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ABSTRACT

Context. The Carina Nebula is one of the major massive star-forming regions in the Galaxy. Its relatively nearby distance (2.35 kpc)
makes it an ideal laboratory for the study of massive star formation, structure, and evolution, both for individual stars and stellar
systems. Thanks to the high-quality spectra provided by the Gaia-ESO survey and the LiLiMaRlin library, as well as Gaia EDR3
astrometry, a detailed and homogeneous spectroscopic characterization of its massive stellar content can be carried out.

Aims. Our main objective is to spectroscopically characterize all massive members of the Carina Nebula in the Gaia-ESO survey
footprint to provide an updated census of massive stars in the region and an updated estimate of the binary fraction of O stars.
Methods. We performed accurate spectral classification using an interactive code that compares spectra with spectral libraries of
OB standard stars, as well as line-based classic methods. We calculated membership using our own algorithm based on Gaia EDR3
astrometry. To check the correlation between the spectroscopic n-qualifier and the rotational velocity, we used a semi-automated tool
for the line-broadening characterization of OB stars based on a combined Fourier transform and goodness-of-fit methodology.
Results. The Gaia-ESO survey sample of massive OB stars in the Carina Nebula consists of 234 stars. The addition of brighter sources
from the Galactic O-Star Spectroscopic Survey and additional sources from the literature allows us to create the most complete census
of massive OB stars so far in the region. It contains a total of 316 stars, with 18 of them in the background and 4 in the foreground.
Of the 294 stellar systems in Car OB1, 74 are of O type, 214 are of nonsupergiant B type, and 6 are of WR or nonO supergiant (II to
Ia) spectral class. We identify 20 spectroscopic binary systems with an O-star primary, of which 6 are reported for the first time, and
another 18 with a B-star primary, of which 13 are new detections. The average observed double-lined binary fraction of O-type stars
in the surveyed region is 0.35, which represents a lower limit. We find a good correlation between the spectroscopic n-qualifier and
the projected rotational velocity of the stars. The fraction of candidate runaways among the stars with and without the n-qualifier is
4.4% and 2.4%, respectively, although nonresolved double-lined binaries could be contaminating the sample of fast rotators.

Key words. stars: massive — stars: early-type — stars: rotation — proper motions — binaries: spectroscopic —
open clusters and associations: individual: Carina Nebula

* Tables A.1 and A.2 are only available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/671/A20
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1. Introduction

The Gaia-ESO Large Public Spectroscopic Survey (GES;
Gilmore et al. 2022; Randich et al. 2022) has obtained high-
quality spectra for ~103 stars in our Galaxy using FLAMES at
the Very Large Telescope (VLT) with its high-resolution UVES
and its intermediate-resolution GIRAFFE spectrographs. GES
has systematically covered all the major components of the
Milky Way, providing a homogeneous and unique overview of
the kinematics, chemical composition, formation history, and
evolution of young, mature, and ancient Galactic populations.
Open clusters are useful tools for this aim, where it is possible to
study stellar populations of different ages in different evolution-
ary stages (see Bragaglia et al. 2022).

Numerous spectroscopic studies have been carried out on
massive stars in Galactic young stellar clusters and OB asso-
ciations, the most extensive to date being the Galactic O-Star
Spectroscopic Survey (GOSSS; Maiz Apellaniz et al. 2011). As
some examples of such studies, Figer (2005) determined the
upper mass limit of the initial mass function (IMF) in the Arches
Cluster, a result that was later challenged by studies in R136
(Crowther et al. 2010). Other examples are the determination of
the chemical composition of stars in Orion (Simén-Diaz 2010);
the membership, chemical and stellar parameter determination
studies in Cygnus OB2 (Berlanas et al. 2018a,b, 2020); the char-
acterization of very massive obscured clusters in the Milky
Way such as Westerlund 1 (Clark et al. 2005; Negueruela et al.
2010, 2022); and the analysis of the multiplicity of mas-
sive stars in clusters (De Becker et al. 2004, 2006; Mahy et al.
2009, 2013; Sana & Evans 2011; Banyard et al. 2023) and in
the whole northern hemisphere (Maiz Apelldniz et al. 2019b;
Trigueros Pdez et al. 2021; Mahy et al. 2022). Outside the Milky
Way, the most thorough spectroscopic analysis is that of the
many papers' published by the VLT-FLAMES Tarantula Survey
collaboration (VFTS, Evans et al. 2011).

The Carina Nebula complex consists of several stel-
lar groups, some bound and some not, immersed in the
Car OBI1 association (Maiz Apelldniz et al. 2020, 2022a; here-
after referred to as Villafranca I and II, respectively, and
references therein). This complex represents a unique region
for studying Galactic massive stars with FLAMES as it
contains a large number of O-type stars (Walborn 1972,
1973, 1982b; Levato & Malaroda 1982; Morrell et al. 1988;
Sota et al. 2014; Maiz Apelldniz et al. 2016; Alexander et al.
2016; Berlanas et al. 2017; Mohr-Smith et al. 2017). It is the
most massive star-forming region within 3 kpc of the Sun.
The distance to its most famous member, n Car, was geomet-
rically determined with excellent precision to be 2.35+0.05 kpc
by Smith (2006b). The recent Gaia EDR3 (Brown et al. 2021)
analysis in Villafranca I+II not only confirmed that value but
also found that there are small distance variations between at
least Trumpler 14, Trumpler 16 W, and Trumpler 16 E, three of
the stellar groups in the complex. In a new installment of the
series (Villafranca III, Molina Lera et al., in prep.), the authors
show that those distance variations are still small when including
other stellar groups in Car OB1. Even though the Carina Nebula
harbors hundreds of massive stars, there has been no system-
atic spectroscopic analysis of its early-type members. Thanks
to the high-quality spectra provided by GES and astrometry by
Gaia EDR3, a detailed and homogeneous spectroscopic study
of its massive stellar content can be carried out. The analysis
of the Carina massive stellar population will be highly relevant
for problems like the initial mass function (IMF, Crowther et al.

I https://www.roe.ac.uk/~cje/tarantula/f2_pubs.html
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Table 1. Wavelength range and resolving power of the GES spectra
obtained with different gratings.

Grating  Wavelength  Resolving Data release
range A) power

GIRAFFE

HRO3 4033 - 4201 24 800 iDR3-6

HRO4 4188 — 4392 20350 iDR3-6

HRO5A 4340 — 4587 18470 iDR5-6

HRO06 4538 — 4759 20350 iDR3-6

HR14A 6308 — 6701 17740 iDR3-6

UVES

520 4140 - 6210 47000 iDR3-6

580 4760 — 6840 47000 iDR5-6

2010), the chemical composition, rotation, and internal mix-
ing (Meynet & Maeder 2000; Ramirez-Agudelo etal. 2013;
Simén-Diaz & Herrero 2014; Herrero 2016; Holgado et al.
2022), or the stellar multiplicity of massive stars (see Langer
2012; Sana et al. 2012; Sota et al. 2014; de Mink et al. 2014). In
particular, although Sana & Evans (2011) and Sana (2017) quote
fractions of binary systems in excess of 0.5 for the O-type star
population in the Milky Way, the former authors give a null frac-
tion in a cluster like Trumpler 14, making it clear that a system-
atic survey in the region is needed. In addition, binarity may be
the origin of fast rotating and runaway stars (e.g., de Mink et al.
2013, 2014; Mahy et al. 2020; Holgado et al. 2022) by ejecting
stars that have gained mass and angular momentum from the
binary system after the explosion of the primary as a supernova.
The Carina region, containing a large number of massive stars at
a relatively nearby distance, is an ideal place to test the theories
of massive star evolution.

As a first step, this work focuses on the creation of the most
complete census to date of massive stars and the identification
of double-lined spectroscopic binaries (SB2) in Car OB1. This
paper is organized as follows. In Sect. 2 we describe how we
obtained our spectroscopy, compiled our spectral types, and used
Gaia to determine the distances. In Sect. 3 we present our census
of massive stars in the central part of the Carina Nebula. We
discuss the results in Sect. 4, where we explore the completeness
of the census, determine the binary fraction of OB stars, and
investigate the correlation between the n spectroscopic qualifier,
the projected rotational velocity, and the runaway status. Finally,
we summarize the conclusions in Sect. 5.

2. Data and methods
2.1. GES strategy and spectroscopy

GES spectroscopic data for hot stars were obtained using the
FLAMES intermediate-resolution (R ~ 20000) GIRAFFE and
the high-resolution (R ~ 47000) UVES spectrographs on the
VLT; see Blomme et al. (2022) for further details on the analysis
of GES hot stars and Table 1 for the wavelength range covered
by each of the setups. In the rest of this subsection, we present
the aspects that are most relevant to the Carina Nebula GES data
set. A previous GES paper on the Carina Nebula (Damiani et al.
2017) used a different data set and concentrated on stars of lower
mass than the ones analyzed here.

The central part of the Carina Nebula can be divided into
six stellar groups: Trumpler 14, Trumpler 15, Trumpler 16 W,
Trumpler 16 E, Collinder 228, and Collinder 232 (Walborn 1995;
Smith 2006a; Villafranca I+II+III). Of those stellar groups, only
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Fig. 1. Negative image of the Great Carina Nebula by Robert Gendler and Stephane Guisard showing the location of the whole census of massive
stars in the GES surveyed area presented in this work. Yellow and cyan colors indicate O and B-type stars, respectively. Green, red, purple, and
pink colors have been used to represent the sdO, luminous blue variable (LBV), Wolf-Rayet (WR), and red supergiant (RSG) stars, respectively.
Small filled-circles refer to the GES sample while rhombuses and squares refer to stars from GOSSS/LiLiMarlin and other works (Smith 2006a;
Alexander et al. 2016; Preibisch et al. 2021) not present in GES, respectively. Red circles indicate the observing GES pointings while the blue
ones indicate the Villafranca groups: O-002 (Trumpler 14), O-003 (Trumpler 16 W), O-025 (Trumpler 16 E), O-027 (Trumpler 15), O-028
(Collinder 228), 0-029 (Collinder 232), and O-030 (Bochum 11). The V-shaped extinction lane that dominates the appearance of the nebula is

clearly seen crossing the image from top to bottom.

