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ABSTRACT

Context. Massive stars like company. However, low-mass companions have remained extremely difficult to detect at angular separations
(o) smaller than 1” (approx. 1000-3000 au, considering the typical distance to nearby massive stars) given the large brightness contrast
between the companion and the central star. Constraints on the low-mass end of the companions mass-function for massive stars are
needed, however, for helping, for example, to distinguish among the various scenarios that describe the formation of massive stars.
Aims. With the aim of obtaining a statistically significant constraint on the presence of low-mass companions beyond the typical
detection limit of current surveys (Amag < 5 at p < 1), we initiated a survey of O and Wolf-Rayet stars in the Carina region using the
Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) coronagraphic instrument on the Very Large Telescope (VLT).
In this, the first paper of the series, we aim to introduce the survey, to present the methodology and to demonstrate the capability of
SPHERE for massive stars using the multiple system QZ Car.

Methods. We obtained VLT-SPHERE snapshot observations in the IRDIFS_EXT mode, which combines the IFS and IRDIS sub-
systems and simultaneously provides us four-dimensional (4D) data cubes in two different fields-of-view: 1.73” x 1.73” for IFS
(39 spectral channels across the YJH bands) and 12” x 12” for IRDIS (two spectral channels across the K band). Angular- and
spectral-differential imaging techniques as well as PSF-fitting were applied to detect and measure the relative flux of the companions
in each spectral channel. The latter were then flux-calibrated using theoretical SED models of the central object and compared to a
grid of ATLAS9 atmosphere model and (pre-)main-sequence evolutionary tracks, providing a first estimate of the physical properties
of the detected companions.

Results. Detection limits of 9 mag at p > 200 mas for IFS, and as faint as 13 mag at p > 1”8 for IRDIS (corresponding to sub-solar
masses for potential companions), can be reached in snapshot observations of only a few minutes integration times, allowing us to
detect 19 sources around the QZ Car system. All but two are reported here for the first time. With near-IR magnitude contrasts in the
range of 4 to 7.5 mag, the three brightest sources (Ab, Ad, and E) are most likely to be physically bound. They have masses in the
range of 2 to 12 M,, and are potentially co-eval with QZ Car central system. The remaining sources have flux contrast of 1.5 x 10° to
9.5 x 10° (AK =~ 11 to 13 mag). Their presence can be explained by the local source density and they are, thus, likely to be chance
alignments. If they were members of the Carina nebula, they would be sub-solar-mass pre-main sequence stars.

Conclusions. Based on this proof of concept, we show that the VLT/SPHERE allows us to reach the sub-solar mass regime of the
companion mass function. It paves the way for this type of observation with a large sample of massive stars to provide novel constraints
on the multiplicity of massive stars in a region of the parameter space that has remained inaccessible so far.

Key words. stars: massive — stars: early-type — stars: individual: QZ Car — binaries : close — binaries: visual —
techniques: high angular resolution
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1. Introduction

The formation of massive stars remains one of the most impor-
tant open questions in astronomy today (e.g. Zinnecker & Yorke
2007; Tan et al. 2014). Observing the early phases of massive
stars formation remains challenging at best: massive star forma-
tion is rare and found at large distances, in addition, their for-
mation timescale is short and they are born in an environment
strongly obscured by gas and dust.

Several formation scenarios have been proposed, among
them: formation through stellar collisions and merging (Bonnell
etal. 1998), competitive accretion (Bonnell et al. 2001; Bonnell
& Bate 2006), and monolithic collapse (McKee & Tan 2003;
Krumholz 2009). Except for the merger process, most theo-
ries are in agreement regarding the need for dense and mas-
sive accretion disks to overcome the radiation barrier. These
disks likely fragment under gravitational instabilities (Kratter
et al. 2010), which may result in the formation of companions,
however model predictions are still scarce. Studying the corre-
lations between multiplicity characteristics may provide crucial
observational constraints for distinguishing between the different
scenarios of massive star formation and assistance in the devel-
opment of future theoretical models.

The multiplicity properties of massive stars have already
been the subject of recent surveys in the Milky Way and nearby
galaxies (for a recent overview, see e.g. Sana et al. 2017). Some
studies focused on the spectroscopic analysis of young massive
stellar clusters (Sana et al. 2012; Almeida et al. 2017) and OB
associations (Kiminki & Kobulnicky 2012) and others on the
high-angular astrometric observations of massive stars (Mason
et al. 2009; Sana et al. 2014; Aldoretta et al. 2015; Gravity &
Karl 2018) in order to determine the binary fraction of massive
stars in these regions.

Among those previous studies, the Southern MAssive Stars
at High angular resolution survey (SMaSH+, Sana et al. 2014)
was an ESO Very Large Telescope (VLT) Large Program (P89-
P91) that combined optical interferometry (VLTI/PIONIER) and
aperture masking (NACO/SAM) to search for mostly bright
companions (AH < 4) in the angular separation regime 0.001” <
p < 0.2”, around a large sample of O-type stars. The entire
NACO field of view was further analysed to search for fainter
(AH < 8) companions up to 8”.

The SMaSH+ results show the importance of such studies for
the understanding of massive star formation. They conclude that
almost all massive stars in their sample have at least one com-
panion and that over 60% have two or more. In addition, a larger
number of faint companions are seen at large separations, corre-
sponding roughly to the outer edge of the accretion disk. This is
in agreement with expectations from the theory of disk fragmen-
tation. These companions may correspond to outwardly migrat-
ing clumps resulting from the fragmented accretion disk or from
tidal capture. Investigating whether low-mass companions exist
at closer separations or if there is a characteristic length at
which the flux versus separation distribution changes is therefore
critical.

Nevertheless, large areas in the parameter space that have
not been probed by these surveys remain, mostly due to instru-
mental limitations. In particular, while a rather complete view
of companions down to mass ratio of about 0.3 has now been
achieved, the existing surveys have so far failed to probe the
lower-mass end of the companion mass-function. In the last
few years, extreme adaptive optics (XAO) instruments have
gone online, peering far deeper and more accurately than previ-
ously possible. The XAO, implemented at the VLT through the
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Spectro-Polarimetric High-contrast Exoplanet REsearch instru-
ment (SPHERE; Beuzit et al. 2019), provides the necessary spa-
tial resolution and dynamics to search for faint companions to
nearby massive stars.

