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ABSTRACT

Surveys in the Milky Way and Large Magellanic Cloud have revealed that the majority of massive stars will interact with compan-
ions during their lives. However, knowledge of the binary properties of massive stars at low metallicity, and therefore in conditions
approaching those of the Early Universe, remain sparse. We present the Binarity at LOw Metallicity (BLOeM) campaign, an ESO
large programme designed to obtain 25 epochs of spectroscopy for 929 massive stars in the Small Magellanic Cloud, allowing us
to probe multiplicity in the lowest-metallicity conditions to date £ 0:2Z ). BLOeM will provide (i) the binary fraction, (ii) the

orbital con gurations of systems with periods Bf. 3yr, (iii) dormant black-hole binary candidates (OB+BH), and (iv) a legacy
database of physical parameters of massive stars at low metallicity. Main sequence (OB-type) and evolved (OBAF-type) massive stars
are observed with the LR02 setup of theRAFFE instrument of the Very Large Telescope (3960-4570 A resolving pBwe620Q

typical signal-to-noise ratio(S/N)70-100). This paper utilises the rst nine epochs obtained over a three-month time period. We
describe the survey and data reduction, perform a spectral classi cation of the stacked spectra, and construct a Hertzsprung-Russell
diagram of the sample via spectral-type and photometric calibrations. Our detailed classi cation reveals that the sample covers spectral
types from O4 to F5, spanning the effective temperature and luminosity rérgesT, kK . 45and3:7 < logL=L < 6:1 and

initial masses oB. M;,; . 80M . The sample comprises 159 O-type stars, 331 early B-type (B0-3) dwarfs and giants (luminosity
classes V-IlII), 303 early B-type supergiants (lI-1), and 136 late-type BAF supergiants. At least 82 stars are OBe stars: 20 O-type and
62 B-type (13% and 11% of the respective samples). In addition, the sample includes 4 high-mass X-ray binaries, 3 stars resembling
luminous blue variables, 2 bloated stripped-star candidates, 2 candidate magnetic stars, and 74 eclipsing binaries.

Key words.  binaries: general — binaries: spectroscopic — stars: massive — Magellanic Clouds

1. Introduction Abt 1983 Kobulnicky & Fryer 2007 Mason et al. 2009Sana
. ) , et al. 2012 2014 Bordier et al. 202% over 50% of massive

Massive stars Nlii & 8M ), typically classied as OB-type stars are expected to interact with a companion during their life-
stars on the main sequence, play an _mcreasmgly importgpfe (Sana et al. 2012013 Stegmann et al. 202Dffner et al.
_role in modern gstrophysms, W.Ith .dlrect links to stellar dynarrko% Kummer et al. 2028 Such interactions dramatically alter
ics, steI_Iar transients, and gravitational-wave (GW) astrophysigss evolutionary paths and nal fates of massive stars, result-
(Portegies Zwart & Verbunt 1996Langer 2012 Woosley g in a plethora of astronomical phenomena such as stripped
2017, Wang et al. 2020 Marchant & Bodensteiner 2024 pgliym stars and Wolf-Rayet (WR) staRa(czyiski 1967 Shenar
Spectroscopic and |nterferome'gr|c surveys in the Milky Way; 5. 2016 Gétberg et al. 2018Pauli et al. 2022aDrout et al.
(MW) and the Large Magellanic Cloud (LMC) have showryg23 rapidly rotating stars with decretion disks (OBe st&@as
that stellar multiplicity is common among massive stars (e.g; a. 1991 Rivinius et al. 2013de Mink et al. 2013 Wang

7 Based on observations collected at the European Southern ObseRla@l- 2017 Bodensteiner et al. 202@ritavskiy et al. 2023

tory under ESO program 1D 112.25W2. Renzo & Gotberg 2021 stellar mergers and magnetic stars
?? Corresponding authotshenar@tau.ac.il (Ferrario et al. 2009de Mink et al. 2014Schneider et al. 2019
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Shenar et al. 2023F-rost et al. 2024single-degenerate binarieswith the LMC about 100-150 Myr ago (e.givick et al. 2019.
and high-mass X-ray binarie€¢rral-Santana et al. 2018henar While galaxies of lower metal content exist in the Local Group
et al. 2022aMahy et al. 2022, and GW sourcesdé Mink & (e.g. Sextans ASkillman et al. 1989Lorenzo et al. 2022 eo P,
Mandel 2016 Marchant et al. 20%6Tauris et al. 201/Mandel & McQuinn et al. 2015Evans et al. 2019Telford et al. 2023 the
Broekgaarden 202Mandel & Farmer 2022 SMC is the only galaxy in which a large sample of massive stars
Of special interest is massive-star research in low-metallicitit low Z can currently be resolved and spectroscopically moni-
(low Z) environments, which re ect the conditions prevalentored with suf cient spectral resolution and signal-to-noise ratio
in the distant Universe. An increasing number of transient6S/N). Previous or ongoing surveys addressed aspects related to
such as long-duration-ray bursts (LGRBs;Yoon & Langer the SMC massive-star contentdumphreys & McElroy 1984
2005 Woosley & Heger 200K superluminous supernovae (SNeEvans et al. 200420068 Martayan et al. 20Q7Schootemeijer
Quimby et al. 2011Gal-Yam 2012, broad-lined type Ic super- et al. 202}, stellar winds and mass-losRgmachandran et al.
novae Modjaz et al. 2008 and pair-instability SNeRarkat etal. 2019 Vink et al. 2023, and runaway status (RIOTS4amb et al.
1967 Fryer et al. 2001Langer et al. 200;/ANoosley 2017Farmer 2016, but multiplicity has been largely neglected beyond analy-
et al. 2019, are thought to be associated mainly or exclusivelges of selected eclipsing binarigsilflitch et al. 2009, clusters
with low-Z conditions. Similarly, the bulk of black-hole (BH) (Dufton et al. 2019 Bodensteiner et al. 20@1and individual
mergers observed with the LIGO-Virgo-KAGRA collaboratiorobjects of interest (e.dRauli et al. 2022h Moe & Di Stefano
are thought to originate in low-metallicity conditionflbott (2013 investigated the frequency of eclipsing massive binaries
et al. 2016 Giacobbo et al. 201&lencki et al. 2018. among B-type stars in the SMC, LMC, and MW, and found no
Modern investigations expose de ciencies in our understandigni cant differences between the populations. However, their
ing of massive stars at loviZ. For example, the rates andstudy was limited to the period range. 20d, and is generally
mass distribution of BH mergers defy original expectationgias-dominated given the small fraction of eclipsing binaries.
(Broekgaarden et al. 202Mandel & Broekgaarden 202%an There is no further information available regarding multiplicity
Son et al. 202R and observables such as the rate of LGRHa the SMC.
(Graham & Fruchter 2037Chen et al. 20l)7and the fraction The need to establish the multiplicity of massive stars at
of OBe stars and Be X-ray binariesigdberl & Sturm 2016 low Z is not the only reason to monitor massive stars in the
Schootemeijer et al. 2022s a function ofZ are not repro- SMC. Recent spectroscopic monitoring of massive stars in the
duced by contemporary modelSraham & Fruchter 201Chen MW (Mahy et al. 2022 and the LMC Ghenar et al. 20224)
et al. 2017 Hastings et al. 2031 Such discrepancies are likelyuncovered the “tip of the iceberg' of a new population of mas-
related to insuf cient knowledge of massive-star evolution at lowive single-degenerate binaries: X-ray dormant OB+BH binaries
Z, or to a false extrapolation of the initial conditions of masfe.g.Giesers et al. 2038Such binaries yield precious constraints
sive stars (e.g. binary fraction, orbital con gurations) to Idw on core-collapse mechanisms and the presence of SN explosions
The recent detection of238M BH with a low-metallicity com- and possible natal kicks during the collapse into BMg#bel &
panion throughGaia astrometry provides additional evidenceRodrigues 2003Renzo et al. 20%1%Atri et al. 2019 Langer et al.
suggesting that lov environments are crucial for the formation202Q Banagiri et al. 2028 For exampleVigna-Gomez et al.
of massive BHsGaia Collaboration 2024 (2024 recently used the dormant OB+BH binary VFTS 243 to
While it has been shown that the binary properties aferive a natal kick of 4 krs * and an ejection of 0.8 neutrino
solar-type stars can depend on natal metallicity, this remainsrass during the collapse of the progenitor. Thaia mission
prediction for massive star&Kfoupa 2001 Saigo et al. 2004 will likely uncover dozens more OB+BH binaries in the MW
Machida 2008Marks et al. 2012Moe et al. 2019Price-Whelan via high-precision astrometryMashian & Loeb 2017Breivik
et al. 2020. To mitigate this, we need spectroscopic monitoringt al. 2017 Janssens et al. 2022023, though so far only low-
surveys of massive-star populations at diffefBr@gnvironments mass stars with BH companions have been discovéieB&dry
sensitive to the regime of binary interactions (i.e. orbital peret al. 2023kg; Chakrabarti et al. 2023 hahaf et al. 20235aia
0ods0 . log;o(P=d) . 3). A notable spectroscopic campaign inCollaboration 202}4 The formation scenarios of these objects
this context was the VLT-FLAMES Tarantula Survey (VFTSare still debated, and it is possible that they originate from
Pl Evans), which monitored about 1000 massive stars in tdgnamical captures, making them less useful for constraints on
Tarantula nebula of the LMCHyans et al. 2031 which has a SN physics Rastello et al. 2023El-Badry 2024 Marin Pina
metallicity of 0:5Z . The VFTS survey yielded a comparableet al. 2024. In any caseGaia will not uncover extragalactic
intrinsic binary fraction for OB-type stars in the LMC (50-60%0B+BH binaries. Finding the rst dormant OB+BH binaries in
Sana et al. 201D unstall et al. 201pto that observed in different the SMC via spectroscopic monitoring of massive stars has the
Galactic environments (50-70%, e3pna et al. 201Ximinki  potential to yield unprecedented constraints on BH formation
& Kobulnicky 2012 Banyard et al. 2022Guo et al. 202R The atlowZ.
follow-up Tarantula Massive Binary Monitoring (TMBM; PI: Finally, binary monitoring provides a crucial testbed for
Sana) and B-type Binary Characterisation (BBC; PI: Taylor) pr@ingle-star models. Eclipsing binaries enable the determina-
grammes also revealed an overall similar distribution of orbitéion of accurate stellar masses and radiilditch et al. 2005
parameters and mass ratios to Galactic sampieadida et al. Torres et al. 201,0Mahy et al. 2020a Moreover, well-separated
2017 Villasefior et al. 2021Shenar et al. 2022kMahy et al. binaries are less likely to have been affected by binary inter-
2020h. However, the LMC metallicity only differs by a factor of action, and hence provide a more solid basis for benchmarking
2 from that of the MW. endeavours of single-star modette(Mink et al. 201
The Small Magellanic Cloud (SMC) is a neighbouring dwarf Motivated by these objectives, we initiated a novel spec-
galaxy withZ 0:2Z (Hunter et al. 200ylocated about 62 kpc troscopic monitoring survey of a large population of massive
from Earth Graczyk et al. 2020 hosting thousands of mas-stars in the SMC. The Binarity at LOw Metallicity (BLOeM)
sive starstilumphreys & McElroy 198} It had a star-formation campaign is a European Southern Observatory (ESO) Large Pro-
peak10-40Myr ago (Antoniou et al. 201pRubele et al. 2015 gramme (PIl: Shenar, dPIl; Bodensteiner; ID: 112.25R7) sched-
Schootemeijer et al. 20@1potentially triggered by a collision uled for 2023-2025. Relying on 116 h of observing time with
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; ' ' ' ' proper motion ( = 0:695 0:240masyrtand = 1:206
714 L 1AM 4 0:140masyrt) following Yang et al.(2019 and Schootemeijer
8<MinifMe <14 et al.(202)).

