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ABSTRACT

Context. Past observations of O-type stars in the Galaxy have shown that almost all massive stars are part of a binary or higher-order
multiple system. Given the wide range of separations at which these companions are found, several observational techniques have
been adopted to characterize them. Despite the recent advancements in interferometric and adaptive optics observations, contrasts
greater than 4 in the H band have never been reached between 100 and 1000 mas.

Aims. Using new adaptive optics (AO) assisted coronagraphic observations, we aim to study the multiplicity properties of a sample of
18 dwarf (or sub-giant) O stars in the galactic field and in OB associations to probe the existence of stellar companions in the angular
separation range from 0”15 to 6” down to very low mass ratios.

Methods. We used VLT/SPHERE to observe simultaneously with the IRDIS and IFS sub-systems 18 O-type stars within 6 kpc and
ages between 1 and 5Myr. The IFS YJH band observations have allowed us to probe the presence of sub-solar companions in a
1.7 x 1.7” field-of-view down to magnitude limits of AH = 10 at 0”4. In the wider 12” x 12" IRDIS field-of-view, we reached
contrasts of AK = 12 at 1”, enabling us to look for even fainter companions at larger angular separations and to probe the source
density of the surrounding portion of the sky.

Results. This paper presents five newly discovered intermediate (<1”) separation companions, three of which are smaller than 0.2 M.
If confirmed by future analyses of proper motions, these new detections represent the lowest-mass companions ever found around
O-type stars. Additionally, 29 other sources are found in the IRDIS field-of-view with spurious association probabilities smaller than
5%. Assuming that all sources detected within 1” are physically bound companions, the observed (uncorrected for bias) fraction of
companions for O-type stars between 150 and 900 mas is 0.39 + 0.15, whereas it increases to 1.6 + 0.3 in the separation range from
079 to 6”.

Conclusions. These findings clearly support the notion that massive stars form almost exclusively in multiple systems, serving as
proof of concept that supports the application of larger AO-assisted coronagraphic surveys as a crucial step in placing constraints on
the multiplicity properties of massive star companions in regions of the parameter space that have previously gone unexplored. These
results also demonstrate that the companion mass function is populated down to the lowest stellar masses.

Key words. binaries: general — stars: massive — stars: imaging — stars: formation

1. Introduction

The formation of massive stars remains an open question
in astronomy today. For low-mass stars, the core accretion
paradigm — starting with the collapse of pre-stellar cores into
a single or binary protostar with the subsequent accretion
of matter through a Keplerian disk (e.g., Shu et al. 1987

* The database is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/660/A122

Inutsuka 2012) — is expected to produce stars over timescales
of 10—50Myr. The problems in scaling up the low-mass star
formation models to the high-mass regime indeed come from
the short timescales involved (e.g., Zinnecker & Yorke 2007;
Brott et al. 2011). Therefore, for massive stars, other mecha-
nisms such as competitive accretion (Bonnell et al. 2001) and
protostellar mergers (Bonnell et al. 1998; Bally & Zinnecker
2005; Moeckel & Clarke 2011) have been proposed. Except for
collisional models, most high-mass star formation theories are
in agreement with regard to the presence of dense and mas-
sive accretion disks in sustaining accretion in the presence of
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radiation pressure. These disks are presumably unstable to frag-
mentation and this can lead to the formation of stellar compan-
ions (Kratter & Murray-Clay 2011).

A clear observational evidence is that the multiplicity fre-
quency is significantly higher among massive stars (Duchéne &
Kraus 2013). Several spectroscopic surveys of OB stars both
in our Galaxy, and in the LMC (see e.g., Chini et al. 2012;
Kobulnicky et al. 2012; Sana et al. 2012, 2013; Sota et al.
2014) have shown that the binary (or multiple) frequency may
be >70% for binaries with physical orbital separation smaller
than 1 AU. The occurrence of longer period binaries has been
explored through speckle interferometry by Mason et al. (1998,
2009), adaptive optics (AO) by Turner et al. (2008) and Close
et al. (2012), and lucky imaging by Maiz Apelldniz (2010) and
Peter et al. (2012). These studies also demonstrate the high inci-
dence of binaries and multiples among longer-period systems.
In order to fill the observational gap between classical imag-
ing and spectroscopic surveys, the Southern MAssive Stars at
High angular resolution survey (SMaSH+, Sana et al. 2014) has
combined optical interferometry (VLTI/PIONIER) and aperture
masking (NACO/SAM). The SMaSH+ survey is sensitive to
mostly bright companions (AH < 4) between 07001 and 02
for a large sample of O-type stars. The occurrence of fainter
(AH < 8) companions at larger separations (up to 8") was also
probed in entire NACO field-of-view (FoV). The main conclu-
sion of this work was that nearly all massive stars have at least
one companion in the separation range covered by the observa-
tions and that over 60% are part of a higher order multiple.

It is thus critical to probe the frequency of even fainter
(AH < 4) companions at these separations to determine the
shape of the period and mass ratio distribution and to estimate
the total binary frequency. The properties of the binary popula-
tion may indeed serve as a useful diagnostics tool to discriminate
between different formation models, particularly at separations
that approximately correspond to the size of the accretion disk,
where we expect to find the low-mass companions formed from
the remnants of the fragmented disk.

In this regard, the first paper of the Carina High-contrast
Imaging Project of massive Stars (CHIPS, Rainot et al. 2020)
represents a proof of concept that the extreme AO, implemented
at the VLT through the Spectro-Polarimetric High-contrast Exo-
planet REsearch instrument (SPHERE, Beuzit et al. 2019), pro-
vides the necessary spatial resolution and dynamics to look for
the faintest companions to nearby massive stars.

In this paper, we analyze the multiplicity properties of a
small sample of 18 dwarf O-type stars from the Galactic field,
loose associations, or denser clusters to have a first statistics on
the occurrence of faint (AK < 12) companions in the 0”15 to 6”
angular separation regime.

First, we describe the sample we considered (Sect. 2). The
setup for the observations and the data reduction are presented in
Sect. 3. The image post processing is described in Sect. 4. Then,
in Sect. 5 we show our results and we discuss them in Sect. 6.
Finally, we offer our conclusions in Sect. 7.

2. Sample

Our sample consists of 18 dwarf O stars with spectral types rang-
ing from O3 V to 09.7 V. Dwarf O stars only represented 20%
of the SMaSH+ sample due to the magnitude-limited (H <7.5)
quality of the survey. These represent, however, the most natu-
ral targets in the search for observational constraints on the out-
come of the massive star formation processes because they are
less evolved than giants and supergiants and because they are

A122, page 2 of 14

intrinsically less luminous, allowing us to probe the low-mass
end of the companion mass function. Thus, in the framework
of this small-scale project, we exclusively targeted a sample of
dwarf O stars covering a range of environments (clusters, dif-
fuse OB associations, field) and masses (from 15 to 60 My). The
properties of the objects are described in Table 1. The ages of the
targets are between and 1 to 5 Myr and the distances from ~1 to
4kpc.