In this context, the Carina High-contrast Imaging Project of
massive Stars (CHIPS) aims to characterise the immediate envi-
ronment of a large sample of massive stars within 3° from n
Car. A total of 93 O- & Wolf-Rayet type stars were selected
from the Galactic O-Star Catalogue (GOSC, Maiz Apellaniz
et al. 2013) and the Galactic Wolf-Rayet catalogue (Rosslowe
& Crowther 2015). So far about half of the potential targets have
been observed, which ought to be sufficient to obtain constraints
on the occurrence rate of companions in the SPHERE separation
range with a precision better than 7%. SPHERE will allow us
to investigate the presence and properties of massive star com-
panions in the angular separation range of 0”715 to 575 (approx.
350-12 500 au) and Amag ~ 12 (mass-ratios > 0.03 on the main
sequence). The range below a couple thousand au is particularly
important as it corresponds to the approximated size of the accre-
tion disk, where faint companions formed from the remnant of
the fragmented disk could be found.

The present paper is the first in a short series. Here, we aim to
establish a proof-of-concept using the first VLT/SPHERE obser-
vations of the QZ Car multiple system. QZ Car (= HD 93206)
is a high-order multiple system composed of two spectroscopic
binaries (Aa & Ac) and three previously resolved companions
within 7 (Ab, E & B). The pair (Aal, Aa2) has a spectral type
09.71+ B2V, and an orbital period of 20.7 days. The pair (Acl,
Ac2) has a spectral type O8 III + O9 V, and a period of six
days. These two binaries make up the central system (Aa, Ac),
separated by roughly 30 milli-arcsec (mas) (Sana et al. 2014;
Sanchez-Bermudez et al. 2017), and have a combined H and
K;-band magnitudes of 5.393 and 5.252, respectively. The com-
panions Ab, E & B were detected by the SMaSH+ survey at
separations of 1700, 2758 and 7”07 from the central system,
respectively.

This paper is organised as follows. Section 2 presents the
observations and data reduction. Section 3 describes the image
post-processing algorithms as well as additional functionalities
developed for our current studies. Our results are discussed in
Sect. 4 and conclusions are presented in Sect. 5

2. Observations and data reduction
2.1. Observations

The QZ Car observations were obtained on Jan 25th, 2016 using
the second-generation VLT instrument SPHERE, situated on the
Unit Telescope 3 at the Paranal observatory in Chile. SPHERE
is a high-contrast imaging instrument combining an extreme
adaptive optics system, coronagraphic masks, and three differ-
ent sub-systems with specific science goals. Our observations
were executed in the IRDIFS extended mode (IRDIFS_EXT)
mode using the Integral Field Spectrograph (IFS, Claudi et al.
2008) and the Infra-Red Dual-beam Imaging and Spectroscopy
(IRDIS, Dolhen et al. 2008) sub-systems.

IFS images have a size of 290 X 290 pixels and a pixel size
of 7.4 mas, hence corresponding to a field-of-view (FoV) of
1’73 x 1’73 on the sky. The IRDIS camera has 1024 x 1024 pix-
els, covering a 12" x 12" FoV with a pixel size of 12.25 mas. The
IRDIFS_EXT mode was chosen to allow combining the YJH-
band observations with IFS to dual-band K-band observations
with IRDIS. With its small FoV and spectroscopic capabilities,
IFS allowed us to both detect and characterise companions at
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Table 1. Observing setup and atmospheric conditions for QZ Car’s
FLUX (F) and OBJECT (O) observations.

Instrument IFS IRDIS
Number of DITs (NDIT) (O) 16 4
Detector integration time (DIT) (O) [s] 4 4
Number of DITs (NDIT) (F) 4 4

Detector integration time (DIT) (F) [s] 16 8
Neutral density filter -
Airmass 1.3 1.3

Parallactic angle variation (°) 34 3.5
Seeing at zenith 0.9 0.9
Average coherence time 7y (ms) 3 3

short separations. The larger FoV of IRDIS provided additional
information on the local density of faint objects.

The observation sequence was composed of three types of
observations: (i) CENTRE (C), allowing us to compute the cen-
troid location of the coronagraph; (ii) FLUX (F), to obtain a ref-
erence flux point-spread function (PSF) of the central objects;
and (iii) OBJECT (O), with the central star blocked by the coro-
nagraph, hence delivering the scientific images that will be
scrutinised to search for faint, nearby companions. FLUX obser-
vations were performed with the central star outside the coron-
agraph. The F-C-O sequence was repeated three times. Due to
the brightness of QZ Car (H < 5.5), we used the neutral density
filter ND2.0 — delivering a transmission of the order of 10~2 — for
the F and C observations of both instruments. The telescope was
set to pupil tracking, that is, the centroid of the field is fixed on
the science object and the sky rotates around it, as required for
the later post-processing algorithm which uses the angular infor-
mation of the movement of companions on an image, or angular
differential imaging (Marois et al. 2006).

For the IFS OBJECT observations, we used 16 DITs of 4 s,
for a total exposure time of ~64 s. With IRDIS we chose 4 DITs
of 45, giving an integration time of 16s. Similarly we adopted
NDIT x DIT of 4 x 16 s and NDIT x DIT of 4 x 8 s for the FLUX
exposures with IFS and IRDIS, respectively. The observing
setup and atmospheric conditions are detailed in Table 1. As
a result of the OBJECT observations, we have obtained four-
dimensional (4D) IFS and IRDIS data cubes of the QZ Car sys-
tem. The IFS cubes are composed of spatial (2D) images of the
IFS FoV for each of the 39 wavelengths channels (from 0.9 to
1.6 um) and 48 sky rotations (due to the pupil tracking). The
IRDIS data cubes contain 2D pixel images at each of the two
wavelengths channels (K| and K5) and 48 sky rotations, cover-
ing a total parallactic angle variation of about 3.5°.

2.2. Science data reduction

The data reduction of IRDIS and IFS images was processed by
the SPHERE Data centre (Delorme et al. 2017, DC) at the Insti-
tut de Planetologie et d’Astrophysique de Grenoble (IPAG)'.
The SPHERE-DC process is standardised in terms of astronom-
ical data reduction: removing bad pixels, dark and flat frames
and estimating the bias in each exposure. They also calibrate the
astrometry associated to the science frames using the on-sky cal-
ibrations from Maire et al. (2016), i.e. a True North correction
value of 1.75 +0.08° and a plate scale of 7.46 + 0.02 mas pixel !
for IFS and 12.255 + 0.009 maspixel™' for IRDIS. The sys-

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

tem uses a modified version of the SPHERE Esorex pipeline”
that is functional, automated and can be accessed by the user if
requested. The end result from this data reduction is the reduced
4D science data cube, tables containing the wavelengths and
rotational angles, and the 3D PSF cubes (see Sect. 2.3).

2.3. The point spread function of QZ Car

The FLUX observations are images of the central star taken with-
out the coronagraph to estimate the PSF and flux of the central
star. Three such PSF observations were taken during our observ-
ing sequence and delivered data cubes that contained the 2D
images of the field at each of the instruments’ respective wave-
length channels. To increase the signal-to-noise ratio (S/N) of
the PSF frames and to average out the observing conditions, the
median of the three PSF frames at each wavelength was com-
puted so only a single 3D data cube was left. The obtained PSF
is to be used for the companion modelling and characterisation
techniques introduced in Sect. 3. However, in the case of QZ Car,
additional complication arose in the IFS PSF frames.

