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ABSTRACT

Multiplicity is one of the most fundamental observable properties of massive O-type stars and offers a promising
way to discriminate between massive star formation theories. Nevertheless, companions at separations between 1
and 100 milliarcsec (mas) remain mostly unknown due to intrinsic observational limitations. At a typical distance of
2 kpc, this corresponds to projected physical separations of 2–200 AU. The Southern MAssive Stars at High angular
resolution survey (smash+) was designed to fill this gap by providing the first systematic interferometric survey
of Galactic massive stars. We observed 117 O-type stars with VLTI/PIONIER and 162 O-type stars with NACO/
Sparse Aperture Masking (SAM), probing the separation ranges 1–45 and 30–250 mas and brightness contrasts of
ΔH < 4 and ΔH < 5, respectively. Taking advantage of NACO’s field of view, we further uniformly searched for
visual companions in an 8′′ radius down to ΔH = 8. This paper describes observations and data analysis, reports
the discovery of almost 200 new companions in the separation range from 1 mas to 8′′ and presents a catalog of
detections, including the first resolved measurements of over a dozen known long-period spectroscopic binaries.
Excluding known runaway stars for which no companions are detected, 96 objects in our main sample (δ < 0◦;
H < 7.5) were observed both with PIONIER and NACO/SAM. The fraction of these stars with at least one resolved
companion within 200 mas is 0.53. Accounting for known but unresolved spectroscopic or eclipsing companions,
the multiplicity fraction at separation ρ < 8′′ increases to fm = 0.91 ± 0.03. The fraction of luminosity class V
stars that have a bound companion reaches 100% at 30 mas while their average number of physically connected
companions within 8′′ is fc = 2.2 ± 0.3. This demonstrates that massive stars form nearly exclusively in multiple
systems. The nine non-thermal radio emitters observed by smash+ are all resolved, including the newly discovered
pairs HD 168112 and CPD−47◦2963. This lends strong support to the universality of the wind-wind collision
scenario to explain the non-thermal emission from O-type stars.

Key words: binaries: visual – stars: early-type – stars: imaging – surveys – techniques: high angular resolution –
techniques: interferometric

Online-only material: color figures

1. INTRODUCTION

One of the most striking properties of massive stars is their
high degree of multiplicity. In clusters and associations, 75%
of the O-type objects have at least one companion detected
through either spectroscopy or imaging techniques (Mason
et al. 2009). This rate has not been corrected for observational
biases so that the true multiplicity fraction might very well
come close to 100%. Typically, the detected companions have
a mass one to five times smaller than the primary mass and
are mostly O and B stars. We can thus postulate that the
typical end product of massive star formation is not a single
star but a multiple system, with at least one and possibly

15 F.R.S.—FNRS Research Associate.
16 Hubble Fellow.

several massive companions (e.g., Kratter & Matzner 2006;
Krumholz 2012). The properties of the binary population, for
example, the period and mass ratio distributions, can then
serve as a useful diagnostics to discriminate between different
formation models. Different massive star formation theories do
indeed have different expectations for multiplicity properties
(for recent reviews, see Zinnecker & Yorke 2007; Tan et al.
2014). Unfortunately, observations have so far failed to provide
a comprehensive view of the O star multiplicity over the
full separation range relevant for massive star formation and
evolution, leaving us with a strongly biased view toward tight
(physical separation d < 1 AU) and wide (d > 103 AU)
companions.

Binary detection through spectroscopy is typically limited to
systems with mass ratios M1/M2 up to 5 to 15 (for double- and
single-lined binaries, respectively) and to separations up to a
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few astronomical units (corresponding to periods of about one
year). Most imaging techniques suffer from a brightness contrast
versus separation bias (Turner et al. 2008; Sana & Evans 2011),
which limits the detection of moderate brightness companions
to separations larger than several 0.′′1 at best. Separations below
0.′′1 have most successfully been probed through various flavors
of interferometry, such as speckle, aperture masking, and long
baseline interferometry, although very few observations have
been able to probe the regime of highest contrasts (Δmag > 2)
and closest angular separations (ρ < 75 milliarcsec (mas); for
a review, see Sana & Evans 2011).