We omitted the 12 known SMC Wolf-Rayet (WR) stars
(Neugent et al. 20)8rom the sample, because they have been
4 previously monitoredKoellmi et al. 2003Hainich et al. 2015
Shenar et al. 2016Schootemeijer et al. 2024 Finally, we
omitted potential red supergiants (RSGs) from the sample by
imposingGgp Ggrp < 1mag: due to the large radii of RSGs,

4 RSG binaries have periods that exceed a few years Ratgick
et al. 2019 Neugent et al. 2090and hence exceed the two-year
baseline of our programme.

To avoid crowding, we removed objects that hav&aia
4 source brighter tha = 19mag closer than 1% which corre-
sponds to the FLAMES bre size. We also explicitly excluded
stars within 38° of the centres of the dense SMC clusters
1 NGC 330 and NGC 346.

-738} g In an attempt to select only massive stars, we made use of an

{1 evolutionary track of M;,; = 8 M star (see Sech.4) computed

; T R e L i by Schootemeijer et a{2019 andHastings et al(2021) with the

< x 16 ; 4 2 4 Modules for Experiments in Stellar Astrophysics (MESA) stel-
al”] lar evolution code Raxton et al. 20112013 2015 2018 2019

Fig. 1. The eight FLAMES pointings marked on a density map of théermyn etal. 2023We convgarted the physical paramEters. along
underlyingGaia source catalogue of the SMC (with< 19mag) as a (€ frack to as-band magnitude anGgp Ggp colours using
function of right ascension § and declination () (darkest pixels cor- bolometric corrections taken from the MIST webpag®otter
respond to 900 stars). The green rings correspond to the FLAME®016 Choi et al. 2015 We adjusted the track on the colour—
FoVs, which are 2%in diameter. The 929 targets are shown as blue andagnitude diagram (CMD) by adopting a distance of 62 kpc
pink dots based on their estimated initial masses (see legend and tgxGraczyk et al. 2020) and assuming an average value for the red-
We note that the regions most den_sely populated with stars in the sm@ning of Egp rp = 0:14mag and extinction oAz = 0:28mag
(e.g. the bar) are not rich in massive stars, and hence only a few e'(@chootemeijer et al. 20p1We then only selected targets whose
were allocated there. CMD positions lie above this track before becoming a RSG
(effective temperaturé, > 6kK; see Fig2). This resulted in a
the Fibre Large Array Multi Element Spectrograph (FLAMESmassive-star catalogue of 5576 stars subject to the criteria above.
Pasquini et al. 20Q2of the Very Large Telescope (VLT), the We also made use of a MESA track computedNty; = 14M
survey is underway and assembling 25 epochs of spectroscépySchootemeijer et al2019 to divide the sample into stars
for 929 massive stars for a total baseline of two years (fowith M;;; & 14M (born as O-type stars) anill,; . 14M
semesters). The survey will enable a full characterisation of tiieorn as B-type stard) While massive stars are typically born
binary fraction and the orbital parameters of stars with orbitals OB-type on the main sequence, they can appear as OBAF
periods of up to a few years and with mass ratios of as low dfue/yellow supergiants after leaving the main sequence (in addi-
M>=M; 1=10; the discovery of dormant OB+BH binaries; andion to Wolf-Rayet stars and GMK red supergiants, which were
a complete analysis of the binary and single-star content of theitted from our survey, as described above). Hence, we can
sample. expect the spectral types of the sample stars to span the entire
This rst paper in the series provides an overview of th@BAF range.
sample and sample selection (S@yta description of the data  Our programme includes a total of eight FLAMES plate con-
reduction and quality (Se@), a detailed spectral classi cation gurations, each with a eld-of-view (FoV) of 25in diameter,
(Sect4), and a rst characterisation of the physical mass ranggithough the instrument setup ensures visibility of targets only
and evolutionary status of the sample stars ($gcfollowed by  within a 20 diameter (Figl). For each FLAMES plate con gu-
our main conclusions (Se@&). ration, 130GIRAFFE bres are available. We allocated 14 bres
for sky, leaving each eld with 116 science targets. The only
exception is eld 8, for which 13 sky bres and 117 science tar-
gets are available. This makes a total7of 116+ 117 = 929

The BLOeM sample (see Fifj) was selected from the thi@aia science targets.

data release catalogu&gia DR3, Gaia Collaboration 2023 To obtain a balanced sample of 929 science targets out of
The catalogue was retrieved from tkBaia database using a the 5576 available targets, we aimed to achie@ &and mag-
search radius o2:6 around the SMC centre [hrs]; [deg] = nitude distribution that is as homogeneous as possible, while
00:52:38, —72:48:01; epoch J2000). To achieve &/180 per Pprioritising the brightest and hence most massive stars, which
pixel (0.2 A spectral bin), only stars wite < 16:5mag were

retrieved. Foreground objects were ltered via two constraints. http://waps.cfa.harvard.edu/MIST/model_grids.html :

First, the parallax was required to be consistent with zErothe bolometric corrections were retrieved by tting a fth-order
within 5 , thatis = < 5. Second, the proper motions of thepolynomial to MIST values fologg = 3cms? andZ = 0:18Z .

stars were required to be consistent within 1&ith the SMC ® The threshold mass for O-type stars is typically takel@s for
the Galaxy (e.gMartins et al. 200k However, stars in the SMC are
1 Gaiais not sensitive enough to measure non-vanishing parallaxemre compact and hot at a xed mass (eGgorgy et al. 2018 such
within errors at the SMC distance. that this threshold is likely lower at 0.