The pair of close binaries at the core of QZ Car’s multiple
system is separated by roughly 30 mas. This is just about the
diffraction limit of an 8.2 m telescope in the Y to H band and
sufficient for QZ Car’s point spread function (PSF) in IFS to
display an elongated shape in the FLUX images. This had unin-
tended consequences in the data processing as the reference PSF
obtained from the IFS FLUX images is used to create a nor-
malised PSF needed to inject artificial companions at different
stages in the analysis, hence propagating the PSF’s deforma-
tion and leading to a number of artefacts. Therefore we adopted
another reference PSF from an IFS observation of HD 93129A
taken on the night of February 10, 2016. While HD 93129A
is itself a long period binary, it was unresolved at the time
of the observations (Maiz Apelldniz et al. 2017). The flux of
HD 93129A’s PSF is not the same as the original PSF of QZ
Car. It was therefore scaled so that the new reference IFS PSF
images have the same integrated flux as the QZ Car IFS PSF
frames. This allows us to retain the original flux information
while adopting a more representative PSF shape. Error estima-
tion of the total flux measured from the PSF was accomplished
by computing the standard deviation of the flux for all the FLUX
images.

3. Data analysis

Once the data were reduced, image post-processing algorithms
for high-contrast imaging were used on the target frames. In
this study, we made use of the Vortex Imaging Processing pack-
age’ (VIP, Gomez Gonzalez et al. 2017) and a PSF-fitting tech-
nique (Bodensteiner et al. 2020). The VIP is an open-source
python package for high-contrast imaging data processing that
is instrument-agnostic. It was developed for exoplanet research,
disk detection, and characterization. It is capable of performing
angular, reference, and spectral differential imaging (ADI, RDI,
SDI, respectively) and ADI-SDI simultaneously based on matrix
approximation with the Principal Component Analysis (Amara
& Quanz 2012; Soummer et al. 2012). We contributed to the
implementation of 4D data analysis and IFS support. For com-
parison, a PSF fitting approach was also used to obtain the pho-
tometry of sources on IRDIS images and on companions which

2 http://eso.org/sci/software/pipelines
3 https://github.com/vortex-exoplanet/VIP
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Fig. 1. Post-processed science frames from IRDIS (left) and IFS (right) instruments. Angular and spectral differential imaging was applied with one
principal component used for modelling and subtraction of the residual stellar light (see Sect. 3). The IRDIS image combines the two wavelengths
channels K1 and K2. Dark circles on the images show the 0”7173-diameter size of the coronagraph. The blue circles indicate the previously
resolved companions Ab and E. White circles indicate the IRDIS sources detected at the 5o level while yellow circles indicate the new companion

QZ Car Ad. The IFS image is 1”773 x 17/73; the IRDIS is 12" x 12”.

the VIP could not characterise because they were located too
close to the edges of the detector (see Sect. 3.2.2).
Post-processed PCA/ADI images for the IRDIS and IFS
science cubes are presented in Fig. 1. From the IRDIS image,
previously known companions, Ab and E, are clearly distin-
guishable. However, these are not the only companions detected,
as over a dozen of other point sources are now clearly visible on
the image. The IFS image gives a close-up view of the system.
The Ab companion is still present at the top of the image though
cropped and cannot be analysed. To the south of the IFS image, a
previously unknown companion (Ad) is clearly visible and deliv-
ering enough flux for a first spectral analysis (see Sect. 4.2).

3.1. Companion detection

A visual inspection of the final IRDIS and IFS PCA images dis-
played in Fig. 1 reveals a handful of rather bright companions
and a larger number of much fainter point sources. To evalu-
ate which ones are true detections, we first estimated their (S/N)
using the S/N map function implemented in VIP. This mod-
ule computes the S/N at every pixel of the frame as defined in
Mawet et al. (2014). From this map, we set our detection limit
to S/N = 5. As expected, companions Ab and E, as well as the
new companion Ad (detected in both IFS and IRDIS), have a
high S/N. There are 16 other companion candidates at separa-
tions beyond the IFS FoV and detected in the IRDIS image with
S/N > 5. They are marked S/ to S16 in Fig. 1, yielding a total
of 19 individual sources detected within 6”72 from the QZ Car
central quadruple system.

3.2. Source characterisation

Once we identified the true sources, we retrieved their position
and contrast with respect to the central star. Starting from guess
positions estimated from the post-processed frames, we mea-
sured accurate angular separations (p), position angles (PA), and
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flux contrast in each wavelength channel and for each compan-
ion with three different methods described below. Two meth-
ods included in the VIP package were used for Ad, Ab, and
E companions and PSF fitting for all S sources. Final results
are provided in Table 2 and Appendix A for IRDIS and IFS,
respectively.

3.2.1. VIP

We first measured the flux of the stars using the aperture pho-
tometry spectral channel by spectral channel, which provided
us with a first estimate of the spectrum. This initial guess was
then passed onto the Simplex Nelder-Mead optimisation (here-
after referred to as the Simplex method) of VIP which estimated
position and flux parameters by applying a NEGative Fake Com-
panion technique (NEGFC). This method consists in inserting
negative artificial sources in the individual frames, varying at
the same time their brightness and position (starting from the
values measured by aperture photometry). The artificial com-
panions are obtained from the unsaturated PSF of the central
star, measured in the FLUX observations. The residuals in the
final images are then computed and compared to the background
noise, measured in an annulus at the same radial distance. The
combination of brightness and location that minimises the resid-
uals are estimated through a Nelder-Mead minimization algo-
rithm. This provides reference fluxes for each spectral channel.
Dividing the fluxes of the different companions by the reference
fluxes from the PSF data cubes, we obtained flux or magnitude
contrasts at each wavelength channel.

Results from this simplex method were then injected into the
MCMC engine (also available in VIP) to estimate confidence
intervals for the angular separations, PAs and fluxes for each
wavelength channel and each target. In this way, we obtained an
(uncalibrated) IFS low-resolution spectrum for companion Ad
and two flux values for all IRDIS sources. For sources with small
radial distance difference between each other (Ap < 200 mas),
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Table 2. Angular separations (p) and projected physical separations (d), position angles (PA, measured from North to East), magnitude contrasts
in the K; and K, bands (AK ,), and spurious alignment probabilities (Psp,,) for each detected IRDIS sources.