This paper introduces the Southern MAssive Stars at High
angular resolution survey (smash+), an interferometric survey
of over 100 Galactic O-type stars designed to systematically
explore the separation range between 1 and 200 mas. The Sparse
Aperture Masking (SAM) mode (Lacour et al. 2011b) of NACO
at the Very Large Telescope (VLT) has allowed us to resolve
massive binaries with separations in the range of 30–250 mas
(e.g., Sana et al. 2012b). Angular separations smaller than
30 mas require the use of long baseline interferometry. Until
now, it has been impossible to observe a sufficiently large sample
because of the low magnitude limit, restricting the number of
observable objects, and because of the typically large execution
time needed to achieve a reasonable detection rate, i.e., to
sufficiently cover the uv plane (Sana & Le Bouquin 2010).
The advent of the four-beam combiner PIONIER (Le Bouquin
et al. 2011) at the VLT Interferometer (VLTI; Haguenauer
et al. 2008, 2010), which combines the light of four telescopes,
critically changed the situation, by opening the 1–45 mas
angular resolution window to a survey approach.

In this paper, we report on the first observational results of our
survey. Bias correction and detailed theoretical implications will
be addressed in subsequent papers in this series. This paper is
organized as follows. Section 2 describes the sample selection,
observational campaign, and instrumental setups. Section 3
presents the data analysis and binary detection algorithms.
The smash+ constraints on the multiplicity properties of our
sample stars are presented in Section 4. Section 5 discusses our
results and Section 6 summarizes our main findings. Finally,
Appendices A and B compile notes on individual objects
and provide finding charts for systems with more than three
companions detected in the NACO field of view (FOV).

2. OBSERVATIONS

2.1. Observational Sample

The sample selection has been driven by the need to observe
a sufficiently large number of O stars to derive meaningful sta-
tistical constraints and by the observational constraints imposed
by PIONIER. The size of the sample defines the precision at
which one will constrain the multiplicity rate. The statistical
uncertainty (σfm ) on the measured multiplicity fraction (fm) in
the considered range depends on both fm and the sample size N
(Sana et al. 2009). It is given by

σfm (fm, N) =
√

fm(1 − fm)/N. (1)

For a given sample size, σfm peaks at fm = 0.5, so that
σfm (fm, N) � σfm (0.5, N ). Observing a sample of N = 100
is thus required to obtain a precision of σfm < 0.05 for any fm.

Following PIONIER observational constraints, the smash+
survey has been designed as a magnitude- and declination-
limited survey. The practical limiting magnitude of PIONIER in

its small spectral dispersion mode is H = 7.5. The limiting
magnitude from the fast guiding systems of the auxiliary
telescopes (STRAP) allowing for a proper injection of the beams
into the instruments fibers is V = 11. The practical range of
accessible declinations (δ < 0◦) is limited by observability
constraints of the auxiliary telescopes in the intermediate and
large configurations. The Galactic O Star Catalog (GOSC-v2;
Sota et al. 2008) lists 147 O-type stars fulfilling these criteria.
Rejecting the Orion stars that have already been observed by
the VLTI (Grellmann et al. 2013), we are left with 138 possible
targets. Of these, 12 are flagged as runaway stars in the GOSC
and are handled separately from the main target list.

Tables 1 and 2 list the properties of stars in our main list
of targets and in the runaway list. Columns 1 and 2 indicate
whether the object has been observed with PIONIER and
NACO. Columns 3 and 4 provide the main identifier used in our
survey (HD number if available, BD/CPD identifiers otherwise)
and alternative names commonly used in the literature. Columns
5–12 indicate the spectral classification, coordinates (J2000.0),
and H-, Ks-, and V-band magnitudes.

We also observed 37 O stars outside our main list of targets.
Table 3 summarizes the main properties of the supplementary
targets in a format identical to that of Table 1. These supplemen-
tary targets are either northern stars, stars just above our mag-
nitude cut-off, or stars taken from the GOSC-v2 supplements.
Among these additional stars, BN Gem is a known runaway that
has H and V magnitudes within our magnitude limits, but it is a
northern star. We list it along with the other runaway objects in
Table 2. In total, we observed 174 different stars. Of these, 162
have NACO observations and 117 have PIONIER ones, and 105
stars have both types of observations.