3. Observations and data reduction

The 18 O type stars were observed as part of a SPHERE Sci-
ence Verification program and a standard service mode pro-
gram in 2015. The high-contrast imaging instrument SPHERE
is mounted at the Naysmith platform of Unit 3 telescope (UT3)
at ESO’s VLT, and consists of an extreme adaptive optics sys-
tem, coronagraphic masks, and three different sub-systems. The
observations were carried out in the IRDIS and IFS extended
mode (IRDIFS_EXT) by simultaneously using the Integral Field
Spectrograph (IFS) and the Infra-Red Dual-beam Imaging and
Spectroscopy (IRDIS) sub-systems (Galicher et al. 2018).

The IFS images have a pixel scale of 7.4 mas and with a total
size of 290 x 290 pixels cover a 1773 x 1”73 FoV on the sky.
IRDIS instead has a FoV of 12” x 12” with a pixel scale of
12.25 mas (i.e., 1024 x 1024 pixels in total). The IRDIFS_EXT
mode allows us to combine the YJH band observations with IFS
to dual K-band observations with IRDIS. Due to the size of the
FoV and its spectroscopic capabilities, IFS enables the detection
and characterizion of companions at close separations, whereas
the larger FoV of IRDIS provides statistics for companions at
larger separations and for the local field density of objects.

All observations were carried out in pupil-tracking mode
to allow for image post-processing through angular differential
imaging (ADI, Marois et al. 2006) techniques. However, most of
the objects were not observed during meridian passage and only
a limited parallactic angle variation was achieved.

For both IRDIS and IFS, the observing sequence was
composed of three types of observations. Our science frames
(OBJECT, 0) were obtained by blocking the light coming from the
bright central stars with SPHERE’s apodized Lyot coronagraphs.
We also obtained CENTER (C) frames, which were acquired by
applying a sinusoidal pattern to the deformable mirror to infer
the position of the star behind the coronagraph. Finally, for
spectro-photometric calibration, we took uncoronagraphic FLUX
(F) images of the stellar point spread function (PSF) by offsetting
the central star from the coronagraphic mask and we used a neu-
tral density filter (ND2.0) to avoid any saturation of the detector.
The same F-C-O sequence was repeated three times for each tar-
get. For HD 123 056 only IFS observations were obtained.

The choice of detector integration times (DITs) and number
of DITs (NDIT) for our OBJECT and FLUX exposures for each
target are presented in Tables 2 and 3 for IFS and IRDIS, respec-
tively. In total, for every star, we obtained four-dimensional (4D)
IFS and IRDIS data cubes. The IFS cubes are composed of
290 x 290 pixel images for each of the 39 wavelengths chan-
nels (from 0.9 to 1.6 um) and each sky rotation. The IRDIS data
cubes contain 1024 x 1024 pixel images for each one of the two
wavelengths channels (K1 and K2) and each sky rotation. The
summary of the observing conditions and total parallactic angle
variation for each object and is also presented in Tables 2 and 3.

The data reduction of IRDIS and IFS images was carried
out by the SPHERE Data centre (Delorme et al. 2017, DC)
at the Institut de Planetologie et d’ Astrophysique de Grenoble
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Table 1. O-type stars used in this work.

Object ID SpT d [kpc] Age Association References
HD 64 568 03 V((f*))z 4.254921 NGC 2467, Pup OB 1,2
HD 93 128 03.5 V((fc))z 2.363*0061  0.3-0.5Myr Trumpler 14, Car OBl 1,2,6
HD 155913 04.5 Vn(() 127013 RCW 114 2.3
HDE 319 699 05 V((fc)) 1.67+012 19Myr ~ NGC6334,RCW127  2,3,9
HD 124314 06 IV(n)((f) 1754020 - 2,3
HD 150 135 06.5 V(()z 1.148*0016  15Myr  NGC6193,AraOBla  1,13,8
HDE 326775 06.5 V(n)(()z 1.95+032 RCW 113 3,14, 11
V3903 Sgr 07 V(n)z + BO: V 1.08+51¢ Sgr OB1 2,3
HD 152623 O7 V(n)((f)) 1.16 2-4 Myr Trumpler 24, Sco OB1 12, 14
BD-13°4929 08V +B0.5: V +B0.5:V 1.697;§:§7§(1) 1-2 Myr NGC 6611 1,54
HD 101 191 o8V 2.82+061 IC 2944, Cru OB 2,3,7
HDE 323016 085V 2.13*034 - 3,10
HD 149452 09 IVn 134701 RCW 108, AraOBlab 2,3
HD 76341 0921V 1.33+012 RCW, VelOB1 2,3
BD —13° 4928 09.5V 1.697+0831 12 Myr NGC 6611 1,4
CPD -41° 7721 09.7 V:(n) 15517092 2-4Myr ~ NGC 6231, Sco OB1 1, 14
HD 123056 09.5 IV(n) 1.53+018 - 2,3
HD 152200 09.7 IV(n) 1551700 2-4Myr ~ NGC6231, Sco OBI 2,3

References. (1) Maiz Apellaniz et al. (2022); (2) Sota et al. (2014); (3) Pantaleoni Gonzélez et al. (2021); (4) Sana et al. (2009); (5) Martayan et al.
(2008); (6) Sana et al. (2010); (7) Sana et al. (2011); (8) Baume et al. (2011); (9) Russeil et al. (2017); (10) Neckel & Chini (1981); (11) Arias
et al. (2016); (12) Shull & Danforth (2019); (13) Maiz Apelldniz et al. (2020); (14) Maiz Apelldniz et al. (2016).

Table 2. Observing setup and atmospheric conditions for FLUX (F) and OBJECT (O) IFS observations.

Object ID Date NDIT (O) DIT(O) NDIT (F) DIT((F) Airmass PA variation Seeing T
[s] [s] [°] [s]

HD 64 568 2014-12-08 8 16 64 2 1.00 5.6 1.45  0.002
HD93 128 2015-04-12 10 16 8 16 1.22 14.6 0.81 0.003
HD 155913 2015-07-17 6 16 16 4 1.15 2.8 1.0 0.002
HDE 319 699 2015-07-12 8 16 16 8 1.03 14.6 0.98  0.003
HD 124314 2015-06-10 4 16 32 2 1.25 4.7 1.51 0.002
HD 150 135 2015-07-26 2 32 4 16 1.10 7.3 1.18  0.001
HDE 326 775 2015-07-12 10 16 8 16 1.05 14.5 1.02  0.001
V3903 Sgr 2015-06-20 6 16 16 4 1.45 0.8 0.71 0.002
HD 152 623 2015-07-12 4 16 32 2 1.04 13.7 1.21 0.001
BD-13°4929  2015-06-20 10 16 16 16 1.31 1.1 0.86  0.002
HD 101 191 2015-06-10 5 32 16 16 1.28 4.94 1.72  0.002
HDE 323016 2015-07-17 8 16 16 8 1.19 4.1 0.81 0.002
HD 149452 2015-07-21 8 16 16 8 1.24 4.8 1.6 0.001
HD 76341 2014-12-09 12 16 32 4 1.09 10.2 0.7 0.003
BD —13°4928 2015-06-21 18 16 32 2 1.17 2.6 1.09  0.001
CPD -41°7721 2015-08-23 10 16 16 16 1.14 8.6 0.98  0.007
HD 123 056 2015-07-31 10 16 8 16 1.26 7.3 1.37  0.002
HD 152200 2015-08-19 10 16 16 16 1.29 14.1 1.41 0.002

Notes. Date corresponds to the start of the exposures. Values of the seeing and the coherence time 7, are the average values taken during the

observations.