Trumpler 14 and Trumpler 15 and possibly Trumpler 16 E
appear to be real bound clusters, with the rest being parts of
the association defined by (apparent or real) structures seen
in the stellar distribution and nebulosity (e.g., the separation
of Collinder 228 from the other groups likely originates in
the prominent V-shaped dust lane that crosses the HII region).
Other stellar groups farther away from the central region but
likely members of the Car OB1 association include NGC 3293
(see Morel et al. 2022), NGC 3324, Bochum 10, Bochum 11,
Loden 153, IC 2581, Ruprecht 90, and ASCC 62. Given the large
size of the nebula and the high stellar density in some regions
(e.g., the core of Trumpler 14), four different GIRAFFE+UVES
pointings were needed to cover a substantial fraction of the
massive stars in the six central groups and part of those in
Bochum 11 (see Fig. 1). The four pointings are centered at
RA+6 J2000 coordinates (161.10,—59.430), (161.07,—59.695),
(161.42,-59.835), and (160.79,—60.020), respectively, with the
values expressed in degrees. The sample selection was done by
compiling the available spectroscopic and photometric informa-

tion at the time of the survey design (e.g., the Galactic O-Star cat-
alog, GOSSS, Maiz Apelldniz et al. 2004; Sota et al. 2008) but,
of course, no Gaia data existed at that time. For that reason, we
complemented our spectroscopy with GOSSS data and have to
evaluate the completeness of our sample (see below for both).
One important difference between the set studied here and
most of the other GES data sets is the existence of a significant
nebulosity in the region. Furthermore, the nebular Balmer and He 1
emission lines are not only strong but are placed on top of impor-
tant diagnostic stellar absorption lines. For that reason, we devised
a specific strategy to eliminate or at least mitigate their influence
when we prepared these observations. Each of the four pointings
was divided into two subpointings (for a total of eight) with half
of the fibers dedicated to stars and the other half to nebulosity. The
two subpointings within a given pointing have identical fiber con-
figurations but the field center is displaced by 10" between the two
of them. This means that each star observed in a given subpointing
has a nebular counterpart 10" away that is observed in the other
subpointing. One of authors (JMA) of the present paper wrote an
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IDL code to manually review each star and nebulosity spectral pair
and to use the second one to subtract the nebular contribution from
the stellar fiber. This strategy is the best possible one given the lim-
itations of the observational setup, butis notideal, as in some cases
nebular emission can change substantially in scales smaller than
10”. This is one of the advantages of long-slit spectroscopy (such
as that obtained by GOSSS) over its fiber-fed alternative, as the
former allows a sampling of nebular emission closer to the target
and at two different locations with respect to the star. In practical
terms, this issue becomes important only for faint stars at He, as
the nebular contribution for bright stars and other relevant lines is
usually small.

We examined all of the spectra in our GES datasets to iden-
tify OB massive stars (B2 or earlier for dwarfs, B5 or earlier for
giants, and all B subtypes for supergiants) and obtained a sam-
ple of 234 objects, 18 of which were observed with FLAMES-
UVES and 216 with FLAMES-GIRAFFE. The spectrograms are
shown in Figs. A.1 and A.2, in the first case at the original 47 000
spectral resolution and in the second case at the 2500 spectral
resolution used for spectral classification.

2.2. GOSSS spectroscopy

The GOSSS project was born a decade and a half ago with
the idea of obtaining mid- to low-resolution (R ~ 2500) blue-
violet spectroscopy of any optically accessible Galactic object
that had ever been classified as an O star in order to confirm
its nature and to provide homogeneous spectral classifications
for the whole sample. While doing that, GOSSS managed not
only to discover a sizable number of new O-type stars but also
to reject quite a number of them as being of B type (and even of
later types) and to obtain good-quality spectroscopy of several
thousand other early-type stars. In the first three major papers,
Sota et al. (2011) or GOSSS 1, Sota et al. (2014) or GOSSS 11,
and Maiz Apelldniz et al. (2016) or GOSSS III, GOSSS pub-
lished spectra for 590 O-type stars and for a few later-type
objects. Since that time, GOSSS has collected a large number of
new spectra, some of them in the Carina Nebula. Of those, eight
new GOSSS spectra for O-type stars will appear in the fourth
major installment of the project (GOSSS IV, Maiz Apellaniz
et al. in preparation) but the spectral classifications are already
listed here in Table A.2. In this paper, we also present GOSSS
spectra for one Wolf-Rayet and 17 early-B stars in Fig. A.3 as a
complement to the GES data.

2.3. Spectral classifications

We obtained spectral classifications using the MGB tool
(Maiz Apelldniz et al. 2012, 2015), which compares the
observed spectra with a standard library of OB stars (in this
case the GOSSS library; see GOSSS III+IV). This interactive
software allows us to vary the spectral subtype, luminosity
class, line broadening, and spectral resolving power of the
standard spectrum until we obtain the best match. In addition, it
also allows us to combine two standard spectra (with different
velocities and flux fractions) to fit SB2 systems. The spectral
classification was performed for the three types of spectroscopic
data (UVES, GIRAFFE, and GOSSS) at the same spectral
resolution as that of the GOSSS library, namely 2500. The
spectral classifications are given in Table A.2.

There is one specific issue with GIRAFFE spectra and spec-
troscopic binaries that needs to be discussed. In general, each grat-
ing was observed at a different epoch and this generates a problem
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for spectroscopic binaries, as different lines of the same ion may
be at different velocities. We deal with this issue on a case by case
basis but in some cases we are only able to provide a poor-quality
spectral classification. See Sect. 3.2 for some examples.

2.4. Spectral types from other sources and cataloguing

In addition to those from GES and GOSSS, in Table A.2 we give
spectral types from other further sources. The first is LiLiMaR-
lin (Library of Libraries of Massive-star High-Resolution Spec-
tra, Maiz Apellaniz et al. 2019a), which is collecting multi-epoch
high-resolution optical+near-infrared (NIR) spectra of massive
stars, with over 60 000 epochs to date. For the case of the Carina
Nebula, the library currently has FEROS, UVES, and HARPS
spectra. LiLiMaRlin is especially useful for the analysis of SB2
and SB3 systems, where finding the right epoch is usually neces-
sary to separate the different components in velocity. One of the
LiLiMaRlin spectral types appeared before in Villafranca I but
there are also nine whose spectra will appear in GOSSS IV and
another 16 whose spectra will appear in Villafranca III. For the
two latter papers, those spectral types are listed here for the first
time.

Multi-epoch high-resolution spectroscopy such as that from
LiLiMaRlin can be used to separate spectroscopic binaries in
velocity. If one wants to spatially separate close visual binaries,
then what is needed is the combination of high-spatial resolution
with spectroscopy, either from the ground (Maiz Apelldniz et al.
2018, 2021a) or from space (Maiz Apellaniz & Barba 2020). For
the case of the Carina Nebula, we give in Table A.2 the spa-
tially resolved spectral types for HD 93 129 Aa,Ab, one of the
most massive systems in the region, obtained with STIS/HST
(Maiz Apellaniz et al. 2017).

Another source is the already mentioned GOSC, which is
a catalog that compiles information about massive stars (with
an emphasis on O stars) from different sources. GOSC has a
private and a (increasingly growing) public version, which will
be heavily updated after GOSSS IV is published. Here we have
used the private version of GOSC to search for additional mas-
sive stars in the region of interest and provide spectral types.
In particular, we include the results from Smith (2006a), a pre-
vious census of the massive stars in the Carina Nebula, from
Alexander et al. (2016), a spectroscopic survey of the region, and
from Preibisch et al. (2021), a NIR spectroscopy survey to iden-
tify obscured OB stars.

Besides the flow of information from GOSC to this paper
mentioned in the previous paragraph, there will be a flow of
information in the opposite direction, as the spectral types here
will be included in GOSC. In addition to GOSC, these spec-
tral types will be used to update the Alma Luminous Star
Catalog (ALS, Reed 2003), a compilation of (originally) pho-
tometric and spectroscopic information for Galactic OB stars. In
Pantaleoni Gonzalez et al. (2021), the original ALS catalog was
cross-matched with Gaia DR2 to eliminate the many misidenti-
fications and duplicates present and to provide astrometric infor-
mation. In a soon-to-be-submitted third paper, the cross-match
will be revised with Gaia DR3 information and the catalog will
be expanded with new information, such as the one in this paper.

2.5. Gaia EDR3 data

We searched the Gaia EDR3 archive (Brown et al. 2021) for
the astrometric and photometric information of the sample
in the paper. Gaia EDR3 parallaxes, @, have a zero point,



Berlanas, S. R., et al.: A&A 671, A20 (2023)

Zpprs (Lindegren et al. 2021), that needs to be applied to
yield-corrected parallaxes, @.. Furthermore, the internal paral-
lax uncertainties are underestimated and have to be converted
into external (or true) uncertainties. Here we follow the proce-
dure outlined in Maiz Apelldniz et al. (2021b), Maiz Apelldniz
(2022) to list the corrected parallaxes with their external uncer-
tainties in Table A.1. We also list there the membership of each
star to a foreground or background population according to its
parallax (see Appendix A for details).

As the inverse of the parallax is a biased estimator of the
distance (Lutz & Kelker 1973), one has to make a proper esti-
mation of the distance involving a prior. The prior depends
on the analyzed population itself: notoriously, OB stars do not
follow the same spatial distribution in the Milky Way as its
older populations. Here we use the thin-disk model and prior
of Maiz Apellaniz (2001, 2005) updated with the parameters of
Maiz Apellaniz et al. (2008) to calculate the distances and uncer-
tainties of individual stars. See Pantaleoni Gonzalez et al. (2021)
for a comparison among different distance estimates to OB stars
using Gaia parallaxes.

