 7.75 1

B60 SMC4 0:51:41.5 -73:13:39 CN 0.95 0.75 7.9 1
BS251 SMC4 0:51:25.9 -73:17:08 CA 0.4 0.35 8.1 0
BS38 SMC4 0:48:23.2 -73:19:42 CN 0.4 0.2 0.0 0
BS39 SMC4 0:50:12.0 -73:20:53 C 0.45 0.4 7.5 1
BS42 SMC4 0:49:16.0 -73:14:57 CN 1.0 1.0 7.15 0
BS43 SMC4 0:49:16.0 -73:22:11 CA 1.1 0.8 6.8 1

BS43nw SMC4  0:49:17.8 -73:22:20 CA 0.65 0.55 0.0 3
BS43se SMC4 0:49:13.8 -73:22:03 C 0.7 0.55 0.0 0

BS48 SMC4 0:50:42.0 -73:23:49 CA 0.85 0.55 8.0 0
BS54 SMC4  0:52:08.3 -73:19:00 CA 0.55 0.5 6.7 1
CVH2 SMC4 0:49:02.9 -73:14:37 CA 2.9 2.9 7.4 1
CVH3 SMC4 0:51:09.3 -73:22:05 CA 1.9 1.9 8.2 1
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H86-149 SMC5  0:54:16.2 -72:31:11 C 0.55 0.45 8.8 0
SOGLE220 SMC5 0:55:14.1 -72:36:04 C 0.35 0.35 9.0 1
B59 SMC6 0:51:43.7 -72:50:27  CN 0.8 0.6 8.1 3
B66 SMC6  0:52:47.3 -72:47:44 C 0.6 0.45 8.6 1
B71 SMC6 0:53:18.0 -72:46:00 C 0.85 0.85 7.4 2
BS253 SMC6 0:52:14.9 -72:45:58 CA 0.6 0.4 7.1 1
BS254 SMC6  0:52:51.7 -72:44:11 C 0.5 0.4 7.15 0
BS256 SMC6 0:53:16.8 -72:44:03 C 0.5 0.45 7.78 0
BS69 SMC6 0:53:55.5 -72:51:25  CA 0.35 0.35 8.8 1
BS72 SMC6 0:54:10.6 -72:52:03 CA 0.75 0.6 8.8 1
H86-114 SMC6 0:50:34.1 -72:39:03 C 0.75 0.65 8.2 1
H86-128 SMC6 0:52:02.8 -72:49:05 C 0.55 0.55 8.3 1
H86-133 SMC6  0:52:33.2 -72:40:49 C 0.75 0.75 7.4 1
H86-137 SMC6  0:52:33.0 -72:40:50 C 0.9 0.9 0.0 1
H86-139 SMC6  0:53:08.4 -72:49:58 C 0.35 0.3 0.0 0
H86-140 SMC6 0:53:08.1 -72:49:59 C 0.45 0.4 7.8 0
H86-143 SMC6 0:53:31.0 -72:40:04 C 0.8 0.8 7.8 1
H86-147 SMC6  0:53:49.0 -72:53:43 C 1.2 1.2 8.53 1
H86-148 SMC6  0:53:53.1 -72:40:22 C 0.5 0.5 8.8 1
H86-158 SMC6  0:55:08.5 -72:48:40 C 0.5 0.5 7.6 1
H86-159 SMC6 0:55:11.9  -72:40:58 C 0.5 0.4 9.0 1
H86-160 SMC6  0:55:20.5 -72:40:30 C 0.4 0.4 0.0 0
L41 SMC6 0:50:55.8 -72:43:35 C 0.65 0.65 8.1 3