(IPAG)!. The SPHERE-DC applies a standard data reduction to
the science and PSF frames by removing bad pixels, dark and flat
frames and estimating the bias in each exposure. They calibrated
the astrometry using the on-sky calibrations from Maire et al.
(2016), with a true north correction value of 1.75 + 0.08° and a

' http://ipag.osug.fr/?lang=en

plate scale of 7.46+0.02 mas pix~' and 12.255 +0.009 mas pix '
for IFS and IRDIS, respectively.

As three uncoronagraphic PSF observations were taken dur-
ing our observing sequence at each of the wavelength channels
(2 for IRDIS and 39 for IFS), we computed the median of the
three PSF frames for each wavelength to increase the signal-
to-noise ratio (S/N). We measured the total flux of the central
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Table 3. Observing setup and atmospheric conditions for FLUX (F) and OBJECT (O) IRDIS observations.

Object ID Date NDIT (O) DIT(O) NDIT (F) DIT(F) Airmass PA variation Seeing )
[s] [s] [°] [s]
HD 64 568 2014-12-08 1 16 4 4 1.00 8.0 0.84  0.003
HD93 128 2015-04-12 2 16 8 16 1.23 13.3 0.7 0.004
HD 155913 2015-07-17 2 8 16 4 1.15 2.7 1.0 0.002
HDE 319 699 2015-07-12 1 16 16 4 1.03 15.7 0.75  0.002
HD 124314 2015-06-10 2 4 16 2 1.25 4.7 1.34  0.002
HD 150 135 2015-07-26 2 4 8 2 1.21 42 0.82  0.003
HDE 326 775 2015-07-12 2 16 8 4 1.05 14.2 1.01 0.001
V3903 Sgr 2015-06-20 2 8 16 4 1.50 0.8 0.95 0.002
HD 152 623 2015-07-12 2 4 8 2 1.04 13.6 1.21 0.001
BD-13°4929  2015-06-20 2 16 16 16 1.37 1.0 0.82  0.002
HD 101 191 2015-06-10 1 32 32 8 1.29 4.75 1.61 0.002
HDE 323016 2015-07-17 1 16 16 8 1.21 39 1.00  0.002
HD 149452 2015-07-21 1 16 16 2 1.28 4.5 1.7 0.001
HD 76 341 2014-12-09 4 8 16 2 1.08 9.8 0.67  0.004
BD —13°4928 2015-06-21 4 16 32 2 1.21 2.6 0.92  0.002
CPD -41°7721 2015-08-23 2 16 16 16 1.14 8.4 0.89  0.008
HD 123 056 - - - - - - - - -
HD 152200 2015-08-19 2 16 16 16 1.30 13.9 1.47  0.002

Notes. Date corresponds to the start of the exposures. Values of the seeing and the coherence time 7, are the average values taken during the

observations.

object on the median-combined images at each wavelength and
its uncertainty by computing the standard deviation of the flux
measured in the three PSF frames.

4. PCA image processing

To post-process the reduced data cubes we used the python
open-source Vortex Imaging Processing package? (VIP, Gomez
Gonzalez et al. 2016), which was developed to analyze high-
contrast imaging datasets for exoplanet detection. Based on the
type of data and user choice, it also performs angular, reference,
and spectral differential imaging (ADI, RDI, SDI, respectively),
or simultaneous ADI+SDI, all based on a principal component
analysis (PCA, Amara & Quanz 2012; Soummer et al. 2012)
approach. In our study, for each object, we applied PCA/ADI
separately to the two K1 and K2 IRDIS cubes and PCA/SDI on
all IFS channels simultaneously to get the final post processed
images. The resulting reduced PCA/ADI K1-band IRDIS frames
for all our targets are shown in Fig. 1. Only the final PCA/SDI
IFS images that present possible companion detections are pre-
sented in Fig. 1.

5. Results

The visual inspection of the final IFS and IRDIS PCA images
displayed in Figs. 1-3 reveals the presence of six possible com-
panions in the IFS frames and many other point-like sources in
the IRDIS FOVs. To evaluate which ones are true detections, we
estimated their S/N values using the appropriate function imple-
mented in VIP. This module computes the S/N at every pixel of
an image by measuring the signal in a 1 FWHM diameter aper-
ture and comparing it to the standard deviation of the other res-
olution elements in an annulus at the same radial distance from
the center of the frame. It uses the approach described in Mawet
et al. (2014) on small sample statistics, which applies a student

2 https://github.com/vortex-exoplanet/VIP
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t-test to determine the S/N and contrast in high contrast imaging
observations. In our study, we adopted a S/N threshold of 5 to
assess if a source on the image is a true detection.

5.1. Source characterization

Once we identified the true physical objects on our images, we
extracted position and flux for each source. As described by
Rainot et al. (2020), we adopted two different techniques based
on the radial separations of the sources. For all IFS sources and
all IRDIS source within 2”7, we used a negative fake compan-
ion approach, implemented in VIP (see Sect. 5.1.1). For sources
with separation beyond 2", we adopted a PSF fitting routine
(Bodensteiner et al. 2020), as these objects do not suffer from the
central star PSF influence in the derotated and collapsed cube.

5.1.1. Sources within 2”

For all IFS detections and for all sources with angular separa-
tions smaller than 2” from the central star in the final IRDIS
images, we first measured the flux with aperture photometry at
each wavelength. We used this initial guess as a starting point of
a Simplex Nelder-Mead optimisation implemented in VIP. VIP
estimates position and flux for each source by applying a NEG-
ative Fake Companion technique (NEGFC), which consists in
inserting negative artificial companions in each individual frame
before running PCA, varying at the same time their brightness
and location. The residuals are then calculated in the final PCA
images and compared to the background noise of all resolution
elements in an annulus at the same radial distance. The com-
bination of brightness, separation, and position angle that min-
imizes the residuals is estimated through a Nelder-Mead mini-
mization algorithm. The artificial companions are obtained from
the uncoronagraphic images of the central star. As the Nelder-
Mead optimization does not return the uncertainties on the esti-
mates of the parameters, we implemented a set of Monte-Carlo
simulations to compute the accuracy of our algorithm. For each
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Fig. 1. Final PCA/SDI IFS images for the targets with a detected source.

wavelength, we inserted 25 artificial sources at the same radial
distance and with the same flux as a given detection, but varying
their position angles. We once again measured the flux and loca-
tion of the injected fake sources using the negative fake com-
panion algorithm and compared them to the true values. The
standard deviation of the measurements of each parameter gives
us an estimate of the 1o error.