Gaia EDR3 provides photometry in three bands, G3, Ggps,
and Ggrps, with the two last bands being actually the result
of integrating spectrophotometry in the wavelength direction.
The analysis of previous Gaia data releases (Maiz Apellaniz
2017; Maiz Apellaniz & Weiler 2018) revealed that the sensi-
tivity curves of the Gaia instrument change with time, leading
to slightly different intrinsic photometric values between data
releases (each being an average over different time frames). Fur-
thermore, in some cases, the processing introduces small trends
and artifacts in the published magnitudes that require correc-
tions. In a paper that will be submitted soon, a team that includes
some of the authors of the present paper have computed such an
analysis for G3, leading to a corrected value G;. In Table A.1,
we list the G} and Ggps — Grps values for our sample.

3. Census

Here we present the new census of massive stars in the cen-
tral region of the Carina Nebula and discuss some individual
stars of interest, especially if they have previously received lit-
tle or no attention. The census itself is presented in two tables
in the Appendix already introduced in the previous section.
Table A.1 lists the star identifications and coordinates,
Gaia EDR3-corrected photometry and parallaxes, and the group
identification (see previous section and Fig. 1). Table A.2 gives
the spectral classifications from different sources. Disagreements
between spectral classifications are sometimes attributable to the
nature of spectroscopic binaries caught in different orbital phases
but in other cases they are due to differences in data quality (e.g.,
wavelength range, S/N, uncorrected artifacts) or classification
criteria (e.g., choice of lines for classification, standards used,
consideration of line broadening). When in doubt, one should
consult the published spectrograms, not the spectral types them-
selves. This is the reason for publishing long Appendices with
figures such as the one here.

3.1. Overall properties

The resulting census of stars presented in this work contains 316
massive stars2. We note that, by definition and as stated before,

2 We note that this number does not distinguish between single and
binary or multiple stars, and therefore hereinafter we refer to stellar
systems when both types are included in the statistics.

massive OB stars include all O-types and those B2-types or ear-
lier for dwarfs, B5-types or earlier for giants, and all B sub-
types for supergiants (I or IT luminosity classes). Red supergiants
(RSGs), Wolf-Rayet (WR) stars, and some B subtypes close to
the OB-star limit (e.g., B2.5 V) are also included in the census
for completeness. We have separated stars with distances com-
patible with Car OB1 from those in the foreground and back-
ground, finding four systems in the foreground (one RSG, two
B dwarfs and one sdO) and 18 in the background (two O stars,
five B supergiants, and 11 B nonsupergiants). These systems are
listed in Table A.3.

Of the 294 stellar systems in our census in Car OB1, 74 are
of O type, 214 are of nonsupergiant B type, and 6 are of WR
or nonO supergiant (II to Ia) spectral class (these are listed in
Table A.4). We note that other WR stars in Car OB1 fall outside
the surveyed area (WR 22, WR 23 and WR 27). Compared to
the previous census of the massive stars in the Carina Nebula
by Smith (2006a), we have significantly increased the content
of known OB stars in the region. Considering only the area sur-
veyed in this work, the number of 105 OB stellar systems with
spectral types as late as B2 reported by Smith (2006a) has been
increased by a factor of 2.8.

There are three RSGs in the field of view: HD 93420,
HD 93281, and HDE 303 310 (= RT Car), all of them included
in the study of Humphreys et al. (1972). These are the second,
fifth, and sixth G’3 brightest sources, as the bolometric correction
in that photometric band is significantly lower for RSGs than for
O-type and WR stars. n Car is in a different luminosity category
and is almost two magnitudes brighter in G’ than the bright-
est RSG. HD 93420 is three sigmas® closer to us in parallax
than 0.44 mas, which is the limit we are using to include a star
in Car OB1, and that places it in the foreground (but closer to
Car OB than to us). The other two stars have parallaxes com-
patible with being in Car OB1, HD 93 281 in Villafranca O-028
(Collinder 228), and HDE 303 310 in Villafranca O-029 (Trum-
pler 15). In this paper, we list their new spectral classifications
from Villafranca III, derived from recently obtained FEROS
spectra. The classification for HD 93 420 is identical to that of
Humphreys et al. (1972) but the other two are of slightly later
type, with HDE 303 310 at M3 Iab and HD 93 281 at M1.5 Iab.
We see no sign of the alleged B-type companion for HD 93 281
(see Humphreys et al. 1972) other than the strong Ha emission.

The three RSGs are not the only sign of the existence of
previous generations of massive-star formation in Car OB1 and
its immediate foreground. We also find in our sample evolved
B stars such as HDE 305535, HDE 305452, CPD -58 2605,
CPD -59 2469, and CPD -59 2504. We find only one
B-supergiant of luminosity class I at the distance of Car OB1
in the footprint of this paper, namely HDE 305530 (the two
stars by Damiani et al. (2017) classified as B I, namely 2MASS
J10440384-5934344 and 2MASS J10452875-5930037, are
classified here as B2V and B1.5Vp, respectively), but a num-
ber of B and later-type supergiants are observed in its vicin-
ity (Villafranca III). All of this establishes the existence not
only of those older massive stars but also of the supernova
explosions associated to those star-formation episodes. It has
been known for a long time that the gas in the foreground
of some of the OB stars in Carina shows the most complex
kinematics in any Galactic sightline (Walborn & Hesser 1975;
Walborn 1982a; Walborn et al. 2002), with up to 26 individual

3 The external parallax uncertainty for such a bright star is much larger
than the internal uncertainty (Maiz Apellaniz 2022), and so the distance
in sigmas would also be larger if we were to use the second one.
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components and a range of velocities between —388kms~! and
+127kms”!'. Those components must have been produced by
supernova explosions whose progenitors were evolved mas-
sive stars. The remaining three RSGs and the evolved B stars
must be just a small part of the previous massive populations.
Those complex kinematics are the main reason why the inter-
stellar lines present in the spectra of the Carina OB stars are so
strong (Penadés Ordaz et al. 2011, 2013), as the spread in veloc-
ity yields a more advantageous curve of growth. Because of the
additional Routly-Spitzer effect (Routly & Spitzer 1951, 1952),
the Call H+K lines are especially strong for these stars, making
them deviate strongly from the relationship between extinction
and the equivalent width (EW) derived from other sightlines.

3.2. Individual stars

The Carina Nebula field has a large number of interesting stars
— starting with 7 Car — that have been analyzed in the past (see,
e.g., Damineli et al. 2000, 2008; Iping et al. 2005). Our goal in
this subsection is not to discuss such objects, but to present new
interesting objects that have received little or no attention in the
past or new aspects of old objects that are mentioned for the first
time.

QZ Car AaAc. This complex system (Sdnchez-
Bermidez et al. 2017; Rainotetal. 2020) is the brightest
of O-type in the Carina Nebula. Mayer et al. (2001) identified
this object as an SB1E+SB1 system and measured the two
periods as 5.991 d (eclipsing) and 20.73596 d (noneclipsing).
In GOSSS 1I, the system was classified as 09.7 Ibn with no
resolved components*. In GOSSS 1V, the system is determined
to be 09.7 Ib + O9 II: using LiLiMaRlin, but the authors
note that the secondary luminosity class is poorly determined,
possibly as the result of contamination by one of the additional
stars. The high luminosity of the two primaries coupled with
the smaller contribution of the secondaries explains why this
system is located at the top of the optical-luminosity zone of
the O-type stars in the Carina Nebula. The Gaia EDR3 parallax
uncertainty is relatively large.

HD 93129 Aa,Ab. This system was spatially resolved by
Maiz Apelldniz et al. (2017) using HST/STIS and determined
to be composed of two O2 If* stars, with one of them having
a companion in a tight orbit, likely a late-O star. The orbit is
highly eccentric and passed through periastron in 2018.70f82%§
(del Palacio et al. 2020). Given that the periastron took place at
a 3D separation of just 18.6 + 1.0 AU (when the system was first
spatially resolved in 1996 it was ~375 AU), an order of magni-
tude (or even less) smaller than the expected semi-major axis of
the inner orbit, and the high eccentricity, it is possible that the
system has transitioned from an elliptic orbit to a hyperbolic tra-
jectory and a possible ejection from Villafranca O-002 (Trum-
pler 14). If that had happened, this could be another example
of an orphan cluster where the most (in this case, two) mas-
sive stars of a cluster are ejected through a dynamical interaction
(Maiz Apellaniz et al. 2022b). Further observations are needed,
especially with HST/STIS later in this decade (if it is still oper-
ational) when Aa and Ab are expected to reach plane-of-the-sky
separations of ~40 mas.

HD 93403. Rauw et al. (2000) classified this SB2 system as
05.5 1 + O7 V. In GOSSS 1I, the two components could not

4 Some papers quote spectral types for the four components but these
are estimates: to our knowledge both spectroscopic binaries are still SB1
and no resolved (spatially or kinematically) spectral types have been
determined.
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be resolved and it received a classification of 05.5 III(fc) var.
In GOSSS 1V, it is now kinematically resolved and classified
as OS5 Ifc + O7.5 V using either GOSSS or LiLiMaRlin data,
that is, the primary is slightly earlier and the secondary slightly
later compared to Rauw et al. (2000). The Gaia EDR3 parallax
uncertainty is relatively large.

HDE 305 520. Alexander et al. (2016) classified this system
as B1 Ia. In Villafranca III, we use LiLiMaRlin data to reclassify
it as BO.7 Iab. This Villafranca O-028 object is the only B super-
giant at the distance of Car OB1 in our sample.