=720

=726

601

=732 F

2. Sample selection
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Fig. 2. Completeness of the BLOeM dataset with respect to the undernyaig cataloguelLeft CMD showing the underlyingsaia catalogue
used to choose the BLOeM sample (black dots). Three evolution tracks compuSathdytemeijer et a(2019 andHastings et al(2021) with

the MESA stellar evolution code (see Seg#) for My, = 7:9, 13.8, and 2M are plotted. The tracks were adjusted to the SMC distance and
an average reddening and extinction (see text for details). BLOeM targets are encircled withlpkd ( & 14; born as O-type stars) and pink

(8. Mni=M . 14; born as B-type stars) circleRight: Magnitude distribution of the subsamples, along with completeness fractions for the two
subsamples with respect to the underlytbgia SMC catalogue.

are rarer. The target allocation was then followed via the two The nal sample of 929 targets is shown on a CMD in Fg.
steps described below. along with a magnitude histogram. We also show the complete-
First, the centre of a FLAMES pointing was chosen. Thaess fraction with respect to the underlying Si@@iacatalogue
choice of eld centre followed automatically by identifying theas a function of5-band magnitude. Of the 929 stars, and based
coordinate that encloses as many massive and bright stars as pasthe single-star tracks in Fig. 323 have initial masses of
sible within a circle of 28in diameter centred on that coordinateabove 14M (“born as O-type stars”) and 606 are below this
after removing stars which were already allocated in previowsass (‘born as B-type stars'). Evidently, the sample reaches a
eld allocations. Speci cally, the pointings were selected bycompleteness fraction &40%for the Mi,; & 14M subsample,
identifying the centre coordinates that result in the largest nurand&20%for the8 M . M, . 14M sample.
ber of stars withM;,; & 14M (see above) an® < 14:7 mag. The naming convention for the sample stars follows the for-
This resulted in elds 1-8 shown in Fid, which provide a good mat F-NNN, where F is the eld number (1-8), and NNN is the
coverage of the massive-star content of the SMC. We note thatget number (001-117), sorted by ascending right ascension per
while some of the elds overlap (e.g. 1 and 4), there is no overlapld.
between the allocated stars within each eld.
As a second step, for each plate con guration, targets within
a circle of 2@ in diameter were allocated to the available bres3. Observations and data reduction
starting from the brightest ones, while aiming to achieve a homo- . . .
geneous sampling across tBeband. Speci cally, we divided At the time of writing, 9 out of 25 epochs were obtained
the magnitude range 10-16.5mag into 15 bins, and aimedddfing the rst semester and were processed in the frame-
achieve homogeneous coverage across these bins, resulfing iWork of the BLOeM survey. The eld centres, along with the
8 stars per magnitude bin, per eld. This was not always possib¥JD values of the epochs acquired so far, are provided in
given the rarity of bright stars, and the smaller parameter ran bleA.1. ) _ o
of massive stars at lower magnitudes. As the nal bre allocation _1he data reduction was performed with th&kAFFE pipeline
depends on limitations related to the FLAMES bre positione®- 2-16.11 under the ESO CPL environment (v.3.13.5). Each
the remaining massive stars in each eld within a circle dfip5 €XPosure was split into two subexposures for a robust removal
diameter were taken as backup targets, with their priority sort@fcosmic rays (cosmics, Se8td). The data reduction itself con-
by brightness. sisted of four steps: blas and dark subtraction, at eld correction,
The nal bre allocation was then performed using ESO'sand waveler?gth- calibration. All spectra were resampled by the
Fibre Positioner Observation Support Software (FPOSS). TESO CPL pipeline to a constant wavelength step of 0.2A (see
majority of our input targets made it to the nal allocation,also Sect3.2) and science spectra were then sky-subtracted and
but the nal sample includes a few dozen backup targets. Skprrected for the barycentric motion. As a nal step, we resam-
bres were allocated to 14 bres in each eld (13 for eld 8) pled the individual spectra to a common wavelength grid and
selected from concentric rings around the eld centre where r@-added the spectra of individual targets to boost S/N in order
known Gaia source is located. Finally, guide stars were selectd@ improve spectral typing. The spectra have a spectral resolving
following requirements in the ESO FLAMES manual for cyclgpower ofR  6200and cover the spectral rang860-4570A,
P112. with a median S/N of70-100 per pixel and epoch; details are
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provided below. We provide further details below on speci émprovement and we decided to resort to the default resampling
aspects of the data reduction process of 0.2 A. The average spectral resolving power measured on the
ThAr lines across all epochsig= 6224 90.

Finally, we investigated the stability and consistency of the
individual dispersion solutions across the BLOeM dataset. We
The temporal sampling of the epochs is not strictly de ned apeci cally investigated the inter-epoch stability for given bres
priori in order to allow for suf cient scheduling exibility. We as well as the intra-epoch consistency across all bres of a given
insist on a minimum separation between each epoch of 1 d, angoch. For the rst one, which informs us about the temporal sta-
maximum of 20 d to ensure that all epochs are acquired withirbdity of the data, we cross-correlated the wavelength-calibrated
semester. The typical separations between the epochs used Ne#dr spectra of a given bre and eld with that of the same
acquired during September 2023 through December 2023, dvee and eld across all the epochs obtained so far. We found
days to weeks (see Tablel), for a total time baseline of 50— maximum peak-to-peak differences to be of 130 f swith
70d, depending on the eld. The fact that the acquisition wilk standard deviation of below 50 mts For the latter, which
take place across four semesters ensures that both short-scdfgms us about the consistency of the dispersion solution
and long-scale variability will be covered by the survey. As across the BLOeM data sets, we cross-correlated the ThAr spec-
multiplicity analysis is beyond the scope of the present paper, Wa of all bres for a given epoch and eld with one arbitrary
refrain from a complete characterisation and Fourier mapping BhAr spectrum ('bre #10) for the epoch under consideration.
the temporal sampling here. While the peak-to-peak and rms variations are slightly larger

(750 and 150 m ¢ in the worse case), they remain well within
] ] the speci cations of the instrument. For a few nights, no ThAr
3.2. Wavelength calibration calibration frame could be obtained in the morning following

We paid particular attention to the quality of the wavelengtH'e observations. In such cases, we use the frame closest in time,
solution. For FLAMESGIRAFFE, a reference ThAr calibration typically the one from the morning before. However, in eight
frame in the LRO2 setup is obtained at the end of an observifgSes We had to resort to ThAr calibration frames taken 30 to
night by illuminating each bre on a given plate with the light of40 h before of after observations of our targets. Nevertheless, no
a ThAr lamp. As a result, each bre of each epoch has its ovﬁpnceable_dlfferencg in the quality of th.e callbrgmpn could be
calibration ThAr spectrum, which is used by the CPL pipelin®und, again suggesting that temporal drifts are limited.

to produce a 2D polynomial dispersion solution. The wavelength

calibration solution was performed in two steps. First we usei3. Sky subtraction

the instrument model provided by the pipeline static caIibratio#k : btained simult v with th . int
v2.16.11 to compute a rst-guess solution and run a rstiteratio Y Spectra were obtainéd simuftaneously wi € science Inte-

of thegiwavecalibration ~ CPL recipe. We modi ed the stan- 9ration through a set of bres allocated to empty patches of

dard options to allow for a large detection window of 20 pixelSKY: -Il—h.esf (z;re d;'bbeEKY brgs anl recoijd i" background
at rst, for ve iterations, and then progressively reduced it to 1¢gnal, including the moon and nebular and sky emission spec-

and ultimately 10 in the remaining ve iterations. We decreasdi depending on the wavelength regime. Hence, not all signal
the rejection threshold from 1.2 to 3allowing us to retain a recorded bySKYbres is from the “sky' itself, but we nonetheless

reater number of lines and provide a rst wavelength solutioﬁdOpt the ge_neric der_'omi“aﬂor! here. .
9 P 9 As described earlier, we typically used 2KY bres in each

with a root mean square (rms) residual of 0.45-0.56 pixels. B . .
comparing ThAr spectra of different nights we noticed a slighf!d @nd kept the location constant across all epochs of a given
drift in the wavelength solution in various parts of the ThAremI'hWe wiuallyélnspecéed théSKYipectra frorg eagh e_Id gnd |
spectrum, with a higher stability in the centre of the waveleng Ch e;?]oc r?” adg_ge fs;?]ectra L hat sgere T:\O e signi cantt)ly
range and a larger epoch-to-epoch variation in the blue and régher than the median of the epoch and eld. These are possibly
parts of the wavelength solution. We estimated the internal copntaminated by faint ObJ_eCtS and therefore not representative
sistency to be no better than a few krh.sTo improve on this, ©' the true background signal. Once a sky location has been
we performed a second iteration using the rst solution as a ne@d9€ed @s contaminated in any of the epochs of a given eld, it
input guess-solution and reiterating thavavecalibration IS rejectgd from all epochs SO that the ”?ed'a” sky_|s always com-
recipe. This yields a nal dispersion solution, characterised withtéd With the same set of input locations. In this process, we
a rms residual in the range of 0.22 to 0.25 pixels. r_ejected 4,3, 1, and 2_sky bres for elds 1, 2, 5, and 6, respec-
(tively. The sky correction was nally performed by subtracting