The bulk of the smash+ observations has been obtained in
the course of a European Southern Observatory (ESO) large
program (189.C-0644) which was granted 20 VLTI nights over
the period 2012 April–2013 March and 3 NACO/SAM nights
in 2013 June. The NACO observations are complemented by
a 2011 pilot program and additional programs in 2012 and
2013 for a total of 13 VLT/UT4 nights (see Table 4 for an
overview). Thirteen stars have further been observed as backup
targets of various PIONIER runs from 2013 December to 2014
August. All in all, 102 stars (81%) from our main target list
have been observed with PIONIER and 120 (95%) with NACO/
SAM. Ninety-six stars (76%) have both PIONIER and NACO/
SAM observations and only the runaway star HD 157857 has
not been observed. Figures 1 and 2 provide an overview of
the distributions of spectral sub-types, luminosity classes, and
magnitudes for the stars in our main sample.

2.2. Observational Biases

As a consequence of our magnitude-limited approach, our
sample contains several built in biases. While it is not our intent
to perform detailed bias corrections in this initial paper, we
describe here several aspects that need to be kept in mind while
directly interpreting the observational results of the smash+
survey.

As for all magnitude-limited surveys, the brightness selection
criterion favors nearby stars as well as intrinsically brighter
objects. We used the absolute H-band magnitude of O stars
listed in Martins & Plez (2006) to estimate the maximum
distance at which an isolated O star can be located for its
apparent magnitude to be brighter than our cut-off of H = 7.5.
Neglecting the effect of extinction, Figure 3 shows the obtained
maximum distances as a function of spectral sub-type for the
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Table 1
smash+ Survey Main Target List