Source Ad Ab E S1 S2

p (mas) 729.1+14 1002.9 +1.7 2590.4+4.4 24294 +£69 24758 +59
d (10% au) 1.7+0.1 23 +0.1 59+0.1 5.6 0.1 5.7 +0.1
PA (°) 169.9 + 0.1 335.6 = 0.1 3143+ 0.1 343.1 £ 0.1 197.8 £ 0.1
AK; (mag) 7.5+0.1 4.4 +0.1 7.2+0.1 120 £ 0.1 11.2+0.1
AK; (mag) 7.6 +0.1 44 +0.1 7.1+0.1 122 +0.2 11.1 £0.1
Ppur (%) 0.2 0.1 1.5 39.0 26
Source S3 S4 S5 S6 S7

p (mas) 2470.8 + 6.8 2661.4 +£7.5 2955.7 £ 5.7 3298.6 +5.9 35539+ 6.6
d (10% au) 58 +0.1 6.2 +0.1 6.8+0.1 7.6 +0.1 8.2+0.1
PA (°) 2059 +04 221.8 +0.4 3343 +0.1 191.8 £ 0.1 89.1 £ 0.1
AK; (mag) 11.8 0.1 122 +0.1 11.1 £ 0.1 10.9 £ 0.1 11.5+£0.1
AK, (mag) 11.4 £0.1 11.8 £ 0.1 10.9 + 0.1 10.9 + 0.1 11.3 £0.1
Pypur (%) 33.0 44.0 33.0 36.0 52.0
Source S8 S9 S10 S11 S12

p (mas) 3836.2+7.6 4114.0+10.0 47228 +11 54012+ 11.0 5537.3 +10.0
d (10° an) 8.8 +0.1 9.5+0.1 109 £ 0.1 124 +0.1 12.7 £ 0.1
PA (°) 42.5 £0.1 266.5 = 0.1 269.6 = 0.1 87.3+0.1 222.8 £ 0.1
AK; (mag) 11.5 + 0.1 12.5 + 0.1 13.0+0.2 11.9 +0.1 11.4 £ 0.1
AK, (mag) 11.5+0.1 11.9 + 0.1 13.1 +£0.3 12.1 +£0.1 11.1 0.1
Popur (%) 60.0 78.0 92.0 90.0 81.0
Source S13 S14 S15 S16

p (mas) 5611.2 £ 10.1 5866.5+103 6313.1+11.0 6327.1+11.0

d (10% an) 129 £ 0.1 13.5+0.1 14.5 + 0.1 14.5 0.1

PA (°) 1722+ 0.1 1039 +£ 0.1 164.9 £ 0.1 155.1 £ 0.1

AK; 12.5 £ 0.1 125 £ 0.1 124 0.1 12.2 +0.1

AK, 12.1 £0.2 123+0.2 12.1 0.1 12.1 0.1

Pyour (%) 94.0 96.0 96.0 95.0

Notes. Parameters in italics are estimated using the PSF-fitting method described in Sect. 3.2.2. All others are from the Simplex-MC method.

masks were applied on sources other than the target. This was to
prevent issues with parameter estimation when multiple sources
are in the same annulus when applying the simplex optimisa-
tion routine. For this purpose, circular masks were taken at the
same radial distance as the source we wished to mask, but at a
different position angle to preserve the noise properties. A rota-
tion was then applied on the mask in order to preserve the radial
dependence of the noise. For Ab, the MCMC algorithm failed
to retrieve the K; uncertainties. The MCMC failed to converge
for S13 to S16 while nor Simplex nor MCMC could be used for
S15 and S16. In either case, this is caused by the fact that the
field-of-view is too small to contain the full annulus at the target
separation, meaning that the sources are too close to the edge of
the field.

In order to test the accuracy of the MCMC confidence inter-
vals for IRDIS sources, we further implemented a Monte Carlo
(MC) method. Firstly, all detected sources are masked. Secondly,
a number of artificial sources (25 in our case) are injected at the
same radial distance and with the same flux as a given compan-
ion, but at varying position angles. The flux and position of the
artificial companions are then measured using the Simplex algo-
rithm and compared to the input values. The corresponding stan-
dard deviations finally yield an estimate of the 1o error on the
flux and positions of the considered companion. The process in
then repeated for all sources. The results will be discussed in the
next section.

The previous methods only take into account the statis-
tical uncertainties from the image processing. For the final

photometric errors we took into account the flux variations of
the unsaturated images of the central star described in Sect. 2.3.
For the calculation of the astrometric uncertainties, we adopted
the plate scale and astrometric calibration precision given by
Maire et al. (2016) and the ESO SPHERE user manual. The
final astrometric errors are obtained by a quadratic sum of the
Simplex-MC measurement errors, the star centre position uncer-
tainty (1.2 mas, from Zurlo et al. 2016), the plate scale precision
of 0.021 mas pix~! for IRDIS and 0.02 mas pix~' for IFS, the true
north uncertainty (+0.08 deg), and the dithering procedure accu-
racy (0.74 mas, Zurlo et al. 2016).

3.2.2. PSF fitting

For all IRDIS candidates beyond 2", the central star’s influence
is limited and the background noise dominates (see Sect. 3.4).
Therefore, the use of ADI and SDI techniques is not necessar-
ily needed to derive precise astrometry and photometry. A more
widely used strategy in astronomical imaging is to use a PSF-
fitting technique which provides accurate position and flux val-
ues for the S sources (Ad, Ab & E < 2’7). Our PSF-fitting method
is based on the photutils®* python package along with an effec-
tive PSF model developed by Anderson & King (2000) and is
described in Bodensteiner et al. (2020).

For this, we used the derotated and collapsed images which
maximise the S/N in both K; and K,. The FLUX observations

4 https://photutils.readthedocs.io

AlS5, page 5 of 13


https://photutils.readthedocs.io

A&A 640, A15 (2020)

--$- MCMC
--¢- Simplex
PSF-fitting

'

H
}

Amg,
—
N
o
T
o
e
s
e
—~

11.5

11.0

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11S12S13S14S515S16
Source

15.0
--¢- MCMC

--¢- Simplex
PSF-fitting

14.5

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11S12S13S14S15S16
Source

Fig. 2. Left: K. Right: K,. IRDIS contrast magnitudes and associated errors of S sources obtained with three different methods: MCMC, Simplex-
MC and PSF-fitting. Some errors for Simplex-MC and PSF fitting are small and not seen on these plots.

with IRDIS are used to establish an accurate PSF model. This is
then fitted to each source individually in order to obtain accurate
positions and flux estimates. This technique is very useful for
sources that are detected in the collapsed images but are too close
to the edges of the frames for ADI techniques, that is, S15 and
S16. However, in the K, band, PSF fitting could not converge to
a good solution for sources S10, S13, and S14 as they are too
close to the detection limit and do strongly benefit from the ADI
post-processing.