Three epochs of eld 1 were observed with the SIMCA h di fthe ‘vali8KYb h di
lamp on at the beginning of the survey. The SIMCAL lampl'€ Median spectra of the vali res at the corresponding

yields a set of ve ThAr spectra spread across the detectéd @nd epoch. The error sky spectrum was computed as the

and acquired simultaneously with the science observations. Tlgfs around the median sky at each pixel after masking sky pix-

setup was discontinued because the glow of the strongest THEA} affected by cosmic rays through a  iterative ltering. The
grror sky spectrum was added quadratically to the error science

lines impacted the signals of the adjacent bres, leaving a notic N
able imprint of ThAr on nearby sky and weak objects. Yet, waon-sky-subtracted spectrum produced by the pipeline in order

noticed no difference in the quality of the wavelength solutioff COMPute the error spectrum of the sky-subtracted science data.
with or without the SIMCAL lamp. Of importance, any nebular component in the sky spectra

We experimented with the pipeline rebin pixel sizdS obtaingd at the position of th8KY bres. In our adopted
(rbin-lstep ) but did not nd this to yield any signi cant observational setup, these are located tens of arcsecs to sev-
eral arcminutes away from any science spectra and hence they

4 The reduced data and co-added spectra will be made availad@ NOt re ect the local nebular conditions of any science tar-
via ESO phase 3 upon termination of propriety time; they ardets. The process of taking the median across 10 to 14 sky
currently available orhttp://www.astro.tau.ac.il/~tshenar/ positions ensures that any local nebulosity in 81€Y bres is

DR3/ please contact T. Shenar or J. Bodensteiner for credentials. averaged out. As a corollary, the sky-subtracted science spectra

3.1. Temporal sampling
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are not corrected for nebulosity and therefore retain their nebular

127 Field 1 1120 Field 2

component. )
3.4. Normalisation £
The sky-subtracted spectra of each subexposure were individ- T
ually and automatically normalised using a designated Python AL P ( ﬂ h | o Jﬂ L

script to remove the underlying continuum, which is a com-
bination of the stellar continuum, reddening, and instrumen-
tal response. Overall, the non-normalised spectra are well- 2
behaved and have a smooth, typically monotonically decreasing
behaviour across the spectral range. The normalisation was
performed by tting a polynomial to automatically identi ed
continuum points along the spectrum. Following several inde-
pendent attempts, we found that a polynomial of degree eight 0
provided the best results in terms of robust normalisation; lower %
polynomial degrees resulted at times in under t regions, while 20
higher degrees introduced wavy patterns in the spectra, which 3
can impact subsequent analysis. S B
The continuum points were automatically selected in an
iterative manner. For this purpose, we computed an average spec-  °
trum with a small 3-pixel window and a median spectrum with a 0
large 250-pixel window, which is a rst approximation for the 2
continuum. A rst batch of continuum points was de ned as
the set of points whose average ux is Zabove the median 5
ux, with  originating in the error spectrum. To ensure that £
=4

ﬁﬁﬁ ny e

Field 5 e Field 6

N "=

T
Field 7 7 Field 8

the edges of the spectra are included, we always include the rst

and last 10 pixels not affected by cosmics in this set. We then t 5 (W (

a polynomial of degree eight through these points to obtain an . Tﬂ TW 1 | | |

approximation for the continuum. This process is then repeated 00 gy e e e s g e e s

three times, with the polynomial t for the continuum replacing

the role of the median spectrum of the original iteration. Fig. 3. Histograms of the median S/N per physical 0.2 A pixel across

the nine available epochs, for each of the eight elds of the sample. Red

) ) o dashed lines and labels denote the median of all median S/N values per
3.5. Cosmic correction and combination of subexposures eld.

To boost the S/N, the two subexposures of each epoch and star

were combined into one exposure. Moreover, we used the avjias H and H . As a second step, we cross-correlated all the
ability of two subexposures for a robust cosmic correction usingychs against the co-added spectrum formed in the previous
a designated Python script. The process is as follows. First, p@gsp which is calibrated to the rest frame. However, this time
itive ux outliers are identi ed in each of the two subexposuresg,e ysed a narrow spectral window aroundiHd471 (namely
yla:hthe (.:o'nd|t|om;1ﬁ( )> mmffl(t); fzf(b)gt;(S bwhere ( )C4460—4485A), which is present in almost all objéctZhis

IS the m|n_|(rjnurp Od € err_ot[ Spec rado 0 shu_ exposures.t %ilows a more accurate radial-velocity (RV) measurement that
MICS are 1aenti €d as points agged as such in oneé SPECTUf v,neq to the spectral morphology of the individual star. For
but not in the other — this ensures that intrinsic emission fea.i rst step, we used a precomputed model from the TLUSTY

tures (e.g._disq features, wind _features, net_)ular lines) are ¥tar model atmosphere gridbeny & Lanz 1995 Lanz
removed via this process. In principle, cosmics may be presen ubeny 2003 for Z = 0:1Z 6, an effective temperature of

in the same pixels in both subexposures, but such cases 0GEUr_ 341k and a surface gravity dbgg = 4:0[cms ?]. The

S0 rarely that this does not warrant _further COUSidE?fa“O.”- T%§act choice of the model can impact the absolute RV calibra-
cosmics are then removed by replacing each pixel identi ed &, "yt has no impact on the process of spectral classi cation
cosmic in one subexposure with the ux value of the same pix hiéh is the focus of this paper '

in the second sub_exposure._ The ux of the remaining pixels IS We note that for double-lined spectroscopic binaries (SB2),
formed by quadratically adding the two subexposures. The S, 1 ,cess of co-adding the data will smear the spectral fea-
per pixel ranges between 20. and 300, with a median valueta es of the two components and result in an average spectrum,
between 70 and 120, depending on the eld (Bg. which may well contaminate the classi cation. Clear cases of
SB2s (40/929 in total) were identi ed via visual inspection of
3.6. Co-added spectra the available epochs (see also SértA montage of the co-
@igded spectra of selected stars ordered by descending spectral

For a more robust spectral classi cation, we produced high-S e (Sectd) is shown in Figs4—7.

spectra by stacking the nine available epochs for each target.
achieve this, the cro_ss-correlatlon occurred in two steps. I:”f&’For AF supergiants, this range is rich in other spectral lines, such
the spe_ctra were shifted to the rest frame by cross_—correlatlgg Mgl 4481 making the cross-correlation in this range equally

them with a spectral model and then co-added, which enablggksible.

us to generate a rst co-added spectrum. In this step, the entirerhis is the closest available metallicity to that of the SMC. In any

spectral range was considered, which is dominated by the Balnease, the impact of the metallicity on RV measurements is negligible.
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Fig. 4. Montage of the normalised co-added spectra formed from the nine available epochs for selected OB stars classi ed as dwarfs (luminos
class V) or sub-giants (IV). The spectra are shifted by a constant for clarity. BLOeM IDs and spectral types are noted above each spectrum, ¢
diagnostic lines are identi ed.
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Fig. 5. Montage of a selection of giant (luminosity class Ill) and bright giant (Il) OB stars in the BLOeM sample, ordered from early (top) to late
(bottom) type. BLOeM IDs and spectral types are noted above each spectrum. Diagnostic lines are identi ed.
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Fig. 6. Montage of a selection of supergiant OB stars in the BLOeM sample, ordered from early (top) to late (bottom) type. BLOeM IDs and
spectral types are noted above each spectrum. Diagnostic lines are identi ed.

A289, page 9 oR2



Shenar, T., et al.: A&A, 690, A289 (2024)

Hel

He Hel Hé Het Her Hel H- Hel
CanH sin Mgn
7-067 AO |b
6 7 L'l T —rry
1-090 Al |b

5 J
3 |
S 4 2-058 A5 b
+
5 |
&= 1-065 A7 |b
e
A
o
£
(=]
=

2 6-006 F2:

-06 F5:
1 1 ' -
[] T T T T T T T T T T T T
4000 4100 4200 4300 4400 4500

Wavelength [A]

Fig. 7. Montage of a selection of AF supergiants in the BLOeM sample, ordered from early (top) to late (bottom) type. BLOeM IDs and spectra

types are noted above each spectrum. Diagnostic lines are identi ed.