5.1.2. Sources beyond 2”

Beyond 2", the contribution of the central star is negligible and
it is the background noise that is dominant (see Sect. 5.6). There-
fore, for point-like objects beyond this separation, the use of
ADI and SDI techniques is not necessarily needed to derive pre-
cise astrometry and photometry. Following Rainot et al. (2020),
we adopted a standard PSF-fitting technique as described in
Bodensteiner et al. (2020), which is based on the photutils?
python package along with an effective PSF model developed by
Anderson & King (2000).

We implemented this method on the derotated and collapsed
images for both K1 and K2 and we adopted the IRDIS uncoron-
agraphic images in each band as accurate PSF models for the fit.
The PSF is then fitted to each source individually to estimate the
best positions and flux values in K1 and K2, together with their
uncertainties. This technique is particularly useful for sources
that are too close to the edges of the frames for the NEGFC tech-
nique to work.

3 https://photutils.readthedocs.io
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The position of the central star is indicated by a white cross.

5.1.3. Final error budget

The methods described in Sects. 5.1.1 and 5.1.2 only take into
account the uncertainties related to the algorithm used. For the
total errors on the photometry we also accounted for the flux
variations of PSFs of the central stars described in Sect. 3. To
estimate the total uncertainties on the separation and position
angle of each source, we adopted the plate scale and astromet-
ric calibration precision given by Maire et al. (2016) and the
ESO SPHERE user manual. The final errors are obtained by a
quadratic sum of the algorithm measurement errors (either from
the Monte-Carlo simulations or PSF fitting), the star’s center
position uncertainty (1.2 mas, from Zurlo et al. 2016), the plate
scale precision of 0.02 mas pix~! for IFS and of 0.021 mas pix~!
for IRDIS, the dithering procedure accuracy (0.74 mas, Zurlo
et al. 2016), and the true north uncertainty (+0.08 deg).
The summary of the properties and corresponding uncertain-
ties of all the sources found around each star are available
at the CDS.

5.2. Spurious association probabilities

To identify which of the detected sources could be bound com-
panions, we estimated on a statistical base the probability of
chance alignment association. Following Rainot et al. (2020), we
defined the probability of spurious association (Pgpur(0i[2(K;)))
as the probability that at least one object is found by chance at an
angular separation from the central star p smaller or equal than
that of the ith companion (i.e., p < p;), given the local source
density X of stars at least as bright as i (K < K;). To compute
Pgpur, we first evaluated the local field density Z(K;) = Nopj(K <
K;)/(nr?) of objects at least as bright as the companion i in a 772
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Fig. 2. Final post-processed PCA/ADI IRDIS images for the first 9 targets.

surface. To do so, we used the Gaia (Gaia Collaboration 2018)
DR2 catalog to evaluate the number and brightness of compan-
ions in a r = 2’ radius region around each target. To convert
the Gaia magnitudes into K-band magnitudes, we used the color
relations given by Evans et al. (2018). For each i source, we then
used a Monte Carlo approach to generate 10000 populations of
Nobj(K < K;) stars uniformly distributed in nr?. The probability
of spurious association is thus obtained as the fraction of Monte
Carlo simulations in which at least one star is found at the sepa-
ration p < p;.

All properties and probabilities for sources with Py, <
5% are given in Table 5. For the objects with low spurious
association probability (e.g., Pspur < 0.05), which are most
likely bound companions, it is essential to obtain a confirma-
tion of common proper motions and a characterization of orbital
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motion in the future to definitively demonstrate a true physical
association.

5.3. Absolute flux values

Knowing the flux calibrated spectrum of the central star in the
wavelength range covered by our SPHERE observations (Y to
K) is required to compute the absolute fluxes of possible bound
companions in the images. In fact, under the assumption that
the same extinction affects both the primary and its companions,
the unreddened primary spectral energy distribution allows us
to derive the companions spectral energy distribution and thus
characterize them through a comparison with atmosphere mod-
els (see Sect. 5.4). As such a spectrum is not easily available,
we modelled the spectral energy distribution of the targets with
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Fig. 3. Final post-processed PCA/ADI IRDIS images for the last 8 targets.

likely bound sources (those with Py, < 5%) with the non-local
thermodynamic equilibrium (non-LTE) atmosphere code FAST-
WIND (Puls et al. 2005). When the central object is composed
by a spectroscopic multiple system, each component is mod-
elled separately at first, and then combined to obtain a unique
spectrum. This is the case for HD 150 135, BD —13° 4929, and
V3903 Sgr. The assumed input parameters for FASTWIND for
each component of the central object are presented in Table 4.
Since we only characterized sources with Py, < 5%, Table 4
only includes the stars hosting likely bound companions. The
parameters for the computation were based on the spectral
type characterization found in the literature (see Table 2) and
the observational O-star calibration tables from Martins et al.
(2005). Parameters for the B star components were instead found
in Trundle et al. (2007). As inputs for FASTWIND, we calcu-
lated the mass-loss rate (M) and terminal wind velocities (V)

d (arcsec)

d (AU)

d (arcsec)

for each star following Vink et al. (2001). We remark that in this
process and later on in Sect. 5.5, it is necessary to adopt a ref-
erence radius for the sphere at the surface of which the flux is
computed. Without loss of generality, we arbitrarily adopted a
value of 100 R, although this value has no physical meaning, or
impact in our calculation.

5.4. Spectral fitting

Similarly to what was done by Rainot et al. (2020) for QZ
Car, we used the low-resolution IFS spectrum of all IFS detec-
tions to constrain their stellar parameters. To do so, we used
both the ATLAS9 LTE atmosphere models (Castelli & Kurucz
2003), covering the 3500—-50 000 K temperature range, and the
LTE PHOENIX models (2300—12 000 K, Husser et al. 2013) for
T < 3500 K. To each age value in the pre-main sequence (PMS)
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Table 4. Assumed stellar parameters for the FASTWIND calculation of the calibrated spectra.