According to our criteria, out of the 108 objects from the catalogue of Bica et al. [2020]
that are located in our fields, 47 are of class 0, 38 of class 1, 8 of class 2 and only 15 are of
class 3. The list of all 108 objects is presented in Table 2. Col.1 gives the name of the cluster,
Col.2 the field in which the cluster is located, Cols 3 4 the J2000 coordinates of the cluster
centre, Col.5 the cluster classification in Bica et al. [2020], Cols 6 7 the extent of the cluster
along the minor and major axes respectively, Col.8 the age of the cluster and finally Col. 9 our
classification of the cluster. From the 47 objects of class 0, 18 originate from the new catalogue
of Piatti et al. [2016], which includes star clusters that were identified on near infrared images
and are hardly recognizable in optical data. If we exclude these clusters, the number of class 0
objects is 29, i.e. 37% of the objects that have been characterized as C/CA/CN by Bica et al.
[2020]. More specifically, of these 29 objects, 15 have been characterized as "C”, 9 objects as
"CA” and 5 objects as "CN”. In the top panel of Fig. 60 we show the spatial distribution of
the objects of classes 3, 2 as blue circles and of classes 1, 0 as red circles, in the four fields
studied. Fig. 61 shows the distributions of the radii (left panel) and of the ages (right panel)
of the 108 objects from the catalogue of Bica et al. [2020], The red bins correspond to class
1,2, and 3, and blue corresponds to class 0.

Using the same criteria, we also classified the 179 objects of Bitsakis et al. [2018] that lie
in our fields. Of these, 11 are of class 3 (6.1%), 3 of class 2 (1.7%), 8 of class 1 (4.4%) and
157 of class 0 (87.7%). All clusters of class 3 and 2 are known clusters, except for one object
of class 2 which is new. The spatial distribution of the candidate star clusters from Bitsakis
et al. [2018] located in our fields is shown on the bottom panel of Fig. 60. The red circles are
classes 0, 1 and the blue circles are classes 2, 3. The radii of the circles are the suggested radii
of clusters given by the authors.

Another useful diagnostic for classifying apparent overdensities as likely star clusters is
based on a comparison between the magnitude and colour distributions of stars lying along the
MS of the candidate cluster and corresponding field regions. In Fig. 62 we show examples for
two objects, B55 and BS259. Three diagrams are shown for each cluster: The CMD, where
stars in the cluster area are denoted with blue points, while stars in the field area with red
points; a histogram of the distribution of the B-magnitude of stars along the MS, shown on
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Figure 53: Clusters of all three classes, NGC306, B55, BS39, H86-128, H86-170, BS254, H86-
166, BS259, as seen on IMACS B images. The blue circle has a radius equal to the published
radius (major axis).
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Figure 54: The radial profiles of NGC306, B55, BS39, H86-128, H86-170, BS254, H86-166, and
BS259. The blue line is the best fit of a King empirical profile. The red lines indicate the three
sigma range (+£30) around the average background surface density.
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Figure 55: CMDs of star clusters NGC306, B55, BS39, H86-128, H86-170, BS254, H86-166,
BS259 (blue points) and of background (red stars).
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Figure 56: colour density maps of the CMDs of NGC306.
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Figure 57: colour density maps of the CMDs of B55.
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Figure 59: colour density maps of the CMDs of BS259
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Figure 60: Spatial distribution of the stars clusters from the catalog of Bica et al. [2020] top
panel and from the catalogue of Bitsakis et al. [2018] bottom panel. The blue circles have been
classified as classes 3, 2 and the red circles as classes 1, 0.
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Figure 61: Comparison of radius and age distribution of star clusters classO, with all clusters
of the catalog of Bica et al. [2020]

the left of each CMD, with the blue line corresponding to the cluster region, and the red to the
field region; and finally, a histogram of the distribution of B-I colours of MS stars in the cluster
(blue) and field (red) regions. The comparison between the ”blue” and ”red” distributions, i.e.
between cluster and field, is performed using the Kolmogorov-Smirnov 2-sample test (K-S).
The null hypothesis is that the two distributions (cluster and field) are drawn from the same
population. This is rejected if the p-value is less than the predefined significance level, e.g. 0.05.
P-values derived from the comparison between the cluster and field B-magnitude distributions
are symbolised with pl while the p-values derived for the B — I colour distributions with p2.
In Fig. 63 we plot the resulting —logp2 versus —logpl values for different clsses of candidate
clusters: on the top left we show the distribution of class 0 and 1 objects in red and class 2 and
3 objects in green, while on the top right, we only show class 0 (red) and class 3 (green) objects.
It can be clearly seen that for the great majority of class 2 and 3 objects, the hypothesis that
the cluster and field come from the same population is rejected with very high confidence (even
higher for class 3). There are few exceptions, corresponding to cases with very small numbers
of stars on the MS. Therefore, the —logp2 versus —logpl diagram can be used as a diagnostic
to confirm or otherwise the classification of an object as a star cluster. The size of the sample
of stars used is crucial. The bottom two panels of Fig. 63 show the same plots when the sample
size is larger than 300.