4. Spectral classi cation Spectral types of O stars are determined following the Galac-
tic O star scheme dBota et al(2011) andMaiz Apellaniz et al.
We established SMC reference OB stars from comparis¢p016, which utilises the ratio of He 4542 to Ha 4471 or
with Galactic O star templates frorBota et al.(2011) and 4388 for late subtypes (08.5+). Luminosity classes are usually
Maiz Apellaniz et al(2016 or Galactic B star templates from assigned courtesy of He 4686. As this line is not available for
Negueruela et al2024. These stars are drawn from BLOeMthe BLOeM dataset, luminosity classes for O4—7 stars are esti-
datasets, supplemented by archival VLT/FLAMES/éns et al. mated from the detection of N 4058 and Siv~ 4088-4116
2006 Dufton et al. 2019 or VLT/X-Shooter ¥ink et al. 2023  emission lines. For late O subtypes, we use a combination of H
datasets. Reference stars are ideally sharp-lined, permitting raiael H line pro le morphologies supplemented by the ratio of
tional broadening to be applied for comparison with fast rotatorsiiv 4088, 4116 to Ha 4121, 4144 lines, followingNalborn
We assign e, e+, and pe for stars exhibiting (i), Hii) H1 & Fitzpatrick (1990. It is well known that incorrect luminos-
and Fal, and (iii) HI and He emission, respectively. Objectsity classes would be assigned for silicon-poor SMC stars based
whose spectra are contaminated by nebular emission are desig-Galactic templatesWalborn 1983. For example Walborn
nated ‘neb'. In some cases, it was dif cult to discern betweest al. (2014 showed that using Si-He criteria results in lumi-
intrinsic source emission and nebular contamination. To distinesity classes that are different from those resulting from the
guish between these cases, we made use of images acquiresl of He-line criteria alone. Hence, SMC reference stars are
with the wide- eld Digitized Sky Survey (DSS) 2-red to identify essential for this approach. Nomenclature linked to the region
objects that are embedded within nebulous regions. More detaifsHell 4686 — such as f and (f), which re ect the presence
are given in AppendiB. The quali er :' deems the classi ca- of emission in the line — is not possible, but we are able to ag
tion uncertain. We note that the BLOeM spectral range includgstential rapidly rotating O stars via (n), n, nn, and so on, on the
most diagnostic lines, but misses a few lines that can help re masis of the FWHM of Ha 4542 (early and mid O-types) and
the classi cation, such as N 46344042 Helnl 4686 H, Hel 4471 (late O-types). For a few O-type stars, spectral types
and H . (mostly luminosity classes) were adjusted based on previous
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FELAPPRD P RORD OV QRO o Fig. 9. Selection of OBe stars witBaiadata. H equivalent widths of
the BLOeM targets measured froBaia low-resolution spectra. Spec-
troscopically classi ed OBe stars are marked in orange. All targets with

Fig. 8. Spectral-type histogram of the BLOeM sample. Fractional spefMission exceeding lare circled in red, and by-eye identi cations of
emitters are marked with green circlédight fraction of spectro-

tral types are rounded off. The sample is subdivided into dwarfs a ; . :
giants (luminosity classes V-III), which are thought to be primarily cortECOp'C""IIy classi ed OBe stars using the BLOeM dataset, versus H
H-burning, and supergiants (luminosity classes | or Il) thought to

mainly post main sequence.

Spectral type

sample includes the complete spectral range from the earliest
tars in the SMC (excluding Wolf-Rayet stars) to yellow super-
jants. Overall, the sample includes 159 O-type stars, 331 early
-type dwarfs and giants (B0—-B3 V-III), 303 early B-type super-
giants (BO-B3 II-l), and 136 late-type supergiants (B4 and

plemented by early B templates frategueruela et a(2024, in  |ater). Of these, 82 objects are classi ed as OBe stars, portray-

assigning spectral types fromiSi 4088, Sill~ 4553, and S ing characteristic emission in their Balmer lines: 20 Oe stars
4128-32, plus the ratio of He 4471 ,to Mg 44’81 at late (including four uncertain cases, marked "e?’), and 62 are Be stars

subtypes. Secondary criteria for BO-0.7 st&sté et al. 2011 (S€CtS.2). _ .

involving the ratio of He 4388 to Hal 4541 or Ha 4144 _The number of_ dwarfs and giants (generally interpreted as

to Hen 4200, are used for stars with extremely weak Si diag- ain sequence objects) steeply decreases around a spectral type

nostics. Luminosity classes are obtained from line morphologigk B2: W?}'Ch roughl)é corfrespodnds_ ®M E}Harmanec 1988

of H and H with respect to reference stars. Unusual B-typ@Mong the B1-B2 dwarfs and giants, the vast majority are

systems with Balmer emission lines and forbiddeni[Fénes giants, bright enough to have been included in our survey. These

are classi ed as supergiant B[e] (sgB[e]) followihgmers et al. &€ Iikely_ e_:volved main sequence stars. In the O-star regime, we
(1998 andKraus(2019. are sensitive to the full extent of the main sequence down to the

youngest stars, assuming those are not dust-enshrouded.

literature, given the lack of diagnostics such asiH&686and S
H in the BLOeM dataset. These cases are documented in
comments in Table A.2.

We follow the SMC B-type scheme &fennon(1997), sup-

For A and F supergiants, we are unable to follow theiCa
H+K criteria of Evans & Howarth(2003, because our dataset
excludes the Fraunhofer K line, and so again we selected Sl\g
reference AO-5 supergiants from archival VLT/FLAMES spec-
troscopy, with luminosity classes assigned from the equivalent
width of H from comparison witiMillward & Walker (1983.  As noted in Sec6.1, 82 targets have been identi ed as OBe stars
Spectral types assigned to late A and F stars are relativglyour sample. However, the BLOeM dataset does not cover the
coarse, and are primarily based on the strength of the CH G- |ine, which is the most sensitive line for circumstellar mate-
band in BLOeM datasets spectrally degraded to the resolutigigl in the visual range. For this reason, it is likely that we have
of SMC AF supergiants presented Byans & Howarth(2003.  missed OBe stars in the sample. To mark additional OBe can-
All F stars have luminosity class Il-I owing to the strength ofjidates, we make use Gfaia XP low-resolution ux-calibrated
their metallic featuresGray & Corbally 2009, even at the low spectraDe Angeli et al. 202} which exist for all sources except
metallicity of the SMC. BLOeM 4-041, 6-044, 7-012, and 8-033. While these data are of

The derived spectral types are compiled in Table A.2 for eaglary low resolutionR  50), and some are affected by problem-
of our targets. While a multiplicity analysis is beyond the scopgtic wiggles in the data, they may be used to detect the presence
of this paper, a few dozen 40-929 already portray clear evi- of strong emission, or candidate OBe stars in our case. To be
dence for the presence of at least two stellar componentsgigmatic, we adopt a straightforward approach of measuring
their spectra. These are visually identi ed and, when possiblgye H equivalent width (EW) in the XP “sampled' data, using
a preliminary spectral type for the companion(s) is provided. broad windows on both sides of the line to de ne a local contin-

uum. While more complex approaches are possible (eiler

et al. 2023, our method should be adequate for detecting strong
5. Results H emission. Candidate OBe stars are then agged a®ut-
liers in the distribution of EW as a function of magnitude. As
veri cation of this approach, a visual inspection of all spectra
A histogram of the spectral-type distribution across the rangeas also performed to de ne a second category of “by-eye' OBe
04 to F5, subdivided into dwarfs and giants in one grougandidates. Both samples are illustrated in 8ig.he two meth-
and supergiants in the other, is shown in BigThe BLOeM ods agree for most targets, although given the contamination

S. OBe fraction: Complementary Gaia low-resolution
spectra

5.1. Census
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induced by the spectral wiggles on the EWs, we favour the by-eyable 1. Adopted spectral type-temperature calibration.
classi cation of H emitters.

Overall, in addition to the 820Be stars classi ed using th . ;
BLOeM dataset, we identify 16 additional Hemitters. How- etszct. T D\évgrf T GELaCnt TSuperglcant
ever, half of these are supergiants according to our classi catio klz m aK kf*( m aK kT< m aK
from the BLOeM dataset, which, by de nition, are not OBe (kK) _(mag) (kk) _(mag) (kk) _(mag)
stars. Only eight targets are potential Be stars that have not be©d 46.0 -4.99 41.7 -4.87 40.2 -4.78
classi ed as such: BLOeM 4-046, 4-096, 5-096, 5-107, 7-00805 41.3 -4.84 39.9 -4.63 385 -4.44
7-094, 7-099, and 8-078. Adding those, the total number of OB&6 395 472 38.0 —-4.50 36.5 -4.27
stars in our sample is 90, amounting to a fraction among th®7 38.7 -4.58 365 -4.37 345 415
non-supergiant OB stars of 11%. This fraction is much lowe©8 364 -4.30 35,0 -415 325 -4.01
than the fraction of 30% that has been found in previous work O9 33.2 -3.97 317 -3.94 30.0 -3.63
(Bonanos et al. 2010Schootemeijer et al. 2022The differ- 09.5 321 -3.82 305 -3.75 29.0 -3.48
ence can be explained by the diagonal CMD cut that we use 80 31.0 -3.74 295 =361 272 -3.29
select our sample, which favours blue stars and hence disfavou88.5 29.6 -3.57 28,5 -3.47 24.3 -2.89
OBe stars, which are about 0.3 magnitudes redder than OB std&33 273 -3.28 239 -2.93 223 -2.62
(Schootemeijer et al. 202their Figure A.5). The bias mentioned B1.5 261 -3.17 225 -2.70 206 -2.38
above likely does not impact the Oe fraction derived here, whicB2 249 -3.07 212 -253 189 -2.18
is 20/159 = 13%, comparable to the 10% fraction reported b32.5 239 -2.95 19.8 -2.34 172 -1.78
Bonanos et al(2010. B3 215 -2.59 18.4 -2.05 155 -1.45