Instrum. Object Sp. Type R.A. Decl. H Ks Va

PIO SAM HD/BD/CPD Name hh:mm:ss.sss dd:am:as.ss

y y HD 52266 . . . O9.5 III 07:00:21.077 −05:49:35.95 7.237 7.265 7.213
y y HD 53975 HR 2679 O7.5 V 07:06:35.964 −12:23:38.23 6.814 6.819 6.473
y y HD 54662 HR 2694 O7 V 07:09:20.249 −10:20:47.64 6.172 6.206 6.212
y y HD 55879 HR 2739 O9.7 III 07:14:28.253 −10:18:58.50 6.452 6.502 6.018
y y HD 57060 29 CMa O7 Ia 07:18:40.378 −24:33:31.32 5.190 5.146 4.966
y y HD 57061 τ CMa O9 II 07:18:42.487 −24:57:15.78 4.769 4.786 4.390
y y HD 68450 . . . O9.7 II 08:11:01.683 −37:17:32.55 6.444 6.474 6.442
y y HD 71304 . . . O9 II 08:24:55.790 −44:18:03.01 7.021 6.927 8.187
y y HD 73882 NX Vel O8.5 IV 08:39:09.524 −40:25:09.28 6.020 5.917 7.211
y y HD 74194 LM Vel O8.5 Ib-II 08:40:47.792 −45:03:30.22 6.887 6.808 7.550
y y HD 75211 . . . O8.5 II 08:47:01.592 −44:04:28.85 6.535 6.402 7.508
y y HD 75759 . . . O9 V 08:50:21.017 −42:05:23.27 6.255 6.288 5.991
y y HD 76341 . . . O9.5 IV 08:54:00.615 −42:29:08.75 6.406 6.317 7.167
y y HD 76556 . . . O6 IV 08:55:07.144 −47:36:27.15 7.141 7.053 8.198
y y HD 76968 . . . O9.5 Ib 08:57:28.850 −50:44:58.21 6.757 6.664 7.078
y y CPD−47◦2963 . . . O5 I 08:57:54.620 −47:44:15.71 6.060 5.901 8.45
y y HD 93129 AaAb . . . O2 I 10:43:57.462 −59:32:51.27 6.140 6.014 7.010
– y HD 93129 B . . . O3.5 V 10:43:57.638 −59:32:53.50 6.140 6.014 8.84
y y HD 93130 V661 Car O6.5 III 10:44:00.371 −59:52:27.50 7.257 7.148 8.068
y y HD 93160 . . . O7 III 10:44:07.267 −59:34:30.61 7.142 7.075 7.815
– y HD 93161 A . . . O7.5 V 10:44:08.840 −59:34:34.49 7.024 6.959 7.830
– y HD 93161 B . . . O6.5 IV 10:44:08.840 −59:34:34.49 7.024 6.959 7.830
y y HD 93206 QZ Car O9.7 Ib 10:44:22.910 −59:59:35.95 5.393 5.252 6.306
y y HD 93205 V560 Car O3.5 V 10:44:33.740 −59:44:15.46 7.386 7.342 7.746
y y HD 93222 . . . O7 V 10:44:36.250 −60:05:28.88 7.499 7.436 8.102
y y HD 93250 . . . O4 III 10:44:45.028 −59:33:54.67 6.720 6.706 7.365
y y HD 93403 . . . O5 III 10:45:44.122 −59:24:28.15 6.607 6.540 7.272
y y HD 93632 . . . O5 I 10:47:12.631 −60:05:50.80 7.058 6.854 8.356
y y HD 93843 . . . O5 III 10:48:37.769 −60:13:25.53 7.267 7.234 7.319
y y HDE 303492 . . . O8.5 Ia 10:51:52.753 −58:58:35.31 7.107 6.945 8.850
y y HD 94963 . . . O7 II 10:56:35.786 −61:42:32.27 7.349 7.330 7.149
y y HD 96670 . . . O8.5 Ia 11:07:13.933 −59:52:23.17 7.069 7.004 7.446
y y HD 96917 . . . O8.5 Ib 11:08:42.620 −57:03:56.93 6.821 6.772 7.079