We also investigated automatic algorithms to identify star clusters. Schmeja [2011] pre-
sented a comparison between four such algorithms, testing them with artificial star clusters
of different sizes and morphologies. The algorithms tested were (i) stellar density mapping,
(ii) the Nearest Neighbour algorithm, (iii) the Voronoi Tessellation and (iv) the the Minimum
Spanning Trees algorithm. While distinct, centrally concentrated, clusters were detected by all
methods, clusters with low density or highly hierarchical structure were only reliably detected
by methods with inherent smoothing (star counts and nearest neighbour method). It was also
noted that the algorithms differed strongly in computation time and additional parameters
they provided.

The first algorithm that we employed for star cluster identification was Friend of Friend
(FoF). The code used was developed by P. Drazinos (Drazinos et al. 2013) and searches for
pairs of objects that are closer than a cut off distance limit. The main aim of the method is to
apply an objective criterion to the stellar structure identification process. Two stars belong to
the same group only if they lie at a distance less or equal to a predefined value of search radius.
The algorithm was applied to IMACS data, but due to the gaps in the spatial distribution
(in the regions between CCDs; this problem was only partially rectified by dithering, during
the observations, leaving lower sensitivity strips between CCDs in any observed field), the FoF
code did not render reliable results. The code provided a large number of candidate clusters,
with the great majority being false positives. The problem persisted over a wide range of values
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Figure 62: Histograms of the MN stars of the magnitude B and colour of clusters B55, BS259.
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Figure 63: Diagram of the p values of two sample K-S test of the distribution of the magnitude
B and colour B-I.The K-S test was applied to the populations of cluster’s area and background
MS'’s stars. Bica et al. [2020]

tested for the various parameters used in the algorithm, such as linking length and minimum
group size. We also used supervised machine learning, trained on known clusters in one sub-
field, to classify candidates automatically identified in the rest of the area. This method also
failed to satisfactorily flag false positives.

The second method we tested was ”Density-based Spatial Clustering of Applications with
Noise” (DBSCAN). DBSCAN is a well-known data clustering algorithm that is commonly
used in data mining and machine learning (Zari et al. 2019, Price-Jones and Bovy 2019).
It is a non-parametric algorithm based on density: given a set of points in some space, it
groups together points that are closely packed together (points with many nearby neighbors),
marking as outliers points that lie alone in low-density regions (whose nearest neighbors are
too far away). DBSCAN is one of the most commonly used clustering algorithms and also
most cited in the scientific literature.

DBSCAN clustering depends on 2 parameters:” MinPts” that represents the minimum num-
ber of core points and ”eps” that represents the radius of a circle where MinPts are to be
found. It is clear that when increasing MinPts one gets fewer but denser clusters, while omit-
ting smaller ones. The initial value assigned to "MinPts” was 25, i.e. a cluster will have at
least 25 stars, usually many more than that. As with FoF, we performed additional runs with
more (and fewer) MinPts in order to check our assumptions and understand the algorithm’s
capacity to capture star clusters more effectively. As far as the optimization of the eps pa-
rameter is concerned, we calculated the kNN (k nearest neighbors) distances for a given k,
where k=MinPts. The kNN distance plot (see left panel of Fig. 64) is useful in general since
it provides the density distribution of the dataset. From this plot we can find a suggested
value for the distance parameter eps from the maximum curvature or the point where a sharp
change occurs (like "knee”). There might be none, one or more than one “knees” in general;
this depends on our data. In the dataset we had available, the distribution of distances using
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the kNN method was clear enough allowing us to select an optimal eps. Using this algorithm
we can identify (see right panel of Fig. 64) all clusters of class 3 and almost all of class 2
(except one in field SMC5). We can conclude here that the DBSCAN algorithm confirms the
classification resulting from the use of the three criteria described above. The combined use
of the two methods is a very useful tool for the discovery and verification of star clusters.
Although star clusters of the class 1 are not discovered by the DBSCAN algorithm, some of
them are not rejected by all three criteria. A full analysis and description of these results will
be presented in detail in Strantzalis et al. (2021, in preparation).