V572 Car. Rauw et al. (2001) classified this SB3 system
in Villafranca O0-025 (Trumpler 16 E) as composed of an
O7V + 09.5 V inner eclipsing binary and an outer BO.2 IV star.
In GOSSS 111, only two components were seen and received an
07.5 V(n) + BO V(n) classification. With the new data, we now
detect the system as an SB3: 06.5 Vz + BOV + B0.2 V in LiL-
iMaRlin data in GOSSS IV and 06.5 Vz + BO V + B0.5: V
in UVES. As is the case for HD 93 403, the primary is slightly
earlier and the secondary slightly later compared to the origi-
nal classification. The outer star has been detected in NIR long-
baseline interferometry and is currently further monitored (see
Gosset et al. 2014).

CPD —-59 2554. This system was classified as 09.5 IV in
GOSSS II. Using LiLiMaRlin in GOSSS IV and UVES here it is
now found to be an SB2. In both cases, the spectral classification
is09.2V +BI1: V.

HD 93342. This object was considered as a Villafranca
0-027 (Trumpler 15) member by Smith (2006a), where it
received a classification as O9 III. Alexander et al. (2016), on
the other hand, classified it as B1 Ia, and in Villafranca III we
reclassify it as B1.5 Ib using LiLiMaRlin data, confirming it is a
B-type supergiant and not an O star. Its Gaia EDR3 distance is
3.58*04% kpc, placing it beyond Car OB1, something that is con-
sistent with its red color (it is the brightest OB star in our sample

with Ggpz — Grp3z > 1.0).

HD 93 056. Alexander et al. (2016) classified this system as
09 V + B2 V. In Villafranca III, we use LiLiMaRlin data to
reclassify it as B1: V:n. Furthermore, in the UVES data, no He 11
is detected (either 4542, 4686, or 5412), as expected for an SB2
system composed of a late-O and an early-B star, even if caught
at a disfavorable phase.

HD 93501. Alexander et al. (2016) classified this system as
BO V. In Villafranca III, we use LiLiMaRlin data to reclassify it
as B1.5: IIl:(n)e. Its Gaia EDR3 distance is 1.87*)'|7 kpc, plac-
ing it in the foreground.

CPD —-59 2592. Alexander et al. (2016) classified this object
as B1 Ib. In Villafranca III, we use LiLiMaRlin data to reclassify
it as B2.5 Ia. Its Gaia EDR3 distance is 4.71*0%) kpc, placing it
beyond Car OB1, something that is consistent with its red color

(it is the brightest OB star in our sample with Ggp3 —Ggrp3 > 1.2).

HDE 305439 A,B. With GIRAFFE data, we classify the A
component as B0 Ia. Its Gaia EDR3 distance is 4.48f8;ﬁ kpc,
placing it beyond Car OB1, something that is consistent with its
moderately red color (it is the fourth brightest OB star in our
sample with Ggps — Grps > 0.7). In Villafranca III, we use LiL-
iMaRlin data to classify the B component located 3”/7 away as
BO0.7 Ib. Its parallax is consistent with being at the same distance,
making the system a likely pair of B supergiants.

HDE 305535. This object was classified as B2.5 V by
Alexander et al. (2016). Here we derive a classification of
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B4 III(n) from UVES data, which leads to an absolute magnitude
that is more consistent with its spectral type and low extinction.

HD 93343. Rauw et al. (2009) classified this SB2 system
as 07-8.5 + O8. In GOSSS 1II, the two components could
not be resolved and it received a classification of O8 V. In
GOSSS 1V, it is now kinematically resolved and classified as
07.5Vz+ O7.5: V(n).

CPD —-59 2636 A,B. This system is a visual binary with a
073 separation and Am = 0.6 mag in which both components are
spectroscopic binaries (Albacete Colombo et al. 2002): A (A+B
in Albacete Colombo et al. 2002) is an SB2 with a 3.6284 d
period and B (C in Albacete Colombo et al. 2002) is an SB1 with
a 5.034 d period. Those authors gave a spectral classification of
O7V + 08 V to A and of O9 V to B. In GOSSS II, the authors
were only able to give two spectral types as O8 V + O8 V but
with GES we are able to see the three components in an UVES
single epoch and derive spectral types of O7.5V + O8 V + O8 V.
Further epochs are needed to solve the small discrepancies with
the Albacete Colombo et al. (2002) classification. Gaia EDR3
does not provide a parallax for CPD —59 2636 A,B, which is
common for a visual binary of this separation and magnitude
difference, but it is likely a member of Villafranca O-025 (Trum-
pler 16 E).

HDE 305 534. Alexander et al. (2016) identified this system
as a spectroscopic binary and classified it as BO V + BO V. In
Villafranca III, we use LiLLiMaRlin data to confirm it is an SB2
and reclassify itas BOV + B1: V.

HDE 305 543. Gagné et al. (2011) identified this system as
a spectroscopic binary and classified it as BO V + B0 V. In Vil-
lafranca III, we use LiLiMaRlin data to confirm it is an SB2 and
reclassify it as B0.2 V(n) + B1: V(n).

HDE 303312. We detect this object as a SB2 for
the first time with GIRAFFE and assign it spectral types
09.5 III + BO.5: V. In GOSSS 11, where it was likely caught at a
disfavorable phase, it had received the intermediate type 09.7 IV.
It was already known to be an eclipsing binary with a 9.4109 d
period (Otero 2006).

CPD —-58 2649 A. We classify this system as an SB2 with
spectral types 09.7 III: +B0: V in GOSSS 1V with GOSSS data.
With GIRAFFE data, we can only give a poorer classification of
09.5: + BO: due to the different phases in each grating; in any
case both components are clearly later than the O7 V + O8 V
of Alexander et al. (2016). There is a visual companion detected
in Gaia EDR3 with a separation of 1”72 that, though relatively
weak, may contaminate the GOSSS and GES spectra.

ALS 15860. This object was considered as a Villafranca O-
027 (Trumpler 15) member by Smith (2006a), where it received
a classification as O9 I-II. Using either the GOSSS or GES
data here we classify it as B1 Iab. Its Gaia EDR3 distance
is 3.31f8% kpc, placing it beyond Car OB1, consistent with
its red color (it is the brightest OB star in our sample with

Ggps — Grps > 1.8).

CPD -58 2634. We classify this object as B1.5 V using
GIRAFFE data. Its Gaia EDR3 distance is 1.869*3-97" kpc, plac-
ing it in the foreground. Its parallax is consistent with being at

the same distance as HD 93 501.

CPD -59 2591. This system in Villafranca 0O-028
(Collinder 228) was classified as an SB2 with spectral types
08 Vz + B0.5: V both in GOSSS III using GOSSS spectroscopy

and in GOSSS IV using LiLiMaRlin data. Here it is seen as SB2
but the classification is of poorer quality because of the multiple
epochs of the GIRAFFE data.

CPD —-59 2535. This system was classified as B2 V by
Alexander et al. (2016) but there is no GES, GOSSS, or LiLi-
MaRlin data. Its Gaia EDR3 distance is 3.167033 kpc, placing it
in the background.

2MASS J10424476-6005020. A GIRAFFE spectrum is
used to identify this system as an SB2 with the spectral types
B0.2 V + B0.2 V. In a GOSSS spectrum no double lines are
seen, likely because of an unfavorable epoch, and the resulting
spectral classification is a poorer BO: IV. Its Gaia EDR3 distance
is 4.02*932 kpc, placing it in the background. Its red color is con-

-0.33
sistent with the measured distance.

2MASS J10460477-5949217. This object in Vil-
lafranca O-030 (Bochum 11) is classified as an O star for
the first time with GIRAFFE data. It has a moderately high
extinction and a spectral classification of 09.7 V(n). The
spectrum could be a composite of a late-O and an early-B stars
but more epochs are needed to test that hypothesis.

2MASS J10444803-5954297. This object is an Oe star
with strong Balmer emission and no previous classification as
O type. As usual with Oe stars, spectral classification is of poor
quality and we can only give O7: Ve using GIRAFFE and O8: Ve
in GOSSS IV using GOSSS. The Gaia EDR3 parallax indicates
a background object at a distance of 4.71*%72 kpc.

-0.59

CPD -59 2618. Alexander et al. (2016) classified this sys-
tem as B2 V. A GIRAFFE spectrum indicates it is of an earlier
subtype and with an anomalous composition, yielding a classifi-
cation of B1: V(n)p He rich. In Villafranca III, we use LiLiMaR-
lin data to confirm the helium enrichment and to further discover
itis an SB2, classifying it as B0.7: V(n)p He rich + B1: V.

ALS 15225. We identify this star in Villafranca O-028
(Collinder 228) as a He-rich B star for the first time using both
GIRAFFE and GOSSS spectroscopy here.

V662 Car. Niemeli et al. (2006) identified this system as an
05.5Vz + 09.5 V SB2 and an eclipsing binary with a period of
1.41355 d. In GOSSS 111, it was classified as O5 V(n)z + BO: V.
The GIRAFFE data shows there are two separate components in
He 11 and both narrow, with a third component clearly separated
in He I, making it an SB3. However, given the multiple epochs in
the GIRAFFE data, we can only classify it as O+O+B. Both O
stars have narrow lines, and so the GOSSS III (n) suffix is likely
due to a combination of two O stars. The second O star is likely
a third light not participating in the orbit and appears to be of
mid-O subtype. The first O star has He 11 4542 > He 11 4471 and
should be close to O5. Thorough characterization of this system
requires further high-resolution spectroscopy covering the whole
classification range in a single epoch at large velocity separation.