y y HD 97253 . . . O5 III 11:10:42.046 −60:23:04.15 6.712 6.698 7.110
y y HD 101131 V1051 Cen O5.5 V 11:37:48.436 −63:19:23.51 7.007 6.997 7.142
y y HD 101190 . . . O6 IV 11:38:09.912 −63:11:48.61 7.175 7.157 7.313
– y HD 101205 V871 Cen O7 Ib 11:38:20.375 −63:22:21.95 6.296 6.217 6.460
– y HD 101436 . . . O6.5 V 11:39:49.961 −63:28:43.56 7.419 7.366 7.594
y y HD 101545 A . . . O9.5 II 11:40:37.007 −62:34:05.07 6.316 6.314 6.366
y y HD 112244 . . . O8.5 Iab 12:55:57.134 −56:50:08.89 5.282 5.217 5.384
– y HD 113904 θ Mus B O9 III 13:08:07.048 −65:18:26.98 7.136 6.928 5.53
– y HD 114737 . . . O8.5 III 13:13:45.528 −63:35:11.75 7.487 7.437 7.995
y y HD 114886 A . . . O9 III 13:14:44.381 −63:34:51.77 6.553 6.538 6.859
– y HD 115071 V961 Cen O9.5 III 13:16:04.802 −62:35:01.47 7.299 7.280 7.961
– y HD 115455 . . . O8 III 13:18:35.360 −62:29:28.39 7.461 7.437 9.97
– y HD 117856 . . . O9.7 II 13:34:43.414 −63:20:07.52 6.806 6.739 7.378
– y HD 120678 . . . O9.5 V 13:52:56.414 −62:43:14.24 7.129 6.930 7.872
y y HD 123590 . . . O8 V 14:10:43.969 −62:28:44.42 7.225 7.214 7.620
y y HD 124314 A . . . O6 III 14:15:01.616 −61:42:24.59 6.118 6.086 6.640
– y HD 125206 . . . O9.7 IV 14:20:09.041 −61:04:54.61 7.314 7.271 7.920
y y HD 125241 . . . O8.5 Ib 14:20:22.788 −60:53:22.26 6.988 6.862 8.276
y y HD 135240 δ Cir O7.5 V 15:16:56.894 −60:57:26.12 5.216 5.185 5.075
y y HD 135591 HR 5680 O8 IV 15:18:49.142 −60:29:46.80 5.585 5.599 5.457
y y HD 148937 . . . O6 16:33:52.387 −48:06:40.47 5.744 5.636 6.727
y y HD 149038 μ Nor O9.7 Iab 16:34:05.023 −44:02:43.14 4.679 4.612 4.910
y y HD 149404 V918 Sco O8.5 Iab 16:36:22.564 −42:51:31.91 4.387 4.191 5.475
– y HD 149452 . . . O9 IV 16:37:10.514 −47:07:49.85 7.477 7.337 9.062
y y HD 150135 . . . O6.5 V 16:41:19.446 −48:45:47.54 6.302 6.238 6.882
y y HD 150136 . . . O4 V 16:41:20.445 −48:45:46.74 5.090 4.991 5.540
y y HD 151003 . . . O9 III 16:46:34.194 −41:36:38.52 6.509 6.486 7.062
– y HD 150958 AB . . . O6.5 Ia 16:46:38.866 −47:05:24.65 6.267 6.150 7.294
– y HD 151018 . . . O9 Ib 16:46:56.117 −45:53:14.33 7.166 7.016 8.717
– y HD 151515 . . . O7 II 16:49:48.253 −42:00:06.20 6.713 6.653 7.169
y y HD 151804 V973 Sco O8 Ia 16:51:33.722 −41:13:49.92 4.953 4.795 5.231
y y HD 152003 . . . O9.5 Iab 16:52:47.373 −41:47:09.00 6.015 5.914 7.031
y y HD 152147 . . . O9.7 Ib 16:53:28.619 −42:07:17.06 6.254 6.170 7.277
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Table 1
(Continued)