A comparison plot of the magnitude contrasts obtained
between the three methods used in this paper is shown in Fig. 2
for the K bands. A comparison between the X, Y coordinates
can be found in Appendix B. These figures show that the posi-
tions and (in most cases) contrast values from the three meth-
ods are in excellent agreement, for sources S1 to S8, beyond
which discrepancies arise. Sources too close to the edge could
not be fitted with Simplex (S15-S16) nor MCMC (S13-S16),
while the PSF-fitting approach failed for the faintest object in
the K>-band (S10, S13, S14). Aside from these differences in the
best-fit values, MCMC usually yields magnitude contrast errors
that are a factor of few larger than those obtained with the Sim-
plex+MC approach and with PSF-fitting. It is likely that the true
errors lay somewhat in the middle. From the model atmosphere-
fit in the next section, we have strong evidence that the MCMC
contrast errors are likely overestimated by a factor of three to
four while the Simplex+MC and PSF-fitting uncertainties are too
small by a factor of about two. The order of magnitudes is how-
ever correct. For future work and given the fact that the MCMC
is much more computationally intensive, the present compari-
son certainly favours the use of PSF-fitting for most sources, but
the one that are the closest to the detection limit. Final results
adopted from the Simplex+MC or from the PSF fitting tech-
niques are given in Table 2.

3.3. Flux calibration

To obtain the absolute fluxes of the companions, we would
require a flux calibrated spectrum of the central QZ Car system
in the same wavelength range as that of our SPHERE observa-
tions (Y to K); unfortunately, no such spectrum is available. To
circumvent this issue, we modelled the spectral energy distribu-
tion of QZ Car’s central quadruple system using the non-local
thermodynamic equilibrium (non-LTE) atmosphere code FAST-
WIND (Puls et al. 2005; Rivero-Gonzalez et al. 2011). Each
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component of the QZ Car’s central system was modelled sepa-
rately and their contribution within the PSF was then combined.
The parameters for the computation were obtained using the
spectral types from Sanchez-Bermudez et al. (2017) and the cor-
responding O-star calibration tables from Martins et al. (2005).
Parameters for the Aa2 component were found using a combi-
nation from Trundle et al. (2007) and Parkin et al. (2011). We
also calculated the mass-loss rate (M) and terminal wind veloci-
ties (Vo) for each stellar component following Vink et al. (2001)
as these are needed input for FASTWIND. Our results are sum-
marised in Table 3.

Once the spectra for all the four central components were
calculated and combined, we multiplied the contrast fluxes cal-
culated previously by the model spectrum of QZ Car to obtain
the absolute fluxes of each companion in the different wave-
length bands. In particular, the IFS+IRDIS flux-calibrated spec-
trum of the Ad companion is displayed in Fig. 3. Throughout
this process and later on in Sect. 4, it’s 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;. We emphasise that this value has no physical
meaning.

3.4. Detection limits

In this section, we estimate the sensitivity of our observations
in terms of magnitude difference as a function of the angular
separation p to the central object. Using the VIP contrast curve
modules we computed the contrast limits for a chosen o level by
injecting artificial stars (based on the scaled PSF of HD 93129A,
see Sect. 2.3) and calculating the noise at different radial dis-
tances from the centre. This implementation takes into account
the small sample statistics correction proposed in Mawet et al.
(2014). In order to avoid interference from the bright compan-
ions, all sources were masked (see Sect. 3.2.1). Although this
significantly increases the quality of the contrast curves, small
artefacts with a 0.2 mag amplitude remain visible in the contrast
curves at a radial separation of 3”. The 5-0 sensitivity curves
that we obtained are presented in Fig. 4.

A contrast better than 8 mag is achieved at 200 mas with
IFS, and as large as 11 mag at p > 600 mas. These magni-
tude differences correspond to flux contrasts of 1.5 x 10™* and
4 x 1073, respectively. Such detection limits are in line with past
SPHERE observations (Zurlo et al. 2016; Mesa et al. 2019) in
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Table 3. Parameters of the QZ Car central quadruple system adopted for the FASTWIND modelling of the system’s SED.

Component  Spectral type Ter logg R, M. loglL. log M Voo
X) (Ro) (Mo) [Lol [Moyr™']l (kms™)
Aal 09.71 30463 32 221 274 5.6 =5.7 1794
Aa2 B2V 20000 4.3 3.0 6.5 3.1 -9.7 1186
Acl O8 III 33961 3.6 137 254 53 -6.2 2191
Ac2 (O°AY 32882 392 7,53 17.1 4.7 -7.3 2427

Notes. Spectral types are taken from Sanchez-Bermudez et al. (2017) with calibration tables from Martins et al. (2005).
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Fig. 3. IFS+IRDIS flux-calibrated spectrum of QZ Car Ad at a reference
distance of 100 R,. The plain line gives the best-fit ATLAS9 model with
Ter = 8896K, logg = 4.27 and R = 1.72R,. Shaded area represents
the 1-0 uncertainties on the observed spectra.

IRDIFS_EXT mode, if we consider that our total exposure time
was roughly a minute with both IFS and IRDIS. Using a mass
scale from Siess et al. (2000)’s evolutionary tracks, stars with
masses <1 Mg could be easily detected by this system. Simi-
larly, IRDIS delivers contrast better than 9 mag at 0’4 and of
better than 13 mag at separations larger than 2”70. This is about
Smag deeper than previously achieved with SMaSH+, and up
to 8 mag deeper in the poorly mapped region around 400 mas
demonstrating the complementing capabilities of SPHERE with
respect to previously obtained high-angular resolution observa-
tions of massive stars.

3.5. Distance of QZ Car

Knowledge of the distance of QZ Car with respect to the
observer is crucial to convert the angular separation in phys-
ical (projected) separations. In an attempt to improve on the
distance of QZ Car, we retrieved its astrometric information
from the Gaia DR2 catalogue (Gaia Collaboration 2016, 2018;
Lindegren et al. 2018), including positions, parallax, proper
motion, their uncertainties and correlations. We used a galac-
tic prior with a length scale of 2.5kpc (Walborn 2012) and
performed an MCMC fit to the distance and proper-motion
vector as described by Bailer-Jones (2017). We obtained a dis-
tance of 1.17*)1$kpc. Similar results are obtained with a flat
prior. This is in contrast with prior estimates of about 2.3 kpc
(Walborn 1995; Smith 2006). We also computed a spectral dis-
tance modulus yielding a distance of about 2.0-2.1 kpc. Given

these discrepancies, we scrutinised further the Gaia measure-
ments. We computed the quality of the astrometric fit the so-
called RUWE indicator of Lindegren et al. (2018), leading to
RUWE =2.54, which reveals a poor astrometric fit despite the
reasonable relative uncertainty of 11% on the parallax, and the
299 good astrometric measurements. This poor RUWE is likely
caused by the multiplicity of the central object, which biases the
Gaia parallax. This issue could be resolved in the next Gaia data
release, where binarity will be taken into account when deriving
the parallax.