B5 16.7 -1.65 13.8 -1.04
5.3. Notable targets B8 120 -0.62

B9 105 -0.27
We highlight a few unique objects in our sample. BLOeM 2-116 AO 9.5 +0.02
BLOeM 3-012, and BLOeM 4-055 are classi ed as sgB[e] starsA2 8.5 +0.30
BLOeM 2-116 (alias LHA 115-S 18) has been the subject of sevA5 7.7 +0.35
eral studies (e.gShore et al. 1987Clark et al. 2013Maravelias A7 7.2 +0.49
et al. 2014, as has BLOeM 3-012 (alias RMC Zjckgrafetal. FO 6.7 +0.62
1996 Graus et al. 2012Pasquali et al. 20Q0Nu et al. 202).  F2 6.4 +0.72
Such objects are thought to represent a brief evolutionary phasg 59 +0.85

of massive stars. Their spectra resemble those of luminous blue

variables (LBVs), and their origin is debated in the literatursiotes. Based on SMC results frofBouret et al.(2013 and Bouret
(e.g.Podsiadlowski et al. 20Q0&Clark et al. 2013 The spectra et al.(202]) for O starsDufton et al.(2019 for BO-5 stars, anévans
of all these objects indicate variability. Whether or not this vari& Howarth (2003 for cooler supergiants<s-band bolometric correc-
ability stems from binary motion is not yet clear, though BLOeMé%”SmCtOeTZI'?% 'z%a“Lda:O'grﬂetl;'ecn(;‘(%%‘%'OQSJ:F;BI?LQG;G(‘Z%%O;?&
3-012 has previously been reported to be a bingrgkgraf et al. u Lanz & Hu 1), vudritzki €t al.

1996 and seems well explained as the product of a binary merg& )é(a?g?%’c%?(‘goog colours fromMartins & Plez(2006, Koornneef
in a triple systemiPasquali et al. 20Q®odsiadlowski et al. 2006 '

Wu et al. 2020.

BLOeM 3-031 and BLOeM 5-071 show spectra that resen3-042 may be a colliding-wind binary (CWB) given its classi-
ble those of Be + bloated stripped-star binaries such as LBdation (06 Il + O7.5). The origin of X-rays in BLOeM 8-029
(Irrgang et al. 2020Abdul-Masih et al. 2020Shenar et al. 2020 (B11V:) and BLOeM 1-102 (O6 llI(n)) is not yet clear. Further
El-Badry & Quataert 2021and HR 6819 Bodensteiner et al. details regarding the cross-match process and X-ray luminosities
202Q Frost et al. 202p Such objects feature strong Balmeiof the objects can be found in Appendix
emission characteristic of Be stars, in combination with narrow  Finally, cross-matching with the OGLE catalogue of photo-
and RV variable absorption features that stem from a putativgetrically variable stars in the SM®4éwlak et al. 2016 74 (i.e.
bloated stripped-star companion. 8%) of the 929 BLOeM targets are found to be eclipsing binaries,

BLOeM 2-104 and BLOeM 4-039 were classi ed as Of?while 8 are classi ed as ellipsoidal variables (S€zt).
stars byEvans et al.(2004), which refers to the presence of
emission lines associated withilN and Ciii in the range 4630—
4660 A (Walborn 1972. We cannot independently verify this,
because the BLOeM data lack this range, though we do cdBpectral classi cation of the BLOeM sample permits coarse
rm the presence of emission in the Balmer lines characteristastimates of surface temperatures of normal OBAF stars pre-
of such stars, and so we adopt this classi cation. All knowsented in Tablel. These are adapted from the SMC spectral
Galactic Of?p stars possess strong global magnetic eldigpe-temperature calibration 8fufton et al.(2019, incorporat-
(Grunhut et al. 201 It is therefore plausible that BLOeM 2-104ing results for SMC O stars frorBouret et al.(2013, Bouret
and BLOeM 4-039 are magnetic as well, although spectropolast al.(2021) and SMC late B and AF supergiants frdfrans &
metric data are needed to verify this. Howarth(2003.

Nine targets are identied as signicant X-ray emitters Bolometric luminosities are estimated from; Kand point
from a cross-match with various X-ray catalogues described spread function (PSF) photometry tting from VISTA/VMC
AppendixC, one of which may be a spurious X-ray detectiorfCioni et al. 201}, a distance modulus of 18.95 mag for the
(BLOeM 6-116). Four of those have been classi ed as higtsMC (Hilditch et al. 200% Graczyk et al. 202)) intrinsic V-Kg
mass X-ray binaries (HMXBS) in the past: BLOeM 2-055, 2-82;0lours fromMartins & Plez(2006, Cox (2000, andKoornneef
BLOeM 2-116, BLOeM 4-026 and BLOeM 4-113. BLOeM (1983, plus V-band bolometric corrections drawn from

5.4. Hertzsprung—Russell diagram

A289, page 12 op2



Shenar, T., et al.: A&A, 690, A289 (2024)

Teff [K]
70000 45000 30000 20000 14000 10000 7500 6000
6.5 — Spectral types 04 06 08 095 B0O5 BL5 B2.5 B5 B9 A2 A7 F2 ~6.5
7 (SGs) o5 07 09 BO Bl B2 B3 B8 AO A5 FO F5
E 7 2Myr \\\ L -
i i v ~ | TS ———
6.0 — i > 6.0
T 794 Mg ; B
7 60.3 Mo Humphreys-Davidson limit B
5.5 — w s Y- Ty oo ~5.5
. Ve v -
| 417 Mg Vv S’ v i
) 8 )
- -
-j- 5.0 5.0 -j
[e)) . 26.3 M [0} - o
o i L o
1 20.0Me r
4.5 — —4.5
i e L
4.0 = ~4.0
4 v dwarfs/giants (V-Il) L
3.5 — supergiants (lI-1) Zag ~3.5
T | T T T | T T T | > \I T T | T T T | T T T |
4.8 4.6 4.4 4.2 4.0 3.8

Fig. 10. Approximate location of the BLOeM stars in the HRD of BLOeM sample based on spectral-type calibrations described5nmt,Sect.
colour-coded for dwarfs and giants (V-111) and supergiants (lI-1) with blue triangles and orange stars, respectively. An estimate of the typical errc
(subject to calibration error, uncertain reddening, and potential binary contamination) is shown in the bottom left corner. We use the same tracks
plotted in Fig.2, but include more initial masses (shown in labels). Mg = 7:.9M track was used to select the BLOeM sample from@aéa
catalogue. Black dots along the track are spaced by 0.05 Myr. Also plotted are the ZAMS and isochrones at 2, 5, 10, 20, and 30 Myr. The labels
the top (split into two rows for clarity) show the spectral types corresponding to the temperature scale for supergiants only (adopted fjom Table
The magnitude cut & = 16:5mag and the H-D limit (identi ed visually) are also marked.

Bouret et al.(2013 andBouret et al.(202]) for O stars,Lanz for subgiants, and the giant temperature calibration for bright
& Hubeny (2007 for B stars with effective temperaturég giants. The BLOeM sample includes dwarfs and subgiants in the
15kK, Kudritzki et al.(2008 for late B and A supergiants (8kK mass range 10-7d , plus a few giants and supergiants down to
T  12kK), and Cox (2000 otherwise. The use of Kband 7-8M . The three sgB[e] objects (BLOeM 2-116, BLOeM 3-
photometry avoids the need to correct for interstellar extinctio12, and BLOeM 4-055) are excluded from the HRD, as standard
which is signi cantly smaller at the Kband than at th& band. calibrations cannot be used on them.