ALS 15203 A,B. In Villafranca II, this Villafranca O-
002 (Trumpler 14) object was identified as an SB3 with
a classification of BO V + B + B. In GIRAFFE, we see
some double lines but Hell lines are very weak, invalidat-
ing the Vijapurkar & Drilling (1993) classification as O7 V.
As Gaia EDR3 detects two sources of similar magnitude sep-
arated by 172 (confirmed by HST imaging), we reanalyzed
the GOSSS long slit with the best seeing and proper orienta-
tion and were able to spatially separate the two visual compo-
nents. ALS 15203 A is an SB2 with a spectral classification
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of BO.5 V + BI1: V, which corresponds to those of the sec-
ondary and tertiary in Villafranca II, and ALS 15203 B has a
classification of BO V, which corresponds to the primary in Vil-
lafranca II. There is a hint of emission at the bottom of HB for
ALS 15203 B but it is unclear whether this is of stellar origin or
is due to an incorrect nebular subtraction. In any case, this SB3
system is now a SB2+Cas following the SBS nomenclature of
Maiz Apellaniz et al. (2019b)

2MASS J10435902-5933196. We identify this star in Vil-
lafranca O-002 (Trumpler 14) as a He-rich B star for the first
time using GIRAFFE data.

2MASS J10441829-5942296. We identify this star in Vil-
lafranca O-003 (Trumpler 16 W) as a He-rich B star for the first
time using GIRAFFE data.

2MASS J10453807-5944095. This object in Vil-
lafranca O-025 (Trumpler 16 E) is identified as an O star
for the first time here using GIRAFFE data. It has an O8 Vz
spectral classification and a high extinction.

2MASS J10440744-5916399. This is a background object
caught as an SB2 but with an uncertain GIRAFFE classification
of 09.7: + BO0.5:. If confirmed, it would be another new O star.

The derived Gaia EDR3 distance is d = 4.45%03% kpc.

[ESK2003] 148 = [S87b] IRS 41. This system was first iden-
tified as an O-type candidate at the distance of Car OB1 by
Damiani et al. (2017). The identification was based on a pho-
tometric analysis with CHORIZOS (Maiz Apelldniz 2004) and
resulted in values of T = 42.4 = 4.4 kK, E(4405 — 5495) =
1.351 + 0.020 mag, and Rs495s = 4.92 + 0.09, which indicates
an O star with both large color excess and anomalous extinc-
tion. It is classified as 09.2 V(n) both in GOSSS IV and here
using GIRAFFE. The T.g therefore appears to be slightly lower
than the value measured with CHORIZOS. It is highly reddened
but with a position and parallax consistent with being in Vil-
lafranca O-025 (Trumpler 16 E), likely slightly behind the rest
of the cluster and immersed in the molecular cloud.

2MASS J10471498—-5953374. A GIRAFFE spectrum
yields the spectral classification B6: Ille, with a double-peaked
emission line in Ha but no emission in Hy (no other Balmer lines
are covered by the GIRAFFE data). The derived Gaia EDR3 dis-

tance is d = 3.14f8:§2 kpc, placing it in the background.

2MASS J10443089-5914461. This object is classified as
a highly extinguished supergiant with spectral type O7.5 II(f)
using either GOSSS data in GOSSS IV or GIRAFFE data here.
Alexander et al. (2016) classified it as O8 V but it is clearly not
a dwarf. It has a large parallax uncertainty: it could not be dis-
carded as being in Car OB1, but is more likely a background
object.

2MASS J10453185-6000293. This highly extinguished
O star in Villafranca O-030 (Bochum 11) is identified as an
O star for the first time. It receives a spectral classification of
07.5V in GOSSS IV using GOSSS data and a slightly later one
of 08.5 V here using GIRAFFE data. The latter is rather noisy
but some lines show signs of asymmetry, indicating a possible
spectroscopic binary.

[ARV2008] 217 = [S87b] IRS 42. This object is one of the
most interesting discoveries in this paper. Using GOSSS data
in GOSSS 1V, the authors give it an O3: III: spectral classifica-
tion and using GIRAFFE here we arrive at the same classifica-
tion but with an (n) suffix. In both cases the O3: classification is
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based on the apparent absence of HeI 4471 but the two spectra
are too noisy to provide a more accurate classification based on
the N lines. Therefore, it is a new member of the limited family
of Galactic O stars with spectral types earlier than O4. It was
first identified as an O-type candidate at the distance of Car OB1
by Damiani et al. (2017). The CHORIZOS analysis there gives
Ter = 42.0 £ 4.2 kK, E(4405 — 5495) = 1.932 + 0.021 mag,
and Rsgq95 = 4.60 = 0.06, that is, an early-type O star with both
large color excess and anomalous extinction. This latter analysis
is in good agreement with the spectral classification. The object
position and parallax for this object are consistent with it being
in Villafranca 0-025 (Trumpler 16 E), making it the earliest
O-type star there.

2MASS J10431945-5944488. The Gaia EDR3 parallax
for this object yields d = 794”_’%?) pc, clearly making it a
foreground (and very blue) object. The existence of broad Hy
and HeTI lines indicates that the spectrum is dominated by an
sdO. However, He 11 4542 and He 11 4686, observed at different
epochs, have different velocities and some lines appear to origi-
nate in a later-type star. Therefore, the system is a spectroscopic
binary.

High-extinction population of Preibisch et al. (2021). These
latter authors list several stars that were too faint to be observed
with GIRAFFE in the blue-violet region. Regarding their
Guaia EDR3 parallaxes, most of them are similar to or smaller
than that of Car OB1 but with larger uncertainties. There is only
one with negative parallax, which is likely a background object:
2MASS J10452648-5946188 (=[HSB2012] 3994), which was
already identified as a highly extincted B star by Damiani et al.
(2017) using CHORIZOS.

4. Results and discussion
4.1. The observed CMD and completeness

We first discuss the observed Gaia EDR3 CMD for the sample
of 316 objects in this paper, which is plotted in the first panel of
Fig. 2. Of those, only four are located in the foreground but two
of them are in distinct regions of the CMD: HD 93 420, a RSG in
the upper right, and 2MASS J10431945-5944488, a sdO in the
lower left. The main group, that is, the 294 objects in Car OB1,
does not follow the typical isochrone of a cluster or association
because of the strong differential extinction present in the region.
The majority concentrate between the extinguished isochrones
that correspond to E(4405 — 5495) of 0.3 and 0.6 (assuming an
Rs495 of 4.5) but some are significantly more extinguished than
that, including the four Preibisch et al. (2021) objects outside
the frame towards the lower right. The 18 background objects
have, on average, a higher extinction than the Car OB1 popu-
lation, an expected effect of the extinction associated with the
Carina Nebula. They appear mixed in the vertical direction with
the Car OB1 population but one should consider that if we plot-
ted absolute magnitude on the vertical axis, they would move
upwards. For example, five of the 18 objects are B supergiants.
The majority of the stars lie between the Rsq95 = 4.5 extinc-
tion tracks for average MS stars of T.g = 20 kK and 52.5 kK
stars. A significant fraction lie below the track of T = 20 kK
because of a combination of different effects: an average-age
B2.5 V star can have a T.y somewhat lower than 20 kK;
ZAMS stars should be lower in the CMD than average-age
ones; and the extinction tracks for Rsqos > 4.5 (which is
known to be appropriate for some stars in the Carina Nebula;
see Maiz Apelldniz & Barbd 2018) are steeper than the plotted
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Fig. 2. Gaia EDR3 CMD for the stars of our census. First panel (see the following page for the second one): Gaia EDR3 CMD for the stars with
spectral types in this paper. Different symbols and colors are used to represent stars with parallaxes compatible with being (or otherwise assumed
to be) in the foreground (4), in the background (18), or in Car OB1 (294). Of the Car OB stars, 6 are of Wolf-Rayet or nonO supergiant (II to Ia)
spectral class, 74 are of O type, and 214 are of nonsupergiant B type. Four of the Preibisch et al. (2021) stars are outside the frame towards the
lower right due to their high extinction. Black lines show the average main sequence at a distance of 2.35 kpc with no extinction and with values
of E(4405 — 5495) of 0.5, 1.0, 1.5, and 2.0 (labeled) using the extinction law of Maiz Apelldniz et al. (2014) with a value of Rs49s of 4.5, which
is typical of the region but with a large dispersion (Maiz Apelldniz & Barbd 2018). Solid orange lines show the Rs495 = 4.5 extinction tracks for
average MS stars of T of 52.5 kK, 30 kK, and 20 kK (labeled), respectively. The dotted orange line shows the Rss95 = 3.0 extinction track for

Teﬂ' = 30 kK

ones. Above the extinction track of Ter = 52.5 kK, we find ten
Car OBI stars: n Car, the two RSGs, WR 24, four O super-
giants, and HD 93250 A.B (a close binary with two very early-
type components; see Le Bouquin et al. 2017), that is, all of the
objects that are expected to be there.

The most striking feature of the first panel of Fig. 2 is how
well the Car OB1 O and B stars are separated in the CMD, with
the O stars mostly above the average-age extinction track of Teg
= 30 kK for Rs495 = 4.5 and the B stars below it. This is indi-
rect confirmation of the quality of the spectral classifications.
The separation is not perfect but it is not expected to be for sev-
eral reasons: B giants and supergiants (plus some early B and
some early B binaries) are expected to be above the average-
age extinction track of T.g = 30 kK for Rsq95 = 4.5 and late
O-dwarfs near the ZAMS below that track. In addition, varia-
tions in Rsg95 among sightlines should produce some mixing, as
low values of Rss95 can move B stars into the O-star territory

and high values of Rs4q95 can move O stars into the B-star terri-
tory. Examples of the latter possibility are two of the stars from
the Preibisch et al. (2021) sample, 2MASS J10454595-5949075
and 2MASS J10452013-5950104. If they are confirmed to be
normal O dwarfs, their value of Rs495 should be high.