25-NN distance
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Figure 64: Left Panel: knn diagram for field SMC5, We use a range of values of the eps
(dashed lines) to select the value of eps. From the red line and upper there are many false
positive objects, so we choose a value before (eps=31).Right Panel: Candidate cluster locations
using DBSCAN for SMC5. The quality class of the cluster 0,1,2,3 appear at the location of
each cluster. The orange-coloured patches indicate the location of the DBSCAN candidate
overdensities.
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8 X-ray sources in the SMC

High-mass X-ray binaries (HMXBs) are binary stellar systems consisting of a massive, early-
type donor star (of O or B spectral type) and a compact object (which can be a neutron star
or a stellar black hole), which is the accretor. Mass loss can occur either via the donor’s stellar
wind (in the case of supergiants) or via a circumstellar disc created from equatorial mass loss
(forming a decretion disk) of the rapidly rotating Be stars. In the first case the HMXB is
of the sgXRB type and in the second case of the BeXRB type. In BeXRBs the donor is a
non-supergiant O or B star and the accretor is usually a pulsar. Depending on the mass of the
decretion disk and the system’s orbital parameters, the X-ray emission can be persistent or
variable,on timescales of days up to several months. Most BeXRB are variable sources, with
X-ray fluxes that can reach up to ~ 1038ergs—!. BeXRBs are identified as variable or transient
X-Ray sources, with an optical counterpart that is an early type non-supergiant massive star
of O or B type that shows (or has shown in the past) Balmer emission.

The SMC is known to contain a large number of HMXRBs (e.g. Townsend et al. 2011,
Haberl and Sturm 2016, Antoniou et al. 2010). The great majority of the SMC HMXBs are of
the BeXRB type (Coe et al. 2005), many more per unit stellar mass than in the LMC, or in
the Milky Way (McBride et al. 2008, Yokogawa et al. 2003). This high incidence of BeXRBs is
probably connected to the star formation history of the SMC (Antoniou et al. 2009, Antoniou
et al. 2010), as well as its low metallicity McBride et al. [2008].

The Deep Chandra X-ray Visionary Project (XVP) is a survey of 11 selected SMC regions
that are known to contain young (<100 Myr) stellar populations of different ages. The X-ray
exposures are of 100 ks in order to reach limiting fluxes well within the regime of X-ray emission
from quiescent XRBs (1032ergs—1!) and in this way to obtain as complete a picture as possible
of the HMXB populations of the SMC. These observations were performed from December
2012 to February 2014, utilizing the Chandra ACIS-Imaging mode. Additionally, there are 3
archival observations reaching the same depth (exposure time of 100 ks). Two of these fields
(PI A. Zezas; observed in 2006) overlap partially with fields from the XVP survey, and the
third is centered on the star cluster NGC346 (PI M. Corcoran; observed in 2001), (Antoniou
et al. 2019).

The spatial distribution of the observed fields of the XVP survey is shown in Fig.65 overlaid
on a Magellanic Cloud Emission Survey (MCELS) Ha image. The colour of each field corre-
sponds to the age of its younger stellar population as derived by Harris and Zaritsky [2004]
(orange: 11 Myr, blue: 34 Myr, cyan: 42 Myr, magenta: 67 Myr) except for three fields that
have two distinct stellar populations: DF11 (red: 7 Myr and 42 Myr), DF02A (green: 42 Myr
and 167.9 Myr) and NGC346 (maroon: 5 Myr and 42 Myr). The final catalogue presented by
Antoniou et al. [2019] contained 2393 X-ray sources down to a limiting flux of 2.6x10~'%erg
em? s in the full (0.5-8.0keV) band (50% complete at 7.94x10%erg cm 2s !). The spatial
distribution of the sources is shown on a Spitzer-MIPS 24, map in Fig. 66.The four IMACS
fileds are indicated with white circles.