Instrum. Object Sp. Type R.A. Decl. H Ks Va

PIO SAM HD/BD/CPD Name hh:mm:ss.sss dd:am:as.ss

– y HD 152219 V1292 Sco O9.5 III 16:53:55.606 −41:52:51.47 7.171 7.112 7.648
– y HD 152218 V1294 Sco O9 IV 16:53:59.989 −41:42:52.83 7.101 7.074 7.606
y y HD 152233 . . . O6 Ib 16:54:03.591 −41:47:29.91 6.145 6.098 6.556
y y HD 152246 . . . O9 V 16:54:05.300 −41:04:46.11 6.836 6.818 7.315
y y HD 152248 V1007 Sco O7 Ib 16:54:10.063 −41:49:30.12 5.583 5.502 6.131
y y HD 152247 . . . O9.5 III 16:54:11.517 −41:38:30.96 6.614 6.592 7.172
y y HD 152249 HR 6263 OC9 Iab 16:54:11.641 −41:50:57.27 5.839 5.754 6.463
– y CPD−41◦7733 . . . O9 IV 16:54:13.222 −41:50:32.52 7.460 7.398 7.90
y y HDE 326331 . . . O8 IV 16:54:25.958 −41:49:55.89 6.927 6.908 7.546
y y HD 152314 . . . O9.5 IV 16:54:32.003 −41:48:18.86 7.243 7.132 7.866
y y HD 152405 . . . O9.7 II 16:54:55.371 −40:31:29.38 6.857 6.801 7.201
y y HD 152408 . . . O8: Ia 16:54:58.505 −41:09:03.08 5.090 4.904 5.792
y y HD 152424 . . . OC9.2 Ia 16:55:03.331 −42:05:27.00 5.220 5.059 6.311
y y HD 152386 . . . O6: Ia 16:55:06.451 −44:59:21.37 6.617 6.475 8.126
y y HD 152623 . . . O7 V 16:56:15.026 −40:39:35.76 6.336 6.298 6.68
y y HD 152723 . . . O6.5 III 16:56:54.676 −40:30:44.39 6.813 6.758 7.208
y y HDE 322417 . . . O6.5 IV 16:58:55.392 −40:14:33.34 7.373 7.160 10.155
y y HD 153426 . . . O9 II-III 17:01:13.007 −38:12:11.88 7.075 7.010 7.470
y y HD 154368 V1074 Sco O9.2 Iab 17:06:28.371 −35:27:03.76 4.851 4.754 6.133
y y HD 154643 . . . O9.7 III 17:08:13.983 −35:00:15.68 6.538 6.533 7.165
y y HD 154811 . . . O9.7 Iab 17:09:53.086 −47:01:53.19 5.851 5.788 6.921
y y HD 155806 V1075 Sco O7.5 V 17:15:19.247 −33:32:54.30 5.683 5.591 5.526
y y HD 155889 . . . O9.5 IV 17:15:50.752 −33:44:13.21 6.581 6.591 6.552
– y HD 155913 . . . O4.5 V 17:16:26.336 −42:40:04.13 7.003 6.912 8.256
y y HD 156154 . . . O7.5 Ib 17:17:27.009 −35:32:12.00 6.444 6.356 8.051
y y HD 156292 . . . O9.7 III 17:18:45.814 −42:53:29.92 6.905 6.838 7.508
y – LS 4067 A . . . O4 I 17:19:05.564 −38:48:49.95 7.207 6.897 11.17
y y HDE 319699 . . . O5 V 17:19:30.417 −35:42:36.14 7.445 7.295 9.622
– y HDE 319703 A . . . O7.5 V 17:19:46.156 −36:05:52.37 7.294 7.028 10.682
y y HD 156738 . . . O6.5 III 17:20:52.656 −36:04:20.54 6.916 6.756 9.363
– y HDE 319718 A Pismis 24-1 AB O3.5 I 17:24:43.500 −34:11:56.96 6.175 5.892 10.371
– y HDE 319718 B Pismis 24-17 O3.5 III 17:24:44.700 −34:12:02.00 7.281 6.975 14.500
y y HD 158186 V1081 Sco O9.5 V 17:29:12.925 −31:32:03.44 6.888 6.912 6.996
y y HD 159176 V1036 Sco A O7 V 17:34:42.491 −32:34:53.97 5.520 5.538 5.694
y y HD 162978 63 Oph O8 II 17:54:54.042 −24:53:13.55 5.966 5.954 6.193
y y HD 163800 . . . O7.5 III 17:58:57.259 −22:31:03.17 6.299 6.217 6.996
y y HD 163892 . . . O9.5 IV 17:59:26.312 −22:28:00.87 7.097 7.085 7.442
y y HD 164438 . . . O9 III 18:01:52.279 −19:06:22.07 6.647 6.619 7.483
y y HD 164492 A . . . O7.5 V 18:02:23.553 −23:01:51.06 7.386 7.305 7.398
– y HD 164740 Herschel 36 O7: V 18:03:40.200 −24:22:43.00 7.451 6.911 9.10
y y HD 164794 9 Sgr O4 V 18:03:52.446 −24:21:38.64 5.748 5.731 5.965
y y HD 164816 . . . O9.5 V 18:03:56.843 −24:18:45.11 7.053 7.072 7.089
y y HD 165052 . . . O5.5: V 18:05:10.551 −24:23:54.85 6.474 6.475 6.871
y y HDE 313846 . . . O7: Ia 18:05:25.737 −23:00:20.35 7.341 7.104 9.89
– y HD 165246 . . . O8 V 18:06:04.679 −24:11:43.88 7.288 7.231 7.717
y y HD 165921 V3903 Sgr O7 V 18:09:17.700 −23:59:18.25 6.790 6.779 7.324
y y HD 166546 . . . O9.5 IV 18:11:57.099 −20:25:24.16 7.148 7.163 7.237
y – HD 166734 V411 Ser O7.5 Iab 18:12:24.656 −10:43:53.03 5.517 5.316 8.420
y y HD 167264 15 Sgr O9.7 Iab 18:15:12.905 −20:43:41.76 5.206 5.163 5.356
y y HD 167263 16 Sgr O9.5 II-III 18:15:12.970 −20:23:16.69 5.906 5.875 5.964
– y HD 167633 . . . O6.5 V 18:16:49.656 −16:31:04.30 7.386 7.350 8.140
y y HD 167659 . . . O7 II-III 18:16:58.562 −18:58:05.20 6.751 6.673 7.386
y y HD 167771 HR 6841 O7 III 18:17:28.556 −18:27:48.43 6.186 6.125 6.534
y y BD−11◦4586 . . . O8 Ib 18:18:03.344 −11:17:38.83 6.736 6.542 9.400
y y HD 167971 MY Ser O8 Ia 18:18:05.895 −12:14:33.30 5.315 5.138 7.479
– y HD 168075 . . . O7 V 18:18:36.043 −13:47:36.46 7.429 7.284 8.761
y y HD 168076 AB . . . O4 III 18:18:36.421 −13:48:02.38 6.692 6.573 8.204
y y BD−13◦4927 . . . O7 II 18:18:40.091 −13:45:18.58 6.865 6.705 9.550
y y HD 168112 . . . O5 III 18:18:40.868 −12:06:23.38 6.724 6.632 8.523
y – HD 169515 RY Sct O9.7 Ib 18:25:31.478 −12:41:24.19 5.854 5.463 9.190
y – HD 169582 . . . O6 Ia 18:25:43.147 −09:45:11.02 7.223 7.078 8.700
y – HD 171589 . . . O7.5 II 18:36:12.640 −14:06:55.82 7.497 7.473 8.292
y – HD 173010 . . . O9.7 Ia 18:43:29.710 −09:19:12.60 7.179 7.027 9.188

Note. a Values in italic are taken from SIMBAD (http://simbad.u-strasbg.fr).
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Table 2
smash+ Survey Runaway Target List