When building a census, one of the most important ques-
tions to be addressed is how complete it is and this is especially
important when the sample is built from multiple sources such
as in this paper. To answer this question, we plotted in the sec-
ond panel of Fig. 2 all the Gaia EDR3 sources found within the
footprint that have positive corrected parallaxes consistent with
being at the distance of Car OB1 and that have catalog values of
Ggp3 — Grps. The second panel shows that the first panel shows
just a small part of a moderately extinguished well-populated
main sequence. In addition to that main sequence, a significant
population of red stars is present. By comparison with the first
panel, some of those are extinguished OB stars but a comparison
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Fig. 2. Second panel (see previous page for the first one): Equivalent plot but for all Gaia EDR3 stars in the region of interest with corrected
parallaxes that are compatible with the distance to Car OB1 and positive, and with catalog values of Ggps — Grps. The plotted objects are classified
according to whether they are located inside or outside of the area limited by Ggps — Grps = 1.0 and the Rs495 = 4.5 extinction track for average MS
stars with 7. = 20 kK. Stars inside that area are further divided into those matched with objects in the first panel (154) and those unmatched (19).
We note that an additional three stars inside the above-mentioned area in the first panel (HD 93 129 Ab, CPD —59 2636 A,B, and ALS 19 740)
plus 7 Car outside of that area are not shown either because they are not included in Gaia EDR3 or have no parallaxes there.

with other Galactic sightlines indicates that most of them must
be intrinsically red stars. For example, the diagonal series of
stars that follows the extinction track of T.x = 30 kK around
Ggp3 — Grps ~ 1.5 is the red-clump extinction sequence; these
are ubiquitously seen in the Galactic plane when plotting abso-
lute magnitude in the vertical axis (as we are effectively doing
here by selecting a population consistent with being at the same
distance). This latter sequence starts around Ggps — Grps ~ 1.1
for zero extinction and here we are just seeing it with an extinc-
tion distribution that is not significantly different from that of the
OB stars in Car OBI1.

Given the dominance of the late-type population for red col-
ors (something that needs to be addressed with additional data
such as NIR photometry), we do not have the means to deter-
mine how complete the sample is for high extinctions. Indeed,
this is why a paper as recent as Preibisch et al. (2021) was able
to find several new O stars in Car OB1: thick dust clouds can eas-
ily hide OB stars if no IR data are available, and even if they are,
finding OB stars in such an environment is not always straight-
forward. Therefore, we concentrate on the low- and moderate-
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extinction part of the sample, defined as those OB stars with
Ggps — Grps < 1.0 (just to the left of the point where the first
red clump stars are expected to appear). Since for fainter stars
one expects any sample to be less complete, we also restrict the
completeness analysis to the region above the extinction track
of T = 20 kK in Fig. 2. In other words, we are assessing how
complete the sample is regarding low- and moderate-extinction
O and early-B stars.

We cross-matched the two samples (the one used through-
out this paper and the full Gaia EDR3 one) inside that area and
found 154 coincidences. Three objects in the main sample are
not present in the Gaia EDR3 sample either because they lack
parallaxes (CPD —-59 2636 A,B and ALS 19740) or because
they are completely absent (HD 93 129 Ab). We note that  Car
would also be absent if it were inside that area. Gaia EDR3 is
relatively complete barring a few small-separation binaries. As
for the other way around, 19 systems in the Gaia EDR3 sam-
ple are not present in the main one (green stars in the second
panel). Of those, five have large external parallax uncertainties
(>0.1 mas), are therefore unlikely to be real Car OB1 members.
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Table 2. Binary statistics and fractions for the spectroscopic systems containing at least one O-type star present in the census.

Group Single Binary O stars Fraction
O-stars  O-systems in binaries

0-002 (Trumpler 14) 10 3 5 0.33
0-003 (Trumpler 16 W) 2 2 3 0.60
0-025 (Trumpler 16 E) 8 6 10 0.55
0-027 (Trumpler 15) 3 - - 0
0-028 (Collinder 228) 16 3 4 0.15
0-029 (Collinder 232) 2 - - 0
0-030 (Bochum 11) 4 1 2 0.33
Car OB1 10 4 6 0.37
Whole sample 55 19 30 0.35

Notes. Background and foreground members are excluded from the statistics. We separate numbers considering the different Villafranca groups
of Carina. Car OB1 group refers to the stars just falling in the gaps between defined Villafranca groups (see Appendix A for further details).

Therefore, we estimate that our sample is around 90% complete
for low- and moderate-extinction O and early B systems. Fur-
thermore, the location of the 19 green stars in the second panel
of Fig. 2 — all of them below the extinction track of T = 30 kK
— suggests that those missing objects are likely of early-B type.
Therefore, we conclude that we are missing very few or even no
low or moderate O-type systems in Car OB 1 within our footprint
in our sample. As mentioned above, this may not be the case for
objects with high extinction. In any case, the 74 Car OB1 O-type
systems in this paper represent the largest nearly complete sam-
ple of objects of that spectral type in any part of a Galactic OB
association.

4.2. Binary fraction

It is well known that multiplicity among massive stars is ubiq-
uitous. Commonly, multiplicity is divided into that which is
detected through spectroscopy (velocity changes and differ-
ences) and that which is revealed by imaging (or visual multi-
plicity), and it is important to indicate which one is being used,
as some previous studies have conflated them and caused con-
fusion. In GOSSS 1II, we analyzed the population of Galactic
southern stars and found that 65%-91% of them are multiple
stars of one type or another, with the values for spectroscopic
and visual multiples being 50%-60% and 30%-76%, respec-
tively. One consequence of those numbers is that a significant
fraction (at least 15%) are at the same time spectroscopic and
visual multiples, and most of those involve three stars, as in 2014
the number of pairs detected simultaneously with spectroscopy
and imaging was relatively low. An analysis of known multi-
ple O stars in the northern hemisphere (Maiz Apellaniz et al.
2019a) confirmed the trend towards systems of three or more
stars and revealed that simple binaries are a minority once spec-
troscopic and visual multiples are included. For example, hier-
archical triples composed of a short-period (less than 1 month)
system orbited by a companion in a long-period (years or more)
orbit are relatively common.

In the census presented here, we find 20 spectroscopic binary
systems containing at least one O-type star (listed in Table A.S5),
one of them located in the background. There are six new sys-
tems reported for the first time in this work, either from GES
and/or GOSSS IV observations. Excluding the background sys-
tem, the total number of O stars in the 19 systems of Car OB1
is 30. This represents a fraction of 0.35 (30 out of a total of
85 O-stars; see Table 2 where binary statistics and fractions for

the spectroscopic systems containing at least one O-type star in
the different Villafranca groups are summarized). This number
is still far from those reported in GOSSS II and also from the
0.44 fraction of O-type stars in binaries quoted by Sana & Evans
(2011) or even the slightly higher value of 0.50 indicated by Sana
(2017). This indicates that there is a significant number of bina-
ries still to be identified in the region. Nevertheless, we highlight
that the multiplicity statistics reported in this work are incom-
plete. We only report double-line spectroscopic binaries. Visual
binaries are not considered and only a small fraction of the sam-
ple has significant multi-epoch coverage for single-line spectro-
scopic binary detection. In spite of this, we significantly increase
the fractions quoted by Sana & Evans (2011) in Trumpler 14 and
Trumpler 16, for which these authors quoted fractions of zero
and 0.48, respectively (see Table 2).

In addition, we find 18 spectroscopic binary systems formed
by early B-type stars, one of them a background system and
13 new binary detections from GES, GOSSS, and LiLiMaR-
lin observations (see Table A.6). Figure 3 shows an example
of the new spectroscopic binary detections from GES spectra
at their original resolution. The Si III triplet at A4552-68-75 A
is shown for binary late-O (a and b panels) and early-B (c and
d panels) systems. See figures in Appendix A for full spectra
details.

4.3. The spectroscopic n-qualifier as an indicator of rotation

As stated in Sect. 2.3, the MGB tool has been used for the spec-
tral classification of GES data. This tool allows the user to obtain
not only the spectral subtype and luminosity classification, but
also spectral peculiarities and the rotation index. Broadening is
denoted by (n), n, nn, and nnn indexes, progressing from slightly
broadened to more and even more broadened lines. Therefore,
this qualifier has been traditionally interpreted as a sign of high
rotational velocity. As a consistency check, we determined the
projected rotational velocity of stars with this qualifier in order
to know whether or not there is a 1:1 relationship between the
two.

To this aim, we used iacob-broad, a user-friendly
tool for the line-broadening characterization of OB stars
(Simén-Diaz & Herrero 2007, 2014). It is based on a combined
Fourier transform (FT) and the goodness-of-fit (GOF) method,
which allows us to easily determine the stellar projected rota-
tional velocity (v sin ) and the amount of extra broadening (vmac)
from a specific diagnostic line. The FT technique is based on the
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respectively.

identification of the first zero in the Fourier transform of a given
line profile (Gray 2008; Simén-Diaz & Herrero 2007). The GOF
technique is based on a comparison between the observed line
profile and a synthetic one that is convolved with different val-
ues of vsini and vy, to obtain the best-fit by means of a y?
optimization. The main advantage of this methodology is that
we obtain two independent measurements of the v sin i (resulting
from either the FT or the GOF analysis) whose comparison is
used as a consistency check and to better understand problematic
cases. As metallic lines do not suffer from strong Stark broaden-
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ing or nebular contamination, they are best suited for obtaining
accurate vsini values. GIRAFFE setups cover the SiIlT A4552
diagnostic line, while UVES/FEROS/HARPS setups cover this
latter plus the O 11 A5592 diagnostic line. In cases where none of
these are present, or they are too weak, we then use the nebular-
free or weakly contaminated Hel lines (Hel A4387, A4471,
AMT13).

Figure 4 presents the v sin i histogram of the OB stars
included in our census with any broadening index in their spec-
tral classification (see Table A.2). Mean v sin i values for (n),
n, nn, and nnn are 206, 265, 317, and 392 km s~!, respectively,
which confirms the trend that the higher the rotation index the
higher the projected rotational velocity. However, we find a sig-
nificant overlap in the ranges of projected rotational velocity. For
example, the (n)- and n-type stars peak at the same bin: between
200 and 250 km s~!; and the fastest n-star rotates 88 km s~ !
faster than the slowest nn-star (but the distribution of (n)-stars is
slanted towards the left from that point, while that of n-stars is
slanted towards the right). There are two likely explanations for
the overlap. On the one hand, a non-negligible fraction of these
stars could be found to be spectroscopic binaries, as such broad-
ened lines may prevent us from detecting binary line profiles
when multi-epoch observations are not available. On the other
hand, the sample is dominated by B1-B2.5 dwarfs, which have
few intrinsically deep and narrow lines in the analyzed wave-
length range (which is only a part of the standard blue-violet
classification range), making the n-type indexes more unreliable
than for for example O stars or B supergiants.