In the remainder of the paper, we adopt 2.3 kpc as the ref-
erence distance to convert the measured angular separations to
(projected) physical distances. The results are given in Table 2.
We note that the only results in this work that depend on the
adopted distance are the projected physical separations, so that
there is no impact on the presented results if the adopted distance
to QZ Car would turn out to be incorrect.

4. Results and discussion
4.1. Probabilities of spurious association

While over a dozen faint sources are clearly resolved around
QZ Car in Fig. 1, additional information, such as common proper
motion, would be needed to confirm their physical connection to
QZ Car. Unfortunately, we only have one observation of QZ Car
so far and the closest object to QZ Car that was also detected
by Gaia is at 7.2”, i.e. outside the IRDIS field-of-view. In the
absence of such information, we resorted to a statistical argu-
ment. To this aim, we define the probability of spurious associa-
tion (Ppur(0i|Z(K;))) as the probability that at least one source is
found by chance at a separation p equal or closer to QZ Car than
that of the companion i (p < p;) given the local source density X
of stars at least as bright as i (K < K;).

A query of the VISTA Carina Nebula catalogue (Preibisch
et al. 2014) yielded Nop; = 1864 within a 7 = 2’ radius around
QZ Car down to magnitudes of Ky ~ 19. To compute Pgpy;,
we first estimate the local source density X(K;) = Nop(K <
K;)/(xr?) of objects at least as bright as the companion i. We
then use a Monte Carlo approach and randomly generate 10 000
populations of Nopi(K < K;) stars uniformly distributed in 7r%.
The probability of spurious association is finally obtained as the
fraction of populations in which at least one star is to be found
atp < p;.

This simple exercise confirms the very low probability of
spurious association (Pgyyr < 0.02) — hence, the high confidence

5> The definition of the probability of spurious association is modified
compared to Sana et al. (2014) in the sense that the present definition
is an actual probability while the formula of Sana et al. (2014) gives
the expected number of companions within a given an angular separa-
tion and minimum brightness resulting from chance alignment from the
local surface density of sources at least as bright.
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Fig. 4. IRDIS (left) and IFS (right) detection limits (blue). The contrasts are given in the H-band for IFS and a mass scale is also provided on the
right-hand axis. These masses were estimated using pre-main sequence and main-sequence tracks from Siess et al. (2000). Bumps at ~0”’7 in the
IFS contrast curves results from the trace of the deformable mirror of the instrument at this radial distance.

regarding physical association — of companions Ab, Ad, and
E while the presence of most of the fainter ‘S’ sources is best
explained by chance alignment given the overall surface density
of sources in QZ Car’s surroundings.

In addition to computing the probability of spurious associ-
ations, we ran the Besancon model of the Galaxy (Robin et al.
2003) in the direction of QZ Car. The model predicts about 20
stars with K-band magnitude brighter than 19 mag in an area
corresponding to our IRDIS field of view. All of them have
K > 15.5 and the vast majority (18/21) are background stars
(distance >3 kpc). To the first order, this is compatible with
the properties of the S sources in the IRDIS field of view and
provides an additional argument to consider (most of) them as
chance alignments. It also supports the fact that Ad, Ab, and E
are physically connected as the Besancon model cannot explain
the presence of such bright objects around QZ Car. Sources S1 to
S6 have 0.25 < Pgp,r < 0.50, so that, statistically, some of these
could still be physically linked. In summary, and accounting for
the four inner objects, QZ Car consists of seven likely physical
companions within an =~2””5-radius, as well as additional three
to four fainter candidate companions within a similar angular
separation.

Confirmation of common proper motion and characteriza-
tion of orbital motion are of course crucial to definitely prove
any physical association. For the closest companion, Ad, given
the precision of our astrometry (see Table 2) and the proper
motion of the central star (Gaia Collaboration 2018), it should
be possible to prove common proper motion and measure a sig-
nificant orbital rotation (excluding contamination by high proper
motion background objects, see Nielsen et al. 2017) with obser-
vations separated by 1 and 7 yr, respectively (assuming a circular
orbit).

4.2. Spectral modelling of Ad

The flux calibrated low-resolution IFS+IRDIS spectrum of Ad
provides us with information about its spectral energy distribu-
tion (SED). Here we attempt to use that information to constrain
the stellar parameters of the Ad companion for the first time.
The uncalibrated IFS spectrum is mostly flat, except for
two broad absorption features at 1120nm and 1372 nm (also
seen on the calibrated spectrum on Fig. 3). These correspond
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to the expected location of Earth telluric bands. To check this,
we adjusted a synthetic telluric spectrum to the Ad data using
MolecFit (Smette et al. 2015; Kausch et al. 2015). We used the
atmospheric conditions at the time of the observations and only
consider telluric lines resulting from water. Once corrected for
the telluric bands, and aside from (unphysical) edge effects, the
Ad spectrum is feature-less as can be expected from its very-low
spectral resolution. The present exercise is useful for confirming
the origin of the broad absorption in the IFS Ad spectrum and
to verify spectral ranges that can in principle be well corrected
from telluric absorption. The MolecFit telluric corrected spec-
trum is, however, not used in the following as the division by the
spectrum of the central object actually take care of the telluric
correction automatically.

To constrain the stellar parameters from the spectrum, we
used ATLAS9 LTE atmosphere models (Castelli et al. 2004). We
associated an ATLAS9 model to each time step in the pre-main
sequence (PMS) evolutionary tracks of Siess et al. (2000) and
quantitatively compared it to Ad’s SED. For numerical reasons,
in the computation of the y-contour curves, we also interpolated
the ATLASO grid along the log g-axis.

Each ATLAS9 model was converted into flux at the reference
distance of 100 R, and integrated over the width of each IFS and
IRDIS wavelength channels, allowing us to compute the corre-
sponding y? accounting for the error-bars on Ad’s SED. Adopt-
ing the MCMC errors, the best-fit /\/2 has a reduced value of 0.1,
suggesting that the error bars are heavily overestimated. Adopt-
ing the Simplex+MC values yields a best-fit reduced- y? of about
4.4 suggesting that the latter are underestimated by a factor of
about two. In the following, we rescale the Simplex+MC errors
so that the best-fit reduced- y” is equal to unity. The obtained
x>-map is displayed in the Hertzsprung-Russell diagram (HRD)
of Fig. 5.