Object ID SpT T [K] logL[Ls] M[Ms]l RI[Rs] M [M, yr’l] Voo [kms~!]
HD 93128 03.5 V((fc))z 43854 5.75 52.44 13.11 3.24e-06 3212.75
HDE 319 699 05 V((fc)) 40862 5.49 38.08 11.20 1.29¢-06 2962.01
HD 124314 06 IV(n)((f)) 38867 5.32 30.98 10.11 6.82¢-07 2811.98
HD 150 135 06.5 V((f))z 37870 5.23 28.00 9.61 4.77e-07 2741.98
HD 150 135 O8: 34877 4.96 20.76 8.29 1.55e-07 2542.05
HDE 326775 06.5 V(n)((f))z 37870 5.23 28.00 9.61 4.77e-07 2741.98
V3903 Sgr 07 V(n)z 36872 5.14 25.29 9.15 3.32e-07 2670.61
V3903 Sgr BO: 'V 32020 4.31 15.00 5.10 7.12e-09 2755.87
HD 152623 O7 V(n)((f)) 36872 5.14 25.29 9.15 3.32e-07 2670.61
BD -13°4929 08V 34877 4.96 20.76 8.29 1.55e-07 2542.05
BD -13°4929 B0.5:V 29700 5.14 16.00 5.67 2.55e-08 2721.23
HD 149452 09 IVn 32882 4.77 17.08 7.53 6.63e¢-08 2419.32
HD 76341 09.21V 32383 4.72 16.31 7.35 5.24e-08 2392.93
BD -13°4928 095V 31884 4.68 15.55 7.18 4.35e-08 2364.01
CPD —41° 7721 09.7 V:(n) 31884 4.68 15.55 7.18 4.35e-08 2364.01
HD 152200 09.71V(n) 31385 4.64 14.79 7.00 3.61e-08 2334.97

Notes. Effective temperatures T.q, logarithmic luminosities log L, masses M, and radii R are taken from Martins et al. (2005) and Trundle et al.

(2007), for O- and B-type stars, respectively. The mass-loss rate (M) and
given by Vink et al. (2001).

evolutionary tracks of Siess et al. (2000) below 7 M, or of Brott
et al. (2011) above, we associated an atmospheric model and
we quantitatively compared it to the flux calibrated SED of each
detection. For the comparison, we rebinned each model to the
39 IFS wavelength channels and the 2 IRDIS bands and we esti-
mated the corresponding y? by taking into account the uncer-
tainty on the flux calibrated spectrum.

Several combinations of stellar parameters are consistent
with the observations. In the next section (Sect. 5.5), we summa-
rize (object by object) the results of the SED fitting procedure
and the best fit parameters corresponding to the 95% confidence
interval.

Our IRDIS observations provide us with only two indepen-
dent wavelength channels, K1 and K2, at 2.110 and 2.251 pum,
respectively. This does not allow us to constrain the shape of the
SED, however, it does offer the possibility to assess the object
absolute K-band magnitude under the assumption that the IRDIS
sources are located at the same distance as the central star. There-
fore, for all IRDIS detections with Py, < 5%, which are most
likely to be bound companions, we compared the K1 and K2
absolute fluxes to the ATLAS9 and PHOENIX models. For many
of them, we were able to find solutions that are in agreement with
the central star age (as reported in Table 1). For those stars, the
ranges of masses and ages that are consistent with the IRDIS
observations are given in Table 5. For several objects, we could
not find a good fit within the given age range, possibly indicating
that they do not have physical companions in common. Finally,
given our grid of models, we are also limited to PMS stars more
massive than 0.1 M. Some of the very faint sources for which
we could not find a proper fit could be shown to be objects
at the stellar-substellar boundary that are not covered by our
models.

5.5. Summary

— HD 64 568 has been associated with an O3 V((f*))z SpT (Sota
et al. 2014). It has recently been classified as runaway from
the southern component of NGC 2467 by Maiz Apellaniz et al.
(2020, 2022). We did not find close companions in the IFS field
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terminal wind velocities (v.,) are computed following the prescriptions

nor in the IRDIS larger FOV. This supports the idea that all O
stars are born in multiple systems.

—HD93 128 (Trumpler 14 2) is part of Trumpler 14 and has
been classified as 03.5 V((fc))z SpT (Sota et al. 2014). We do
not detected any IFS companion. Two IRDIS sources are how-
ever found with Py, < 5% at separations of 0793 and 1729
and for which the fits of the K-band magnitudes is consistent
with masses of 0.25—-0.4 and 0.2—-0.4 M, respectively, with ages
between 0.3 and 1.5 Myr. A more detailed analysis of the system,
including the reanalysis of the B visual companion (classified
as B0.2 V by Maiz Apellaniz et al. 2022) will be presented in
Rainot et al. (2022).

—HD 155913 is a classified as a possible runaway given that
the proper motion points away from the young stellar cluster
NGC 6822, which is located half a degree away from the star
(Maiz Apelldniz et al. 2018). HD 155913 is a O4.5 Vn((f)) SpT
according to the GOSS catalog (Sota et al. 2014). However, it
is reported as SB2 in the OWN data (Barba et al. 2010, 2017),
so the width observed in the GOSS spectrograph could be due
to unresolved orbital motion. A visual companion is reported by
Aldoretta et al. (2015). No relevant sources are found in our IFS
and IRDIS images.

— HDE 319699 is an O5 V((fc)) type star (Sota et al. 2014)
and it is part of NGC 6334 (Russeil et al. 2017). According to
our IRDIS images, the star is part of a crowded field, but no
close IFS companions or bright IRDIS sources are present in the
data. Six sources within roughly 2" are found with Py, < 5%.

—HD 124314 is a O6 IV(n)((f)) Aa-Ab binary with a separa-
tion of 1.5 mas, separated by the 09.2 IV(n) visual components
Ba-Bb by 2”5 (Sota et al. 2014). A third visual component C was
found by SMaSH+ at 2”8. No additional companions are seen in
our IFS observations, but all visual companions are also detected
in our IRDIS images with Pg,,, < 1%. According to our fit, all
visual components could be coeval with the central star system.

—HD 150 135: it has been recently classified as SB2 by Maiz
Apellaniz et al. (2020), composed by a 06.5 V((f))z primary
and an O8 secondary component. SMaSH+ found it to be a Aa-
Ab+B multiple system. The A-B components are separated by
4727, whereas Aa-Ab by 0.95 mas. Although we do not detect
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Table 5. Angular separations (p), position angles (PA), magnitude contrasts in the K1 and K2 bands (AK12), and spurious alignment probabilities

(Pgpur) for the sources with Py, < 5% around our targets.