4.4. Runaway candidates

Benefiting from the high-precision astrometry that Gaia EDR3
provides in Carina, we investigated the proper motions of the
stars in our census to identify bona fide runaways as a first step
for future studies. Following the ideas of de Mink et al. (2013)
(who propose that fast-rotating stars are the product of post-
interacting binaries and therefore could also have been ejected
from binary systems in which the mass donor exploded as a
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Table 3. Group proper motions in a* and ¢ derived in this work and those from the Villafranca II and III works, all based on Gaia EDR3

astrometry.

This work Villafranca II-1IT

GI‘Ollp N Max,g Hé,g Max,g Hs,g

0-002 (Trumpler 14) 32 —-6.580 +0.240 2.089 +£0.246 —-6.534 +0.023 2.076 = 0.023
0-003 (Trumpler 16 W) 8 -7.179+£0.102 2.730 £0.103 -7.128 +0.024 2.670 = 0.024
0-025 (Trumpler 16 E) 47 —-6.894 +0.214 2.647 £0.177 —-6.877 £0.023 2.596 + 0.023
0-027 (Trumpler 15) 17 -6.172 £0.164 2.224 +£0.175 -6.282+0.023 2.131 +0.023
0-028 (Collinder 228) 53 —-6.896 +0.334 2332+0.396 -6.713+0.021 2.070 +0.021
0-029 (Collinder 232) 12 -6.667 £+0.414 2238 +0.294 —6.552 +0.023 2.142 +0.023
0-030 (Bochum 11) 19 -6.559 +£0.204 2.328 £0.307 -6.635+0.021 2.279 +0.021

Notes. Group uncertainties reported in this work refer to the standard deviation of the selected OB stars while those in Villafranca II-III correspond

to the standard deviation of the mean (with the angular covariance term included) of all the stars identified as group members, a much larger number

than the one used in this work.

supernova), we are interested in exploring whether or not there is
a connection between O and B-type stars with the spectroscopic
n-qualifier’ and the runaway status.

The proper motion distribution for each Villafranca group is
shown in Fig. 5. We define group centers through an iterative
process assuming the average values of each group member,
but excluding detected binaries, objects with a renormalized
unit weight error (RUWE) > 1.4, and those stars that do not
comply with the proper-motion constraint described below. For

3 as a proxy for fast rotation, although we emphasize that, even if there

is a good correlation with the average v sin i, not all stars with this qual-
ifier have a high projected rotational velocity, as shown in Sect. 4.3.

reference, group proper motions in a* and § derived in this
work and those from the Villafranca II and III are shown in
Table 3. As in Villafranca II, we find the proper motion of
0-025 to be different from that of O-003, indicating that both
groups in Trumpler 16 are well separated. We iteratively fil-
ter stars with proper motions larger than the mean values for
each group by more than three sigma. To this aim, we cal-

culated oy = L[o2 +02 for each group, deriving a final

mean o, of 0.342 mas a~' and thus a three-sigma value of

1.03 mas a~!. We find four stars with the n-qualifier in their
spectral classification that do not meet the imposed constraint
(those stars falling outside the circles in Fig. 5). Three of
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them (2MASS J10440866-5933488 in 0O-002, CPD -59 2541 in
0-028 and 2MASS J10451588-5929563 in O-029) can be con-
sidered firm runaway candidates. However, we note that the
large RUWE value for CPD -58 2657 (in the O-027 group)
indicates inaccurate astrometric measurements (see Table A.7).
The remaining stars with the n-qualifier are homogeneously dis-
tributed around the core motion of each group. Interestingly, the
two extreme very fast B rotators of our sample, ALS 15248
and 2MASS J10433865-5934444, which both rotate at vsini >
450 km s~!, do not show peculiar proper motions, and so are
consistent with the main values of each group. We also find four
further runaway candidates that are not included in the group
with the n-qualifier but show peculiar proper motions. Two of
them are RSG stars. We note that two stars identified in Vil-
lafranca I as possible runaway stars ejected from Trumpler 14
(HDE 303313 and ALS 16 078) spatially fall in the gaps of the
redefined Villafranca groups. Therefore, they have been labeled
as just Car OB1 members and are not discussed here®.

We therefore identify 4 out of 90 stars with the n-qualifier
as candidate runaway objects and another 4 out of 168 without
the n-qualifier, which means fractions of 4.4% and 2.4%, respec-
tively’. This points to a connection between runaways and fast
rotators, as pointed out by other works (see f.e. de Mink et al.
2013; Holgado et al. 2022, and references therein), particularly
if we consider that the viewing angle may be affecting the pro-
jected rotational velocities, resulting in less broadened lines.
However, given the limitations of our work, further research
on this topic (in particular, a distribution of projected rotational
velocities and a more detailed study of the runaway condition) is
needed in order to obtain a firm conclusion.

Finally, we note that the distribution of binary systems in
the proper motion diagram (crosses in Fig. 5) is homogeneous,
which is contrary to what might be expected. A similar pat-
tern was found in the Cygnus OB2 association (Berlanas et al.
2020), implying that these systems may still keep their original
velocities.

5. Conclusions

We present a new census of massive stars in the central part of
Carina, Car OBI1, based on high-quality spectroscopic data pro-
vided by GES, GOSSS, LiLiMaRlin, and additional sources
from the literature. This catalog contains a total of 316 massive
stars. We separated stars with distances compatible with Car OB1
(assigning group membership) from those in the foreground and
background, finding 4 systems in the foreground and 18 in the
background. Of the 294 stellar systems in Car OB1, 74 are of
O type, 214 are of nonsupergiant B type, and 6 are of WR or
nonO supergiant (II to Ia) spectral class. We estimate that our sam-
ple is around 90% complete for low- and moderate-extinction O
and early B systems, missing very few or even no O stars within
our footprint. The 74 Car OB 1 O-type systems quoted in this paper
are the largest nearly complete sample of objects of that spectral
type in any part of a Galactic OB association.

Among the stellar census, we identified 20 spectroscopic
binary systems that contain at least one O-type star. Six of these

6 A direct comparison between the runaway candidates identified in
both works must be done with caution because different methods have
been used. We note that in Villafranca works, stars are selected as can-
didate runaway or walkaway objects when their proper-motion points
in the opposite direction to that of the center of the group (within some
margins; see Villafranca I-II for further details).

7 We note that detected spectroscopic binary systems, with or without
the n-qualifier, have been excluded from the statistics.
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are new identifications and one is located in the background.
The observed binary fraction of O stars found in the Car OB1
region is 0.35, although this number only refers to double-lined
spectroscopic binaries and therefore represents a lower limit.
Visual binaries are not considered and only a small fraction of
the sample has significant multi-epoch coverage for single-lined
spectroscopic binary detection. This number should therefore be
considered as a lower limit. In addition, we find another 18 spec-
troscopic binary systems with a B-star primary, 1 of which is a
background system, and 13 are new binary detections from GES,
GOSSS, and LiLiMaRlin observations.

We explore the correlation between the spectroscopic rota-
tion index, n, and the actual projected rotational velocities of
the stars. We find a good correlation of the average vsini val-
ues with the qualitative classification of each group ((n), n, nn,
nnn). However, there is significant overlap in their vsin i ranges.
We note that it is possible that a non-negligible fraction of these
stars are actually spectroscopic binaries contaminating the fast
rotators sample.

Finally, we investigated the proper-motion distribution for
the sample of those O and B-type stars with a spectroscopic n-
qualifier. Our results indicate a connection between runaways
and fast rotators. Furthermore, the distribution of binary sys-
tems in the proper motion diagram is homogeneously dis-
tributed, implying that these systems may still keep their original
velocities.
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Appendix A: Tables and spectrograms

In this Appendix, we present tables with information for the stars
in the field of the Carina Nebula analyzed in this paper and fig-
ures with the spectrograms that have not appeared in previous
papers.

Table A.1 (available only in electronic form at the CDS)
lists the basic information for the stars: name, coordinates,
identifications, G’ magnitude, Gaia EDR3 parallax, and group
membership. Regarding the latter, the following algorithm is
used:

— All stars are initially labeled as Car OB1.
— A search is done to see if the star is located inside
the region of the sky defined by the center and radius

of one of the groups defined in Villafranca II or III

(Villafranca 0-002 Trumpler 14, Villafranca O-

003 = Trumpler 16 W, Villafranca O-025 = Trumpler 16 E,

Villafranca 0-027 Trumpler 15, Villafranca O-

028 = Collinder 228, Villafranca O-029 = Collinder 232, and

Villafranca O-030 = Bochum 11). If found, the membership

is changed to that group. We note that, as mentioned in the

Villafranca papers, the traditional division into such groups

is to some point arbitrary: Villafranca O-002, Villafranca O-

025, and Villafranca O-027 are likely real clusters while

the rest of the groups are just subassociations of the larger

Car OBI1. As the apertures in the Villafranca papers are cir-

cular, some stars just fall in the gaps and remain labeled as

Car OB1.

— Stars without a parallax or with corrected parallax uncertain-
ties greater than 0.1 mas are given in bold face to indicate
that the Gaia EDR3 information is not sufficient to deter-
mine their distances. We note that many of those objects are
known to be located in Car OB1 for other reasons (e.g., 7 Car
or HD 93 129 Ab).

Stars whose parallax is larger than 0.44 mas by more than
three sigma are labeled as foreground.

Stars whose parallax is smaller than 0.41 mas by more than
three sigma or is negative are labeled as background. The
limits here and in the previous steps are determined from
Villafranca II and III.