Given this and the typically negligible extinction towards SMC The errors orflogL andTe can only be roughly estimated.
sightlines (see e.&chootemeijer et al. 20Rwe assuméyx = 0  The spectral types can be roughly estimated to within one spec-
here; this may affect the luminosities of individual objects, butal bin, corresponding to logTe [K] 0:02-0:04; this is
does not affect our general conclusions. For the intermedidéeger than typical calibration errors. However, the impact of
luminosity classes IV and Il, we use the dwarf and supergiabinary contamination is not possible to quantify without fur-
relations from Tabl@, respectively. ther analysis; we set the error in Fi@) to 0.03 dex. Similarly,

We present the resulting Hertzsprung—Russell diagraenrors on bolometric correction can be estimated from neigh-
(HRD) of the BLOeM sample in Figl0, together with evolu- bouring spectral-type bins. Depending on the spectral type, they
tionary tracks and isochrones for SMC metallicity stars frortypically range betweenBC = 0:2-0:4, corresponding roughly
the extended grid oBchootemeijer et al2019. As described to logL=L = 0:1dex. Added to this are potential sources
in Appendix B of Hastings et al(202]), these models have contaminating the Kmagnitudes (e.g. infrared excess), binary
ef cient semi-convection (sc = 10) and mass-dependent overcontamination, and reddening. To remain conservative, we adopt
shooting (o linearly increases from 0.1 d&66M to 0.3 at an uncertainty of logL = 0:2dex in Fig.10.
20M , and remains constant at 0.3 for higher masses). Apart The HRD reveals the span of parameters covered by our sam-
from scand o, this grid has the same physics assumptions g¢e in terms of initial mass and age. Qualitatively, it is similar
Brott et al.(2011). We adopt the dwarf temperature calibratiorio that presented bidumphreys & McElroy(1984), though the
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BLOeM sample goes substantially deeper in magnitudé (  magnitudes, we derived the effective temperatures and luminosi-
2:5mag). This HRD suggests that the sample probes the rarigs of the targets, assuming they are all single stars. The sample
8. My . 80M , though only a minority of targets exceed ini-covers the regimé:5. T. . 45kKand3:7. logL=L . 6:1.
tial masses 0&30M . In terms of age, a visual comparison withFrom comparison to evolution tracks and isochrones extended
isochrones implies that the BLOeM sample probes stars as yodrgm Schootemeijer et al(2019, this roughly corresponds to
as 2Myr, extending to ages of the order of 20 Myr or moreinitial masses in the rang8-80M and ages mainly in the
The lack of very massive stars in the SMC has been noted in tleege 2-20Myr. The sample corroborates the blue region of
past (e.gRamachandran et al. 2Q1Schootemeijer et al. 2021 the Humphreys-Davidson limit.
and could be related to a peak of star formatictD 40 Myr We highlight a few peculiar objects in our sample: eight
ago @Antoniou et al. 2010 Rubele et al. 2015Schootemeijer sources are con rmed as X-ray bright, four of which have been
et al. 202). The Humphreys—Davidson (H-D) limiHumphreys classi ed as HMXBs in the past, and one of which is a promising
& Davidson 1979 Humphreys & McElroy 198)t which marks CWB candidate. Three objects are classi ed as sgB[e]/LBV-like
the absence of bright stars in the upper-right part of the HRD, sars, and two as Be + bloated stripped-star binary candidates.
clearly seenabovegL=L 5.5, in agreement with recent eval-Two candidate magnetic stars, classi ed as Of?p stars previously,
uations of the H-D limit in the SMCRamachandran et al. 2Q19 are also included in the sample.
Davies et al. 2018Gilkis et al. 2021 Sabhabhit et al. 20311In We identify 82stars as OBe stars. As we lack the diagnos-
AppendixD, we show similar HRDs for each of the eight SMCtic H line, this should be considered a lower limit, although
elds, which provide an overview of the stellar content in eaclisage of low-resolutioaia spectra covering the Hline only
eld. yields a few more candidates, amounting to an OBe fraction of
We note that these estimates are subject to uncertainty givehl%relative to the non-supergiant OB sample. The Oe fraction
the uncertainties ologL, and could also change depending oamong all O stars in the sample is 13%. However, the Be fraction
the set of evolutionary tracks being used (e3gorgy et al. is merely 11%, which is lower than reported in the literature. It is
2013 Choi et al. 2016 Marigo et al. 2017 Keszthelyi et al. likely that we are biased against Be stars in this sample, because
2022. Moreover, an unknown fraction of the sample stars will bthese tend to be redder compared to a “standard' evolutionary
affected either by past binary interactions or bright companiortsack, which we used to select our sample (see Sedt.How-
while we only make use of single-star tracks in this rst charaever, the Oe sample is likely unbiased, and so this fraction should
terisation effort. A full analysis of the mass and age distributiorepresent the Oe fraction in the SMC. Finally, 74 eclipsing bina-
will require treatment of multiplicity (e.g. binary identi ca- ries are identi ed, as well as 8 ellipsoidal variables (SB&and
tion, orbital analysis, spectral disentangling), which will be thAppendixC). We are currently carrying out a systematic analy-
subject of subsequent papers. sis of the rst batch of data for RV variability for the various
subsamples of the study.

6. Conclusions

This work presents the rationale, target selection, and rst chanata availability

acterisation of the sample spectroscopically monitored with

FLAMES/VLT in the framework of the Binarity at LOw Metal- Table A.2 is available at the CDS via anonymous ftp to
licity (BLOeM) ESO Large Programme. BLOeM will collect cdsarc.cds.unistra.fr (130.79.128.5 ) or via https://

25 epochs of spectroscopy of 929 massive stars in the |oszarc.cds.unistra.fr/viz-bin/cat/J/A+A/690/A289
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Appendix A: Epoch dates and spectral types C.3. X-ray catalogues

TableA.1 provides the eld centres and MJD values of theThe SMC was extensively observed in X-rays. The largest mod-
mid-exposures of the combined two sub-exposures per egfn X-ray observatoriesXMM-Newtonand Chandra which

and epoch. Table A.2 providéaia DR3 IDs, common aliases, operate in 0.2-12.0keV range, conducted surveys of the entire
Ks magnitudes from the VISTA/VMC catalogu€ipni et al. SMC galaxy Laycock et al. 2010Sturm et al. 201B The deep
2011), previous spectral-type classi cations, newly derived spe@bservations of individual elds, such as the SMC Wing and
tral types, ags for H -emitters in low-resolutiorGaia spectra NGC 346 star cluster have also been perforniaig et al. 2004
(Sect5.2), and additional comments. Newly derived spectrgPskinova et al. 2013 However, despite these efforts X-ray emis-
types are based on the BLOeM dataset unless otherwise stagtigeh of individual ‘'normal' massive OB stars is below current

in the comments. detection limits. On the other hand, X-ray detections of massive
stars in the SMC allow to select binary stars. Speci cally, X-ray
Appendix B: DSS images for nebular detections are excellent tracers of CWBs, some of which are sig-

ni cantly more X-ray bright compared to single stasdrcoran
et al. 1996 Sana et al. 20Q60skinova 2005Nazé et al. 200/
In order to get a better handle on which stars are affect&@it best of all, X-ray detections are suited to identify high-mass
by nebular contamination, and which objects show intrinsi§-ray binaries (HMXBs), where a compact object is accreting
emission like in the case of classical OeBe stars, we invegatter of its OB-type companion. HMXBs are X-ray variable,
tigated wide- eld Digitized Sky Survey (DSS)2-red imagesespecially so are BeXRBs where the donor stars have OBe spec-
We retrieved 25'x 25' cutouts for each of the elds and overtral type. BeXRBs are transient X-ray sources, and may remain
plotted all BLOeM sources in order to investigate their locajuiescent over long periods of time and could be detected only
surroundings. We inspected the spectra of all sources that shéwing outbursts.
overdensitites in DSS 2-red, in particular all objects classi ed as To explore X-ray properties of our targets, the BLOeM cata-
emission-line stars, to better distinguish between nebular cdfg was cross-correlated with catalogues produced b M-
tamination and classical OeBe stars. We designated with 'nddewton Chandra eROSITA, and ROSAT X-ray telescopes.
all objects located inside a nebulosity visible in DSS 2-red arfanly eight BLOeM stars are rmly detected, while the positional
show narrow emission lines, mainly in the Hne. uncertainty of one X-ray source (6-116) precludes its rm detec-
In Figs.B.1 andB.2 we show the DSS 2-red cutouts for eacfiion. The detected sources are listed in T&hle There are four
of the eight elds. Here, we overplot all BLOeM sources, irlready known HMXBs among them. Four other X-ray sources
particular emission-line stars classi ed as OeBe stars, and manay be either CWBs or newly discovered HMXBs. The BLOeM
stars that are affected by nebular contamination. Some elds, ®pectroscopy will shed light on their nature, since HMXBs are
example Field 1, 4 or 6, have large nebulosities in the elds §iB1 systems while CWBs are likely to be SB2. Some sources
view and many sources are affected by nebular contaminatidisted in TableC.1have different uxes according to different cat-
Other elds, like elds 5, 7 or 8, are barely or not affected a®logues. This may re ect true source variability, e.g. in case of
all. Few objects are classical OeBe stars and additionally sh&@XRBs. To estimate the X-ray luminosity, we adopted a neutral
nebular contamination in their spectra. hydrogen column densitily = 5 10*cm 2 and a power-law
spectrum with = 1:7 for all objects.

contamination

Appendix C: Cross-matches with additional
catalogues

C.1 ESO archive C.4. OGLE photometry

We cross-matched the BLOeM catalogue with SpectroscopiCiarge number of the BLOeM targets has been monitored by
databases in the ESO archive, de ning a search radius of 3" Rk, OGLE photometric survey. Out of the 929 targets, 847 were
target. We retrieve a total of 1988 spectra for 202 stars out gfqerved in the OGLE-IIIdalski 2003 and 785 continue to be
f[he 929 in our sample. These spectra were acquwed_ with variQySarved in the OGLE-IVUdalski et al. 2015 Among them
instruments of the VLT. These gata will be used to improve thGere are 82 objects identi ed as binary system®hyviak et al.
quantitative spectroscopy in subsequent papers. (2016, including 74 eclipsing and 8 ellipsoidal binaries.