Object p(") op() PA() ocPA(®) AKl ocAKl AK2 oAK2 Py, M[Ms]l Age[Myr]

HD 64 568

HD 93 128

1 0.926 0.002 319.03 0.08 7.91 0.18 7.55 0.12 0.02 02504 0.3-1.5

2 1.286 0.003 182.94 0.08 8.04 0.18 7.70 0.21 0.04 0.2-0.4 0.3-1.5

HD 155913

HDE 319 699

1 0945 0.011 35091 0.44 11.94 0.28 11.25 0.50 0.01 - -

2 1.340 0.006 107.00 0.13 10.80 0.20 10.80 0.25 0.03 - -

3 1.348 0.005 263.21 0.08 9.87 0.05 991 0.09 0.02 - -

4 1.590 0.003 148.00 0.08 9.87 0.03 991 0.12 0.02 - -

5 1.996 0.004 7.25 0.08 7.31 0.01 7.19 0.02 0.01 0.3-0.4 1.3-1.4

6 2.150 0.004 201.04 0.08 9.59 0.01 9.51 0.03 0.05 0.25 > 8

HD 124314

1 1.010 0.014 306.4 03 11.4 0.2 11.9 0.2 0.025 -

C 2413  0.004 43.55 0.08 6.079 0.003 6.002 0.003 0.007 1-1.6 1.7-4.9

Ba 2708 0.005 156.66 0.08 1.946 0.005 1901 0.005 0.001 5-7 0.1-0.5

15-20 1.5-5.2

Bb 2722  0.006 161.00 0.12 4.49 0.13 4.53 0.14 0.003 3-3.5 1.7-2.4

HD 150135

1 1918 0.004 22345 0.08 9.55 0.02 10.7 1.7 0.04 0.1-0.13 3.54.5

3 3.820 0.007 101.57 0.08 7.59 0.01 7.48 0.01 0.05 0.6-0.8 2743

B 4209 0.007 222.30 0.08 2.54 0.01 2.50 0.01 0.002 5 0.5
12 54-5.5

HDE 326775

1 1.019 0.011 159.03 0.30 11.35 0.18 10.98 0.40 0.02 - -

2 1.592  0.004 43.88 0.09 10.27 0.04 9.87 0.18 0.05 0.1 7.3-7.9

15 3.668 0.006 105.89 0.08 6.33 0.01 6.21 0.07 0.05 0.5-1.4 1.1-54

31 6.292 0.011 126.57 0.08 5.00 0.015 4.30 0.01 0.04 - -

V3903 Sgr

1 1.519 0.003 217.58 0.08 7.93 0.02 8.02 0.05 0.01 - -

HD 152623

B 0212 0.002 311.62 0.13 1.56 0.03 1.99 0.13 0.000 6 0.3

C 1.452 0.003 143.09 0.08 2.958 0.004 2.831 0.004 0.000 3.5 1.5

9 4.023 0.007 104.69 0.08 6.045 0.004 5967 0.004 0.04 0.9-1.5 1.8-4.4

BD —-13° 4929

1 0.652 0.010 249.4 0.9 9.5 0.5 12.6 0.9 0.01 0.1-0.2 0.8-5

C 0.732  0.010 345.7 0.2 7.7 0.3 9.3 0.9 0.008 0.2-0.6 1.3-5

D 0.761  0.005 207.5 0.1 7.50 0.04 73 04 0.008 0.2-0.8 1.2-9

HD 101 191

HDE 323016

HD 149452

B 2.596 0.005 248.27 0.08 4359 0.003 3410 0.003 0.005 1.8-3 2.2-8.
3 2.1-6.4

HD 76 341

B 0.159  0.002 59.67 0.32 3.72 0.04 3.47 0.21 0.00 2.7-4 2-6.8

2 1.053 0.003 183.52 0.10 10.77 0.03 11.93 1.81 0.006 - -

3 2469 0.005 108.14 0.09 12.77 0.06 12.09 0.06 0.04 - -

BD —-13°4928

Notes. The object numbers correspond to those in Figs. 2 and 3.

any companion in the IFS field, the elongated IFS PSF suggests
the close inner binary could be currently at a larger angular sep-
aration (with a tentative orientation of ~45°). Our IRDIS images
show the presence of the B components, which appears to be a
possible double system with source 6 (Pgpy ~ 7%).

—HDE 326 775 (06.5 V(n)((f))z, Maiz Apellaniz et al. 2016)
is part of RCW 113 HII region (Arias et al. 2016), situated in the

southern part of the Sco OB1 association. We did not detect com-
panions in the IFS data. Among the four sources with Py, < 5%
in the IRDIS field, only two of them show K-band magnitudes
that could be fitted with models in the age range of the central
star.

— V3903 Sgris a O7 V(n)z + BO: V binary system and it is
part of the Sgr OB1 association (Sota et al. 2014). We found
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Table 5. continued.

Object p(")y op() PA(C) ocPA(°) AKl ocAKl AK2 o0AK2 Py, MI[Ms] Age[Myr]
1 0.990 0.002 280.79 0.08 7.92 0.01 7.75 0.03 0.02 0.1 22-24
CPD —-41° 7721
C 0.267 0.003 263.22 0.14 7.40 0.03 7.15 0.44 0.001 0.16-0.3 1-4.8
2 1.085 0.002 31.928 0.08 6.16 0.02 6.10 0.42 0.01 0.6-0.8 2743
15 3.638  0.006 132.73 0.08 3.644 0.002 3.583 0.002 0.05 2.2-3.5 2.6-54
B 5.616 0.009 12.55 0.08 1.440  0.003 1.401  0.003 0.04 5.0 6.2-6.3
12-34 0.6-2.5
HD 152200
B 0.729  0.003 150.65 0.10 8.80 0.13 8.57 0.13 0.01 0.1 4.9-5.7
2 1.178  0.005 270.00 0.18 10.42 0.10 11.07 0.76 0.05 - -
160000 - 300
7 1400001 — IFS+IRDIS spectrum = =0 — IFS+IRDIS spectrum
120000 — best fit < 200 — best fit
3 100000 E 150
: 80000 + é 100
%’ 60000 - ; 50 A
{40000 1 ol
" 20000 4
504
0+ 10 12 14 16 18 20 22
T T T T T T T wavelength [micron]
1.0 12 1.4 16 1.8 2.0 2.2
wavelength [micron] Fig. 5. Observed spectrum for BD —13° 4929 C.

Fig. 4. Observed spectrum for HD 152 623 B.

a most likely (spurious association probability of 1%) visual
companion at a separation of 1”5 and with a AK = 8.0 mag.
Unfortunately, we cannot obtain an acceptable fit of the K-
band magnitudes with an age that is consistent with the central
star.