A subset of the catalogued sources are expected to be HMXRBs. To identify candidate
HMXBs, we cross-correlated the X-ray source catalogue of Antoniou et al. [2019] with the
IMACS photometric catalogue. Because of the relatively large positional errors of the X-ray
sources and the relatively large surface stellar number density particularly in the inner regions of
the SMC, false correlations are likely. Therefore, to interpret the results of the cross-correlation
it is important to first calculate statistical tables of chance coincidence in different regions of
the CMD. We followed a procedure similar to that presented in Antoniou et al. [2010] and in
Antoniou and Zezas [2016]. The CMD was divided in colour-magnitude cells. For each cell, we
calculated the ”chance coincidence”, i.e. the probability to detect one or more optical matches
(inside the specified cell) to a X-ray source, within a search radius determined by the positional
uncertainty. To this purpose a code was written in Python (see Appendix) that simulates 100
random samples of X-ray sources by applying to the position of each source a random offset
in RA and DEC. The new position of X-ray source had to be outside the search radius, while
the maximum offset was limited in order to avoid regions with different stellar density. Fig. 67
shows the grid of cells used. The cell size is not constant but depends on the number of stars.
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Figure 65: The 14 Chandra fields analyzed by Antoniou et al. [2019]. The colour of each box is
related with the age of stellar population.The figure is reproduced from Antoniou et al. [2019].

So the cells are larger in sparse areas of the CMD. For example, in a high stellar density region
of the CMD the cell size is 0.5 mag in magnitude (B) and 0.5 mag in colour (B-I). In lower
density regions the cell size is 1 mag in B and 1 mag in B-I.

We cross-correlated the original catalogue of X-ray sources, as well as the one with offset
positions as described above (this procedure was repeated 100 times, so 100 tables with offset
positions were created), with the optical catalogue of stars from IMACS, using three different
search radii for the cross-matching, 1, 2, or 3 arcsec. It is noted that 13% of the 2393 X-ray
sources have positional errors larger than 3 arcsec, and 26% larger than 2 arcsec. The resulting
chance coincidence probabilities in the various CMD cells for different search radii are displayed
in Fig. 68. Each chance coincidence probability value is followed by the standard error derived
from the different values obtained for the 100 iterations.

As expected, the chance coincidence probability is higher for regions of the CMD with
high stellar density, and increases with increasing search radius. For example, the chance
coincidence for a search radius of 1 arcsec is 4.7% for a stars with 0<(B-I1)<0.5 and 20<B<21.
This probability drops to 1.6% for stars with 0<(B-1)<0.5 and 19<B<20, a region on the CMD
with lower stellar number density. As also noted by Antoniou et al. [2019] cross matches with
brighter main sequence stars have lower chance coincidence, which means that the brightest
match for X-ray sources with multiple matches is the most likely optical counterpart.

Antoniou et al. [2019] have published a catalogue of HMXB candidates that resulted from
a cross correlation of the XVP X-ray source catalogue with the OGLE III catalogue of stars in
the SMC (Udalski et al. 2008). The radius used for the cross-correlation was set equal to the
positional error. Sources with an optical counterpart within the OB-star locus on the CMD
(according to the spectroscopic catalogue of Bonanos et al. 2010) were considered to be HMXB
candidates (see also Antoniou et al. [2010], Antoniou and Zezas [2016]). The locus of BeXRBs
on the CMD is extended to redder colours to account for the circumstellar disk absorption.
The final catalogue of candidate HMXRBs presented by Antoniou et al. [2019] contained 123
objects, 92 of which lie in the IMACS fields studied here.