C.2. Hubble UV Legacy Library of Young Stars as Essential
Standards (ULLYSES)

ULLYSES is a legacy survey of thElubble Space Telescope C.5. TESS photometry
(HST), which includes the acquisition of high-resolution UV . -
spectra for 128 massive stars in the SMThe programme also All BLOeM targets have been and continue to be periodically

includes a follow-up with the X-SHOOTER spectrograph of thgPserved by the all-sky time-series photometry TESS space

VLT to obtain a visual and infrared coverage of the targérk  Mission Ricker et al. 201 An initial survey of photomet-
et al. (2023. A cross-match of the BLOegM sample \%/ﬁh thefic variability for XShootU targets in the LMC and SMC was

ULLYSES sample, using a search radius of 3, resulted in rformed byBowman (2024, who found similar stochastic

overlap of 43 targets. From ULLYSES and XShootU there wilPW-frequency (SLF) variability to Galactic OB staBdwman

be broad wavelength coverage of the UV and visible spectruth & 2019. In the future, we will extract light curves for as
of these objects that will also be used to inform the analysis B2y BLOeM targets as possible to identify possible eclipsing
these targets. Inaries, stars with rotational modulation, and pulsations. In so

doing, this will provide complementary constraints and inform
7 https://ullyses.stsci.edu/ullyses-targets-smc.html the search for multiplicity for the BLOeM sample.
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Table A.1:Field centres and epoch dates for the eight elds.

Field 1 Field 2 Field 3 Field 4 Field 5 Field 6 Field 7 Field 8

RA centre [h:m:s]  01:02:53.8 00:52:01.0 00:48:20.2 00:59:41.8 01:05:56.2 01:15:08.2 00:59:51.4 00:52:44.:
DEC centre [d:""] -72:05:26.1 -72:41:26.1 -73:16:14.1 -72:11:26.1 -72:19:50.1 -73:15:02.1 -72:37:50.1 -72:15:02.1

Epoch 1 [MJD] 60219.10 60242.07 60242.10 60242.12 60242.15 60261.16 60246.12 60246.14
Epoch 2 [MJD] 60220.26 60247.19 60247.21 60247.24 60247.26 60267.20 60248.17 60261.18
Epoch 3 [MJD] 60242.05 60256.20 60256.24 60254.35 60256.22 60280.02 60256.18 60267.06
Epoch 4 [MJD] 60245.02 60261.09 60261.11 60256.27 60261.03 60282.12 60261.07 60268.11
Epoch 5 [MJD] 60248.15 60267.15 60262.13 60261.14 60262.11 60285.09 60267.04 60280.12
Epoch 6 [MJD] 60252.21 60281.10 60267.09 60267.12 60267.17 60286.22 60268.13 60280.14
Epoch 7 [MJD] 60256.29 60285.16 60270.03 60281.05 60270.05 60288.14 60280.16 60282.10
Epoch 8 [MJD] 60261.05 60289.05 60281.08 60285.18 60280.04 60290.05 60286.19 60285.11
Epoch 9 [MJD] 60285.20 60290.09 60285.13 60289.07 60281.12 60291.09 60288.16 60288.19

Table C.1:BLOeM stars detected in X-rays.

BLOeM ID Alias Uncertainty ~ Separation Fx Spectral Type Lx Catalog Remarks
X-ray (%9 ©9 [ergem s 1] (ergsh)
3-042 AzV 26 1.9 0.7 52 1.9 101 06 1(f)+07.5 432 CSCv.2 CWB (?)
2-055 AzV 102 0.95 0.7 30 3 10755 09.7Vne 2e34 SMCDFSCXO  HMXB SXP 8.80
1.0 1.8 36 26 1015 3e33 4XMM-DR13s
1.3 0.6 1:8 1013 1e35 CXOGSGSRC
2.6 0.2 29 4 1015 2e34 CSCv.2
8-029 - 19 0.6 43 15 101 B1IV: 3e34 4XMM-DR13 HMXB (?)
2-082 AzV 138 1.7 0.4 87 5 1071 09.2 lll pe 6e33 CSCv.2 HMXB
2-116 AzV 154 0.9 2.4 51 29 10710 sgB[e] 4e33 4XMM-DR13s HMXB
14 1.2 84 45 10715 6e33 SMCPSCXMM
0.6 14 6 1016 1e33 CSCv.2
4-026 CI* NGC 346 MPG 217 0.1 71 15 10716 09.5 llipe 5e32 CSCv.2 HMXB
4-113 OGLE SMC-SC9 131970 0.86 1.2 25 9 1075 B2.5 Il pe 2e34 SMCPSCXMM HMXB
15 1.2 36 1014 3e34 CXOGSGSRC
17 CSCv.2
1-102 AzV 345a 0.1 207 1018 06 1lI(n) 1e32 CSCv.2 CWB ? HMXB?
6-116 2dFS 3274 17 14 96 60 1005 A7 lab 7e33 SMCPSCXMM spurious?
11 2.5 15 7 101 le34 4XMM-DR13s

Notes. The columns are, in order of appearance: BLOeM identi ers, uncertainties on the X-ray position from the corresponding X-ray catalog
separations betweeBaia DR3 coordinates and X-ray coordinates, X-ray uxes, energy ranges from corresponding catalogs, spectral type, the
seventh column: estimated X-ray luminosity in the same energy range as ux; the eighth column: catalog name; the ninth column: preliminar
identi cation of a source type. The catalogues are:

CSC v.2ChandraSource Catalog v.Hyvans et al. 2010

SMCDFSCXO SMC Deep Fields X-Ray Point Source Catalary¢ock et al. 201D

4XMM-DR13s XMM-NewtonSerendipitous Source Catalog from Stacked Observafiomsisen et al. 2020

4XMM-DR13 XMM-NewtonSerendipitous Source Catalog DR1Bdbb et al. 202D

CXOGSGSRQChandraACIS GSG Point-Like X-Ray Source Catalog/éng et al. 2016

SMCPSCXMM SMCXMM-NewtonPoint Source Catalogsurm et al. 2018

Appendix D: HRDs separated by eld

FigureD.1 shows the HRDs of each of the eight SMC elds
observed in the framework of BLOeM (shown in F&. The
differences between the populations are not blatant. Generally,
elds 1 — 4 contain a higher number of stars "born as O-type"
(Mini & 14M ) compared to elds 5 — 8, which could be antic-
ipated given the automated way with which the elds were
selected, prioritizing elds with the most massive stars (S&ct.
Field 5 appears to contain the oldest population among the eight
elds.

A289, page 19 o2



Shenar, T., et al.: A&A, 690, A289 (2024)

‘ ‘ Field 1 .
72030 e
o O BLOeM . . O BLOeM
71°55' O Oese [ : 3 IS8 O OeBe
i ) o nebular P Lo Y nebular
o0®@ : Tﬁ
35 Y
o © ] o Q& o r :
-72°00' - o o ©
o © o o o0°90©° o
o) o o
e Eoar %0 © ° o 40
= o] & o - =
= ) (@) o @ § o =
g o ~0%o o o o 2
o© 8 © o0 % o
OOO (e] fo) OO 45'
(o] o
lo) [e )¢ L
10 4 o ©°9% o
o fe) o o
o & o
o o
°% o o © °® 50
o L
15'
o
1hg5™ 04"" oe:'" 02'"‘ 01'm
RA[]
Field 3

-73°05'
-72°00"

10'
05

15
10

DEC[1]
DEC[1]

15

20"

ohs1m 50M 49™ 48m 47m 46™
RA [

Fig. B.1: BLOeM sources in Field 1-4 overlaid on a DSS 2-red image (pink circles). OeBe stars are marked with orange circles. Stars that she
nebular contamination in their spectra are marked with green crosses.
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Fig. B.2: Same as Fid.1, but for elds 5-8.
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Fig. D.1: Same as Fig0, but with the samples of the eight SMC elds shown in Fdnighlighted in colour (colour meaning is the same as in

Shenar, T., et al.: A&A, 690, A289 (2024)
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Fig.10). The entire sample is shown in grey in each panel.
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