— HD 152623 is a known colliding-wind binary (De Becker
& Raucq 2013), and a possible runaway (Maiz Apelldniz et al.
2018, and references therein). The components B and C were
detected by SMaSH+ at a separation of (/25 and 1'’5, respec-
tively. HD 152 623 B is detected in both IFS and IRDIS images
and our best fit for the spectrum is obtained with a mass of 6 M
at an age of 0.3 Myr (see Fig. 4). HD 152623 C is detected with
a AK = 6.13, and it is consistent with being a 3.5 M with an
age of 1.5Myr. Source 9 has also a probability of P = 4%,
suggesting it could be a bound companion to the system as well.
It appears to be roughly coeval with other components and it can
be fitted best with a 0.9 M, star in the age range of 1.8—4.5 Myr

—BD —-13°4929 it is part of NGC 6611 and it is found to be
a SB3 by (Sana et al. 2009). The triple system is composed by
an O8 V and two B0.5: V4+B0.5: V SpT stars (Maiz Apellaniz
et al. 2022). We detected two companions in IFS, which are also
confirmed by the IRDIS images. According to isochrones fit-
ting, they are both estimated to be 0.2 M, with a best age value
of 1.8 and 1.9 Myr, respectively, in good agreement with recent
age determinations of NGC 6611 (Bonatto et al. 2006; Martayan
et al. 2008). The spectra of the companions are presented in
Figs. 5 and 6. In IRDIS we also detect a fainter source at 0”65,
which is not visible in IFS. The K-band fluxes are consistent
with a 0.1 M, star with an age in the range of 0.8—5 Myr.
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Fig. 6. Observed spectrum for BD —13° 4929 D.

2.0 2.2

—HD 101 191 (O8 V SpT, Sota et al. 2014) is a long-period
SB1 system according to Sana et al. (2011) and Chini et al.
(2012). No likely companion appears in IFS nor in IRDIS.

— HDE 323016 is classified as a O8.5 V SpT and it is part
of the S5 HII region according to Neckel & Chini (1981). Sim-
ilarly to HDE 319 699, the IRDIS FoV reveals a densely popu-
lated region around the star, but none of the sources appears to
have a Py, < 5%.

— HD 149452 (09 IVn) is a relatively isolated O type star
(Sota et al. 2014). Sana et al. (2014) reported the detection
of a source at 2”7 from HD 149452. Given the non-detection
in their H band image, suggesting a strongly reddened object,
they indicated the possibility of it being a background object. In
our IRDIS observations, we found a AK = 3.9 mag source at
276, with a Py = 5%. Our K-band colors are consistent with
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Fig. 8. Observed spectrum for CPD —41° 7721 C.

3-28 M, object with an age of 2—5 Myr, depending on the evo-
lutionary models used.

— HD 76341 is classified as 09.2 IV by Sota et al. (2014).
One companion has been detected by SMASH+ (Sana et al.
2014) at p = 169 mas and with a contrast of 3.7 mag in the H
band. Sota et al. (2014) also observed variability in the spectrum
of HD 76341, indicating a possible hierarchical triple system.
We re-detected the companion at 159 mas in both IFS and IRDIS
observations and we characterized it as a 3.5 M, object with an
age of about 2.4 Myr. The observed spectrum of the companion
is shown in Fig. 7.

— BD-13°4928 is a 09.5 V star according to Sana et al.
(2009) and a fast rotator (J. Maiz Apelldniz, priv. comm.). We
did not find close companions in the IFS field. A source at a
separation of (799 is present in the IRDIS image. It has a AK
magnitude of 7.9 and a probability of spurious association of
<2%. The best fit mass of this object is 0.1 M, at 2.4 Myr.

— CPD —-41° 7721 is part of NGC 6321, in the core of the Sco
OBI association, at about 1.5 kpc (Maiz Apelldniz et al. 2022).
According to Maiz Apelldniz et al. (2016) it is a 09.7 V:(n)
star. Together with the B1.5 V star CPD —41° 7721B, it forms
a visual double star with the two components separated by 5”8.
Besides confirming the already known visual companion with
the IRDIS observations, we detected a new fainter and closer
companion in IFS. We classified it as a 0.16 M, star, with an age
of 3.2Myr. The spectrum of CPD —41°7721C is presented in
Fig. 8. Another IRDIS source with a AK = 6.13 is detected at
a separation of 1” with a Py ~ 1%, making it a likely bound
companion. The best fit for this object is obtained with a best fit
mass of 0.7 M and an age of 3.8 Myr.

—HD 123 056 is a field star and it is found to be a hierarchical
triple system by Mayer et al. (2017). The PSF of IFS looks elon-

50 4

401 — IFS+IRDIS spectrum
— best fit model

304
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Fig. 9. Observed spectrum for HD 152200 B.

HD64568
HD76341
BD-134928
BD-134929
CPD-417721
HD93128
HD101191
HD124314
HD149452
HD150135
HD152200
HD152623
HD155913
HDE319699
HDE323016

Delta magnitude
o2}

—— HDE326775

121 \\ —— V3903Sgr

0.0 02 0.4 06 08 1.0
Angular separation [arcsec]

Fig. 10. Sensitivity of our IFS observations expressed as magnitude dif-
ference vs. angular separation to the central star. The curves for each
objects correspond to the 5-0- contrast.

gated, also indicating the multiple nature of the central object.
No further IFS companions are found in the data, and unfortu-
nately no IRDIS data were collected for this object.

—HD 152200 is an 09.7 IV(n) star in NGC 6231 (Sota et al.
2014). It has been reported as an eclipsing binary with period
of about 9 days by Pozo Nuiiez et al. (2019). Close to the cen-
tral star, at a separation of (/72 we found a 0.1 M, star that is
5.2 Myr old. The spectrum of the companion is shown in Fig. 9.

5.6. Sensitivity limits

We estimated the sensitivity we reached with our observations in
terms of magnitude difference as a function of the angular sepa-
ration to the central star. We used the VIP contrast curve function
that calculates the contrast limits for a chosen o level by inject-
ing artificial companions (with scaled flux based on the unsatu-
rated PSF of the central object) and calculated the noise and the
algorithm throughput at different radial distances from the cen-
ter. At close separations, we took into account the small sample
statistics correction proposed in Mawet et al. (2014). The 5-o
sensitivity curves that we obtained for each target and for both
IFS and IRDIS observations are presented in Figs. 10 and 11,
respectively.

6. Discussion

All the sources discovered in this work are presented in the Amag
vs. separation plot shown in Fig. 12. Despite the modest number

A122, page 11 of 14



A&A 660, A122 (2022)

5T
\ —— HD64568
6 —— HD76341
x —— BD-134928
71| —— BD-134929
CPD-417721
3 s HD93128
2 HD101191
Sy HD124314
2 HD149452
£ 104! HD150135
S \ HD152200
SREER HD152623
a HD155913
121 HDE319699
HDE323016
—— HDE326775
131 —— V3903Sgr
14 T T T T T T T
0 1 2 3 4 5 6 7 8

Angular separation [arcsec]

HD64568
HD76341
BD-134928
BD-134929
CPD-417721

3 s HD101191
2 HD124314
S o HD149452
2 HD150135
€ 104 HD152200
© HD152623
S 114 ARy HD155913
a HDE319699
124 HDE323016
HDE326775
131 . T — v39035gr
14 T T T T T T u
0 1 2 3 4 5 6 7 8

Angular separation [arcsec]

Fig. 11. 5-0 contrast curves for our observations in K1 (leff) and K2 (right) IRDIS bands.

of stars observed in this study compared to the SMASH+ sur-
vey, the IFS discoveries are clearly populating a region of the
parameter space that has never been reached before.