Leveraging on the high photometric quality of the IMACS data, we revisited the identifica-
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Figure 66: Spatial distribution of the X-ray sources in the SMC (overlayed on a Spitzer 24um
image).The white circles indicate the four IMACS fields analysed in this thesis.
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Figure 67: Example of CMD grid used for the calculation of chance coincidence probabilities.
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Figure 68: Chance coincidence probabilities and corresponding standard errors calculated for
each colour-magnitude cell, for three different search radii (top panel, for a search radius of 1
arcsec, middle for 2 arcsec, and bottom for three arcsec).
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Figure 69: Candidates Bes stars for different search radius (left upper panel 1 sigma, right

upper panel 2 sigma, lower panel 3 sigma) on the CMD. For our study take into account only
candidates for magnitudes Bleq18mag.
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Figure 70: Xray sources it seems to be related with galaxy emission.

tion of HMXBs in the SMC based on the XVP survey. Following the procedures described in
Antoniou et al. [2019], we cross correlated the catalogue of the 960 X-ray sources that are lo-
cated in the four IMACS fields with the IMACS photometric catalogue. As candidate HMXBs
we considered objects with counterparts with B < 18 mag, I < 18 and —0.7 < B —I < 0.9
mag. This is the "extended” O, B, Oe, Be star region as defined in Antoniou et al. [2019]. The
results are shown in Fig. 69 for various search radii. As previously mentioned if there is more
than one optical counterpart to an X-ray source, the star with the lower chance coincidence
is retained as a possible match. The search radius is 1,2 or 3 times the positional error. In
the first case (top left panel), we recovered all candidates in Antoniou et al. [2019] (it is noted
however that in this paper a larger search radius was used) and discovered 4 new candidates.
For a search radius of two sigma (top right panel) we found 17 new candidates and for a search
radius of three sigma (bottom panel) we found 85 new candidates. The candidates from the
catalogue of Antoniou et al. [2019] are marked with red.

Antoniou et al. [2019] correlated the incidence of BeXRBs with star formation rate at differ-
ent ages, and estimated the efficiency of BeXRB formation as a function of age. They found that
the BeXRB formation efficiency increases as a function of look back time up to ~ 40 — 60Myr
ago. They also estimated the BeXRB formation peak to be at ~ 30 — 40Myr with an av-
erage formation rate of N(HMXB)/SFR = 339_g37 (Mg /yr)~! and N(HMXB)/M, =
8.74_1079921075(Mg /yr)~!. These estimates can be revised using the new results presented
here. For a search radius of one sigma, we have 4 new candidates, which need to be added to the
94 objects that are located within our fields from the sample of Antoniou et al. [2019], leading to
an increase of ~ 4.2%. For a search radius of two sigma, there are 17 new candidates (increase
of ~ 18%) so the new rates need to be modified as follows: N(HM X B)/SFR ~ 400(Mg /yr)~*
and N(HM X B)/M, ~ 10M;". A full analysis and more detailed calculations of the formation
efficiency of BeXRBs will be presented in Strantzalis et al. (2021).

Many authors have presented candidate HMXBs or BeXRBs of the SMC. Using light curves
of about 2 million stars Mennickent et al. [2002] found a sample of ~1000 candidates. Liu et al.
[2005] presented a catalogue of 128 HMXBs and Haberl and Sturm [2016] merged previous lists
and represented a catalogue of 148 confirmed and candidate HMXBs. We compared our new
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candidates with these earlier catalogues and found that for 1 sigma search radius we do not
have any new candidates, for two sigma we have 9 new candidates and for 3 sigma we have 70
new candidates.

A large percentage of the X-ray sources in the direction of the SMC are expected to be active
galactic nuclei. Using the very high resolution images of the HST it is possible distinguish stars
from AGNs. From the sample of 960 X-ray sources which are located in the fields studied,
193 have been imaged with the HST. We found 11 sources, i.e. 5.7%, that have a galaxy
within the positional error of the X-ray source. From this sample of 11 galaxies, 7 have
IMACS photometry. The location of the 7 galaxies on the CMD is shown in Fig. 70. They
are generally red objects and fainter than 20 mag (in B). Assuming that the sample of sources
with HST imaging is representative, we estimate that from the 2293 sources, about 140 could
be associated with a galaxy. This is only a lower limit, as there are AGN that cannot be
distinguished even with the HST.

In conclusion, we developed new tables of chance coincidence for the CMD of the SMC
using deep photometric data of IMACS. Using the catalogue of the X-ray sources by Antoniou
et al. [2019], we found new candidate HMXBs in the SMC. We also estimated a lower limit of
the number of galaxies (AGN) that are expected in the sample of X-ray sources.
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