Table A.2 (available only in electronic form at the CDS) lists
the spectral types for the stars in this paper. Three types of spec-
tral types are given: those derived from Gaia-ESO spectra (all
new), those derived from GOSSS spectra (most from previous
papers and from GOSSS IV but some new, marked as TW), and
those derived from LiLiMaRlin and STIS spectra as well as from
the literature (all previously published).

Tables A.3 and A 4 list those stars of the census identified in
the foreground or in the background, and those of WR or nonO
supergiant (I to Ia) spectral class, respectively. Tables A.5 and
A.6 list spectroscopic binary systems identified in our census
containing at least one O-type and those formed by early B-type
stars, respectively. Table A.7 lists runaway candidates identified
in this work.

Figure A.1 shows the UVES spectra, Fig. A.2 the GIRAFFE
spectra, and Fig. A.3 the GOSSS spectra.

Table A.3. Stars of the census whose distance is not compatible with Car OB1 and are located in the foreground and in the background. See Table

A.2 for reference acronyms.

Name Gaia-ESO GOSSS LiLiMaRlin + STIS + literature group
ST LC qual. sec. ST LC qual. sec. ref. ST LC qual. sec. ref.

HD 93420 — —_ = — _ = = = — M4 Ib — — H72 foreground
HD 93342 — —_ - — —_ = = = — Bl la — — Al6 background
HD 93501 — _ - - —_ = = = — BO V. — — Al6 foreground
CPD -59 2592 — _ - = _ = = = = BI I — — Al6 background
HDE 305439 A BO la — — _ = = = — BO la — — V93 background
HDE 305439 B — _ - = _ = = = = B0.7 Ib — — M23b background
ALS 15860 Bl Jab — — Bl Tab — — TW 095 I'l — — F80 background
CPD -58 2634 B1S VvV — — _ = = = — B36 — — — L76 foreground
CPD -59 2535 — —_ = — _ = = = — B2 Vv — — Al6 background
2MASS J10424476-6005020 BO2 V — BO2V BO IVi — — T™W O — — — PIl background
2MASS J10441791-5925204 B25 V — — —_ = = = — _- = = = — background
2MASS J10444803-5954297 O7: V e — 08: V e — M22b — @ — — — — background
2MASS J10441242-5934091 B2 V n — _ = = = = _ = = = — background
CPD -59 2539 B2 v — — _ = = = — _ = = = = background
2MASS J10413434-5958474 Bl v — — —_ = = = = _- = = = — background
2MASS J10440744-5916399 09.7: — BOS: — — — - — _- = = = — background
2MASS J10471498-5953374 B6: III e — —_ = = = = _- = = = — background
2MASS J10425293-6003478 B0.7 V — — —_ = = = = —_ = = = — background
2MASS J10420949-6002265 B0.7 V — — —_ = = = = _- = = = — background
2MASS J10431388-5954584 B2 v — — _ = = = — _ = = = = background
2MASS J10431945-5944488 sdO — —  sec _ = = = — _ = = = = foreground
2MASS J10452648-5946188 — _ - — —_ = = = — B1-2 — — — P21 background
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Table A.4. Stars identified in the Car OB1 region as of WR or non-O supergiant (II to Ia) spectral class. See Table A.2 for reference acronyms.

Name Gaia-ESO GOSSS LiLiMaRlin + STIS + literature group
ST LC qual. sec. ST LC qual. sec. ref. ST LC qual. sec. ref.
n Car — —  — — LBV — — — M22a F: I — — W77 0-025
WR 24 — — — — WN6 —  ha — ™ WN6 — ha-w... — HO06 0-028
HD 93281 — —_- — — — —_ = — — ML.5 Iab: — — M23b  0-028
HDE 303310 — - = — — - — — — M3 Iab — — M23b  0-027
CPD -582605 B0.5 1II — — — — - — — BO mr-Iv:  — — MS8 0-002
CPD -59 2504  B7 II: nn — — - — — — B25 — — — L76 0-028

Table A.5. Spectroscopic binary systems identified in the census containing at least one O-type star. See Table A.2 for reference acronyms.

Name Gaia-ESO GOSSS LiLiMaRlin + STIS + literature group Notes
ST LC qual. sec. ST LC qual sec. ref. ST LC qual. sec. ref.

QZ Car Aa,Ac — - — — 097 Ib n — S14  09.7 b — O9 II: M22b  0-028 new SB2

HD 93129 Aa — - — — 02 I f* — S14 02 1 * OB? M17  0-002

HD 93403 — - — — 05 1 fc 075V M22b O5 1 fc 075V M22b Car OB1 new SB2

HD 93205 — - — — 035 V. ((f) o8V S14 035 V.o () 08V M20  0-003

HD 93162 — —_- — — 025 1 f*/WN6 OB S14  WN6 — h 04 Vol 0-003

HD 93161 A o7 Vo) 091V 075 V. — [o°AY S14 07 Vo) 091V M22b  0-002

V572 Car 065 V z BOV+B05:V 075 V. (n) BO V(n) M16 06.5 vV oz BOV +B0.2V M22b 0-025 new SB3

CPD —59 2554 092 V. — Bl1:V 095 IV — — S14 092 vV o — B1:V M22b 0-028 new SB2

CPD -59 2641 — — — — 06 V  ((fe)) — S14 0556 V  ((fc)) B2 V-II R09  0-025

CPD -59 2635 08 vV oz 092V o8 V. 095V S14 08 vV oz 092V M22b  0-025

HD 93343 — - — — o8 vV — — M16 075 vV oz 07.5: V(n) M22a  0-025

V573 Car — - — — 095 V. (n) B0O.5V(n) SI14 095 v — BO5V M22b  0-025

CPD -59 2636 A,B 075 V. — 08V +08V o8 VvV — o8V S14 07 vV — O8V+09V A02 0-025

HDE 305 525 — - — — 055 V.  ((O)z O75V+B Ml6 04 v — — V93 0-030

HDE 303312 095 I — B0.5: V 097 IV — — S14 09 v — — F81 Car OBl  new SB2

CPD -58 2649 A 09.5: — — BO: 09.7 II: — BO: V: M22b O7 v — o8V Al6  CarOBI

CPD -59 2591 085 V. — BO/1 08 V z B0.5: V: Mil6 08 vV oz B0.5: V: M22b  0-028

ALS 15204 — — — — 075 V z 09: VvV Ml6 — —_ — — — 0-002

V662 Car O - — O+B 05 V. (nz BO: V Mi6 055 vV oz 095V NO6  Car OB1

2MASS J10440744-5916399 09.7: — — B0.5: — — — — — — - — — — back. new SB2

Table A.6. Spectroscopic binary systems identified in the census formed by early B-type stars. See Table A.2 for reference acronyms.

Name Gaia-ESO GOSSS LiLiMaRlin + STIS + literature  group Notes
ST LC qual. sec. ST LC qual. sec. ref. ST LC qual. sec. ref.

HDE 305 534 — —_ = — —_ = = = — BO V. — B0V Al6  0-028

HDE 305 522 B0 V — BL:V — — — — — BO V. — Bl1V Al6  0-028

HDE 305 543 — —_ - — —_ = = = — B02 V (n) Bl:V(n) M23b 0-028 new SB2

HDE 303 300 B0OS V. — B _ = = = — BT VvV — — Al16 Car OBl new SB2

HDE 305516 B0OS V. (n) B2V — — — — — B0OS V. —  — Gllb 0-028 new SB2

HDE 303313 B2 VvV — B2V — — — — — B2 vV — B2V Al6  Car OBI

HD 93128 B B02: V — BLl:V B02 V — — M22a — — — — — 0-002  new SB2

ALS 15219 B05S: V. — BLl:V B07 V — BlV M22a Bl V — — M93  0-002

CPD -59 2583 B1S: VvV — B2V — — — — — BT VvV — — Al6 Car OBl new SB2

CPD -58 2640 BlS5 V — B2V — — — — — BI VvV — B2V Al6  0-029

2MASS J10424476-6005020 B0.2 V — B02V BO IV: — — ™ O — — — P11  back. new SB2

CPD -59 2661 B0: — — B BO V (ne B2V TW 095 V — — W84 0-030  new SB2

2MASS J10431897-5946569 B2: V (n) B _ = = = — _ = = — — 0-028  new SB2

ALS 15237 Bl5S: V. — B2V — — — — — _ = = = — 0-029 new SB2

CPD -59 2625 Bl5: V. — B2V — — — — — B2 VvV — — Al6  0-025 new SB2

ALS 15203 A B — — B BOS V. — BL:VTW 07 V — — V93 0-002  new SB2

2MASS J10444550-5952537 Bl: V. — B15S:V — — — — — _ = = — — 0-028  new SB2

[HSB2012] 3482 B2 VvV — B3}V — — — — — B3 — — — V15  0-025 new SB2
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Table A.7. Proper motions from Gaia EDR3 for the identified runaway candidates.

Name Gaia Source Ha Us RUWE group n-qualifer
[masa™'] [mas a™']

2MASS J10440866—-5933488  5350363085623074432  -7.181 £0.015 3.419+0.014 0972  0-002 nnn

CPD -58 2657 5350395383780746496  -6.622 + 0.329  0.385 +£0.300 12.985 0-027 (n)

HDE 303310 5350389095946525568  -7.432 +0.031 2.851 +£0.026 0.704  0-027

CPD -59 2541 5254271056429426688  -5.647 + 0.032  2.545 + 0.031 1.582  0-028 (n)

HD 93281 5350302097082780416  -8.028 + 0.022  2.029 £ 0.020  1.008  0-028

QZ Car Aa,Ac 5350346970905044480 -5.750 + 0.123  2.455 +0.108  3.471 0-028

HDE 305 523 5350347520660979840  -5.804 + 0.025  2.165 + 0.023 1.083  0-028

2MASS J10451588-5929563  5350384629180484224  -6.893 +0.011 4.030 £ 0.010  0.797  0-029 n
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