Among them, four are newly detected sources and have
estimated masses below 0.2 M. Ranging from mass ratios of
g = 0.002 (0.004) to 0.01, these estimates makes them the low-
est mass-ratio companions ever discovered around O-type stars.
These objects are located between 400 and 1500 AU, based on
the distance of the central stars. Such separations are in agree-
ment with recent observations of fragments and substructures
in Keplerian disks around (proto-)O stars (e.g., Beuther et al.
2017; Ilee et al. 2018; Maud et al. 2019). Whether these sub-
structures and fragments will survive, end up as companions at
such large separations, or migrate inwards to form spectroscopic
binary systems is still an open question that current hydrodynam-
ics simulations are working to address (Oliva & Kuiper 2020).

Following the definitions given in Sana et al. (2014), we
can calculate the fraction of companions as the mean number
of companions per central star, that is, the ratio of the total num-
ber of companions to the sample size. The error on the fraction
can be estimated with Poisson statistics (see Eq. (9) in Sana
et al. 2014). Assuming that all sources detected with angular
separations of less than (9 are physically bound companions,
the observed (uncorrected for bias) fraction of companions for
O-type stars between 150 and 900 mas (based on the effective
size of the IFS fov) is 0.39 + 0.15. If we take into account the
spurious association probability for sources with Py, < 5% in
the larger IRDIS field of view (FOV), this fraction increases to
1.6 +0.3 in the separation range from (”’9 to 6”. In order to com-
pare our results with those of the SMASH+ survey, we need to
restrict the comparison over the delta-magnitude and separation
ranges covered by both studies. For angular separations between
0”15 and 079, and contrasts <4 mag, we observed a fraction of
companions of 0.12 + 0.07, whereas in the angular separation
range of 079—-6" and Amag < 8, we obtained 0.76 + 0.21. Due
to a brightness limitation, the SMASH+ survey only observed a
small fraction of O-type dwarfs. For this subset of objects (50
in total), over the same ranges, they observed a companion frac-
tion of 0.24 + 0.07 between 0”15 and 0”9 and of 0.94 + 0.14
between (’9—-6". Both fractions are consistent with our findings
within the errors. The correction for observational and selection
biases goes beyond the scope of the present work and it will be
presented in an upcoming paper.

If we consider as bound objects all sources with Py < 5%,
the mean number of companions combining spectroscopic and
eclipsing as well as visual multiples is 2.3. This number also
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Fig. 12. Amag vs. separation diagram. The location of the newly dis-
covered sources (black and grey dots), as well as the median IRDIS
and IFS contrast limits are compared with the outcome of previous sur-
veys (Sana et al. 2014). Black, grey, and light-grey dots corresponds to
sources with Py, < 5%, 5% < Py < 20%, and Py, > 20%, respec-
tively.

includes known runaway stars. This implies not only that most
massive stars are in multiple systems but also that triple or
higher-order systems are more common than simple binaries.
This outcome is in agreement with the results from the MONOS
(Multiplicity Of Northern O-type Spectroscopic systems) project
(Maiz Apellaniz et al. 2019).

Finally, concerning the influence of the environment den-
sity on the companion fraction, we do not see any strong cor-
relation on the total number of companions in the 0.15-6"
separation range, when comparing stars in denser cluster (e.g.,
Trumpler 14), OB associations, or rather isolated objects (see
Table 6). Nevertheless, we note that the previously reported run-
away stars HD 64 568 and HD 155913 are confirmed to be sin-
gle, according to our spurious association probability criterion,
as well.

7. Conclusions

In this work we used VLT/SPHERE in IRDIFS_EXT mode to
simultaneously carry out observations with the IFS and IRDIS
subsystems and characterize the multiplicity properties of a sam-
ple of 18 O-type stars from stellar clusters and loose associations
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Table 6. Summary of detected companions (P, < 5%) in IFS and IRDIS for all objects.

Object ID # known spectroscopic/eclipsing comp.  # comp. IFS  # comp. IRDIS  Total Cluster/Association
HD 64 568 - - - 0 NGC 2467, Pup OB1
HD93 128 - - 2 2 Trumpler 14, Car OB1
HD 155913 - - - 0 RCW 114 (possible runaway)
HDE 319 699 - - 6 6 NGC 6334, RCW 127
HD 124314 1 - 4 5 -

HD 150135 1 - 3 4 NGC 6193, Ara OBla
HDE 326775 - - 4 4 RCW 113
V3903 Sgr 1 - 1 2 Sgr OB1

HD 152623 1 1 2 4 Trumpler 24, Sco OB1
BD —13°4929 2 3 0 5 NGC6611

HD 101 191 - - 0 IC 2944, Cru OB1
HDE 323016 - - - 0 -

HD 149452 - - 1 1 RCW 108, Ara OBlab
HD 76341 - 1 2 3 RCW, VelOB1

BD -13°4928 - 1 1 NGC6611

CPD —-41° 7721 - 1 3 4 NGC 6231, Sco OB1
HD 123 056 2 - - 2 -

HD 152200 1 1 1 3 NGC 6231, Sco OB1

between 0”15 and 6. We summarize the main results of our

study below.

1. Despite the small size of the sample, compared to previous
high angular resolution surveys (e.g., SMaSH+, Sana et al.
2014), we added a considerable number of companions in the
(0”15-1"5 angular separation range. By reaching AH = 12,
we also opened up a completely new region of the parameter
space, with the possibility of exploring the existence of sub-
solar companions around massive O-type stars.

. We found and characterized seven (five of which are pre-
viously unknown) companions within 0”9 from the central
star. The five newly discovered companions have estimated
masses below 0.25 My, making them the highest mass-ratio
binaries or multiple systems known thus far.

. In addition to the close stellar companions, we detected sev-
eral other sources in the larger IRDIS FoV with Py, < 5%.
Although we expect many of them to be physically bound
companions, only future proper motion observations will
enable us to confirm their companionship.

. If we assume that all sources with angular separations below
0”9 are physically bound companions, and by taking into
account the spurious association probability for those with
Poour < 5% from 079 to 6”, the observed (uncorrected for
bias) fraction of companions for O-type stars is 0.39 + 0.15
from 07”15 to 079 and 1.6 + 0.3 in the separation range from
0”9 to 6”. These fractions clearly support the idea that mas-
sive stars form almost exclusively in multiple systems, with
preference for triples or higher-order multiples.

. The results of this study demonstrate that probing extreme
contrasts as allowed by large AO-assisted coronagraphic sur-
veys is fundamental to fully constrain the multiplicity prop-
erties of massive star companions in regions of the parameter
space that remained unexplored so far and to characterize the
low-mass end of the mass function.
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