As expected, our fit results in multiple possible combina-
tions but the allowed mass remains limited in the range of 1.8
to 2.2 M. The best fit model is obtained for a 2.0 M, star with
T = 8896K, logg =4.27, L = 17.7L; and R = 1.72R. The
best fit spectrum from ATLAS9 shows a nice fit with the mea-
sured spectrum of Ad in Fig. 3. However, the precision of the
model retrieval is limited by two factors: the anticipated degen-
eracy between physical surface properties and evolutionary stage
and the density of the model grid. The first is clearly illustrated
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Fig. 5. y?-surface resulting from ATLAS model fit to Ad’s IFS+IRDIS
SED projected onto the HRD plane. The thick black and red lines are
ZAMS and early-MS according to Siess et al. (2000) definitions (see
footnote 5). Thin black lines are the evolutionary PMS tracks for stars
with masses increasing from bottom to top from 1.1 to 3.5 M. The 4
to 8 Myr parts of the respective evolutionary tracks are displayed with a
thicker line. Finally, the red dashed lines give, from top to bottom, the
1, 5 and 10 Myr isochrones. The best-fit model is indicated with a white
diamond.

in Fig. 5 by the elongated y2-valley in the HRD. Focusing on
the location of the best-fit model, there are statistically signifi-
cant differences in the goodness-of-fit between the 2.0 M, PMS-
tracks and the neighbouring 1.9 and 2.2 Mg-tracks. All other
things being kept equal, these translates into statistical uncer-
tainties of the order of 300K and 0.2 dex in T.s and log L/L,
respectively. Had we adopted the MCMC errors, T and L/ L
values of 7500 to 9600K and 11 to 23 L, would have been
obtained within a 68% confidence interval, respectively.

According to our best-fit solution, the star’s evolutionary
stage seems to be somewhere between Siess et al. (2000)’s
ZAMS and early-main sequence®. Its age of 9.7 Myr is proba-
bly in fair agreement with QZ Car age estimates (Walker et al.
2017). The best-fit ATLAS9 model is displayed in Fig. 5 and
should correspond to stars of spectral type A3, according to Siess
et al. (2000) calibrations.

4.3. Physical properties of the IRDIS companions

IRDIS observations only provide us with two independent wave-
length channels, K| and K, with central wavelengths of 2.110
and 2.251 um, respectively. While this is insufficient to constrain
the shape of the SED, it provides an important anchor point to
assess the objects absolute K-band magnitude, assuming that the
objects are located at the same distance and suffer from the same
K-band reddening as QZ Car.

As for the data of QZ Car Ad, we computed y> maps by
comparing the K; and K, absolute fluxes of each companion
sources to ATLAS9 LTE models. Good fits were obtained for
most sources. The Ab companion seems to be more massive

6 ZAMS: defined as the time, after deuterium burning, when the
nuclear luminosity provides at least 99% of the total stellar luminos-
ity. Early MS: defined as the time, when the star settles on the main
sequence after the CN cycle has reached its equilibrium (this only
affects stars with M > 1.2 M,,).

and we used the Brott et al. (2011) main-sequence evolution-
ary tracks rather than the PMS-tracks from Siess et al. (2000).
The resulting y*-maps, over-plotted in the HRD together with
Siess et al. (2000)’s PMS evolutionary tracks and isochrones are
displayed in Fig. 5 and 6. In this exercise, there exists, of course,
a degeneracy between the age and the mass.

While more wavelength channels would be desirable, our
results show that the companions Ab, Ad, and E are compatible
with the hypothesis of co-eval formation together with the cen-
tral OB quadruple system in QZ Car. Adopting the QZ Car age
range, that is, 4 to 8 Myr, first-order constraints on the masses of
the individual companions can be obtained. With only 4.4 mag
contrast with the QZ Car central system, the companion Ab is
the most massive object and has a mass estimate of 10 to 12 M.
The solution for E is fully degenerate with multiple minima
on the y?-map. We emphasise two of the extremer solutions:
the best-fit is a low-mass (0.5 M) very young (2.5 Myr), cool
(Teg = 3770K), and rather large (R = 3.7 Ry) PMS star. This
solution is at the limit of the grid towards the low T.g so that it is
possible that the cooler model may provide an even better fit. The
other minimum is a 2.5 M, 5.5 Myr-old star with T.g = 10kK,
which is also a valid solution within 3-sigma. The latter is com-
patible with co-evality.

We also performed this exercise for the faintest S sources,
implicitly assuming that they are located in the Carina region.
Under this hypothesis, sources S1 to S16 are compatible with
being low-mass pre-main sequence stars with masses in the
range of 0.3 to 0.5 M. But for S6 that could be as young as 10
to 15 Myr if its mass is on the low-side of the confidence inter-
val, all the other sources seem to be older than 20 Myr. Alter-
natively, they are even younger, lower-mass PMS star falling
outside of the ATLAS9 model-grid or they are foreground or
background sources unconnected to the Carina region, as dis-
cussed in Sect. 4.1.

4.4. Comparison with previous high-angular resolution
surveys

Our results can be directly compared to previous high-angular
resolution campaigns, such as those provided by the SMaSH+
and HST-FGS surveys (Fig. 7, Sana et al. 2014; Aldoretta et al.
2015). Clearly, by enabling the detection of sources at least
5 mag fainter than previously possible, SPHERE opens a new
discovery space to investigate the low-mass end of the compan-
ion mass function of massive stars.

In this context, we note a clear clustering of the ‘S’ sources
in Fig. 7, that are all located at angular separations larger than 2"
(i.e. projected physical separation >4.6 x 10° au). Furthermore,
there is a clear gap of 4- to 5 mag between the more massive, very
likely physical and probably co-eval companions Ab, Ad, and E
and the rest of the ‘S’ sources, most of which are either older
or unconnected, as suggested by the large spurious alignment
probabilities that we derived.

4.5. Future prospects

The spectrum of QZ Car Ad that we obtained with IFS in
the IRDIFS_EXT mode has a spectral resolving power (1/A1)
of ~50 only. At such low resolution, all spectral features but
the telluric bands are smeared out (see Fig. 3). To better
characterise the companion physical properties and age, a
higher-resolution spectrum is desirable. However, seeing-limited
spectrographs such as VLT/X-shooter will not be able to resolve
the Ad companion. Very few AO-assisted spectrographs exist
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on the SMaSH+ (Sana et al. 2014) and HST-FGS (Aldoretta et al. 2015)
companion detections in the magnitude contrast vs. angular separation
plane. The thick lines give the limiting contrast curves of the different
instruments (see legend).

and, among those, almost none can deliver the require flux con-
trast. In Fig. 8, we investigate the resolving power of the Long
Slit Spectroscopic (LSS) mode of IRDIS, delivering a spec-
tral resolving power of 350, which would provide a valuable
improvement to the current IFS SED and help us to estimate the
parameters of the companion with greater accuracy.

5. Conclusions

In this work, we present the first SPHERE observations of
QZ Car, a known quadruple system in the Carina region. Using
the IRDIFS_EXT mode, we detected 19 sources in a 12”7 x 12"
field-of-view; all but two (Ab and E) are newly detected. We
used the high-contrast imaging software VIP, which is used
for planet detection, to characterise the detected sources. Three
of our sources (Ab, Ad, and E) are moderately bright, with
K-band magnitude contrasts in the range of ~4—7.5. The remain-
ing sources have a magnitude contrast from 10 to 13. Most of the
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latter can be explained by spurious alignment given the source
number density around QZ Car.

We further determined the limiting contrast curves, showing
that SPHERE detection capabilities can reach contrasts better
than 9 mag at only 200 mas and better than 13 mag at angular
separations larger 2”. Our observations are sensitive to sub-solar
mass companions over most of the angular separation range pro-
vided by SPHERE.

Finally, we used the known distance to QZ Car, a grid of
ATLAS9 models and pre-main sequence evolutionary tracks to
obtain a first estimate of the physical properties of the detected
objects. This determination implicitly assumes that the compan-
ions are located at the same distance and suffer from the same
NIR reddening than QZ Car central system. We found masses
across the entire mass range, from a fraction of a solar mass up to
12 My, including a ~2.0 M companion at a (projected) physical
separation less than 1700 au. While there is a degeneracy in the
physical parameter versus age determination given the limited
constraints, the three most massive, likely physical companions
(Ab, Ad, and E) can be fitted with ages of 4 to 9 Myr, meaning
that their formation is potentially contemporaneous to that of the
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inner quadruple system making QZ Car one of the highest order
multiple systems known.

Future work can follow two directions. On the one hand,
a better characterisation of the detected companions is desir-
able and will ultimately provide an independent age diagnostic.
This will help to confirm physical connection of the companion
through proper motions as well as high-resolution spectroscopy
and may be possible with the SPHERE LSS for the brightest
companions of QZ Car.

On the other hand, and based on the present results, it is clear
that SPHERE is opening a new parameter space to investigate
the presence and physical properties of faint companions within
only a few 1000 au from massive stars. Performing similar obser-
vations of the entire sample of massive stars may allow us to
investigate the outcome of the massive star formation process as
well as to investigate the pairing mechanism of these faint com-
panions.
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Appendix A: Spectrum of QZ Car Ad

Table A.1. Contrast and flux calibrated spectrum values for Ad and model spectra of QZ Car components.

A&A 640, A15 (2020)

Wavelength  Contrast spectrum  Flux calibrated spectrum Aal Aa2 Acl Ac2
(A) (1074 [103ergss™'em™2 A"

957 6.20 + 0.48 2.96 +0.23 2571.51 25.85 1123.46 336.55
972 6.27 +0.97 2.83 +£0.44 2430.00 24.51 1060.55 318.00
987 6.44 + 0.85 2.75 +0.36 2293.54 23.10 999.97  300.05
1002 6.31 £0.29 2.54£0.12 2164.20 2193 94270 282.86
1018 6.73 £ 0.31 2.55+0.12 2039.48 20.71 887.51 266.30
1034 7.02 +0.33 2.50+0.12 1920.56 19.55 83497  250.57
1051 7.06 +0.27 2.37 +0.09 1807.16 18.43 78491 235.61
1068 6.95 +0.25 2.19 +0.08 1699.00 17.37 737.20 221.35
1085 6.76 + 0.30 2.01 £0.09 1598.02 1636 69290 207.96
1103 6.88 +0.37 1.92 +0.10 1501.89 1541 650.65 195.31
1122 7.42 +0.38 1.94 +0.10 1410.82 14.50 610.65 183.32
1140 7.53 +£0.32 1.85 +0.08 1326.19 13.65 57349 172.18
1159 7.52 +0.30 1.74 + 0.07 1247.08 12.84 538.78 161.75
1178 7.53 £0.28 1.63 = 0.06 1172.49 12.08 506.07 151.93
1197 7.48 +0.27 1.53 £ 0.05 1102.32  11.37 47538 142.71
1216 7.46 +£0.34 1.43 £0.07 1036.57 10.71 447.04 134.16
1235 741 +041 1.34 +0.07 974.82 10.09 42042 126.12
1255 7.34 £ 0.31 1.25 +0.05 918.27 9.51 39574 118.70
1274 7.32 £0.25 1.17 £ 0.04 866.50 897 372.89 111.85
1294 7.53 £0.30 1.14 £ 0.04 817.91 846 35146 105.43
1313 7.63 +0.26 1.09 + 0.04 77253  7.99  331.65 99.48
1333 7.97 +£0.44 1.07 £ 0.04 730.03  7.55 313.19  93.93
1352 8.24 +£0.95 1.05 = 0.06 69047 7.14 29598  88.758
1372 7.59 +1.22 0.92 +0.12 653.73  6.76  280.05  83.98
1391 8.51+£1.29 0.97 £0.15 619.62 641 265.25  79.54
1411 7.64 +1.24 0.83 £0.15 591.79  6.25 253.05 7598
1430 7.62 +0.59 0.79 £ 0.13 562.40 594  240.32  72.13
1449 7.71 £0.44 0.76 + 0.06 53493  5.65 22843  68.55
1467 7.39 +£0.41 0.69 = 0.04 509.27 537 21733  65.20
1486 7.55+0.42 0.67 + 0.04 48546  5.12  207.04 62.10
1503 7.55 +0.32 0.64 + 0.04 463.61  4.88 197.60  59.26
1522 7.69 £ 0.31 0.63 £ 0.03 44321  4.67 188.79  56.62
1539 7.79 +0.27 0.61 +0.02 424.17 446  180.57 54.15
1556 7.93 +0.32 0.59 +0.02 40642  4.27 17292  51.85
1573 8.00 +0.34 0.58 +0.02 393.71  4.14 16747 5021
1589 8.04 +0.32 0.56 + 0.02 385.65  4.05 164.04  49.18
1605 8.15+0.41 0.54 +0.02 378.05  3.97 160.81  48.21
1621 8.20 + 0.49 0.53 £ 0.03 370.89 390 157.76  47.30
1636 8.23 +0.74 0.51 +0.04 364.15  3.83 154.89  46.44
2110 9.72 £ 0.18 0.22 +£0.04 141.87 1.54 61.69 17.70
2251 9.20 +0.77 0.16 £ 0.13 110.05 1.20 47.84 13.66
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Appendix B: Comparison between parameter estimation techniques: Simplex, MCMC and PSF-fitting
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Fig. B.1. Comparison of the X coordinates and associated errors. Most errors for Simplex and PSF fitting are small and not seen on these plots.
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Fig. B.2. Comparison of the Y coordinates and associated errors. Most errors for Simplex and PSF fitting are small and not seen on these plots.
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