Instrum. Object Sp. Type R.A. Decl. H Ks V

PIO SAM HD/BD/CPD Name hh:mm:ss.sss dd:am:as.ss

y y HD 57682 . . . O9.5 IV 07:22:02.053 −08:58:45.77 6.966 6.939 6.417
– y HD 60848a BN Gem O8: V: 07:37:05.731 +16:54:15.29 7.071 6.965 6.850
y y HD 66811 ζ Pup O4 I 08:03:35.047 −40:00:11.33 2.955 2.968 2.249
y y HD 75222 . . . O9.7 Iab 08:47:25.137 −36:45:02.68 6.493 6.403 7.415
– y HD 105056 GS Mus ON9.7 Ia 12:05:49.879 −69:34:23.00 7.136 7.051 7.437
y – HD 148546 . . . O9 Iab 16:30:23.312 −37:58:21.15 6.901 6.811 7.711
y y HD 149757 ζ Oph O9.5 IV 16:37:09.530 −10:34:01.75 2.667 2.684 2.565
y y HD 153919 V884 Sco O6 Ia 17:03:56.773 −37:50:38.91 5.639 5.496 6.546
y – HD 156212 . . . O9.7 Iab 17:17:27.596 −27:46:00.81 6.573 6.498 7.905
– – HD 157857 . . . O6.5 II 17:26:17.332 −10:59:34.79 7.276 7.247 7.780
y y HD 163758 . . . O6.5 Ia 17:59:28.367 −36:01:15.58 7.163 7.157 7.318
y – HD 175754 . . . O8 II 18:57:35.709 −19:09:11.25 7.170 7.168 7.016
y – HD 175876 . . . O6.5 III 18:58:10.765 −20:25:25.53 7.204 7.259 6.937

Note. a Not listed as part of the main GOSC catalog, but known runaway within our magnitude limits.

Table 3
smash+ Survey Supplementary Target List

Instrum. Object Sp. Type R.A. Decl. H Ks Va

PIO SAM HD/BD/CPD Name hh:mm:ss.sss dd:am:as.ss

– y HD 46056 A . . . O8 V 06:31:20.862 +04:50:03.85 7.835 7.820 8.245
– y HD 46149 . . . O8.5 V 06:31:52.533 +05:01:59.19 7.251 7.251 7.601
– y HD 46150 . . . O5 V 06:31:55.519 +04:56:34.27 6.470 6.436 6.739
– y HD 46223 . . . O4 V 06:32:09.306 +04:49:24.73 6.703 6.676 7.262
– y HD 46202 . . . O9.5 V 06:32:10.471 +04:57:59.79 7.779 7.720 8.182
– y HD 46485 . . . O7 V 06:33:50.957 +04:31:31.61 7.511 7.446 8.243
– y HD 46573 . . . O7 V 06:34:23.568 +02:32:02.94 7.167 7.128 7.933
– y HD 46966 . . . O8.5 IV 06:36:25.887 +06:04:59.47 6.970 7.018 6.876
y y HD 47129 V640 Mon (Plaskett) O8 06:37:24.042 +06:08:07.38 5.806 5.714 6.061
– y HD 47432 V689 Mon O9.7 Ib 06:38:38.187 +01:36:48.66 5.949 5.865 6.220
y y HD 47839 15 Mon AaAb O7 V 06:40:58.656 +09:53:44.71 5.322 5.340 4.648
– y HD 48099 HR 2467 O5 V 06:41:59.231 +06:20:43.54 6.509 6.512 6.365
– y HD 48279 . . . O8.5 V 06:42:40.548 +01:42:58.23 7.700 7.693 7.910
– y HD 51480 V644 Mon O/B Ia 06:57:09.383 −10:49:28.07 5.123 4.813 6.908
– y HD 52533 . . . O8.5 IV 07:01:27.048 −03:07:03.28 7.920 7.936 7.702
– y HD 54879 . . . O9.5 V 07:10:08.149 −11:48:09.86 7.685 7.727 7.650
– y HD 58978 FY CMa O9/B0 07:26:59.487 −23:05:09.71 5.378 5.142 5.601
– y HD 60848 BN Gem O8: V: 07:37:05.731 +16:54:15.29 7.071 6.965 6.850
– y HD 74920 . . . O7.5 IV 08:45:10.340 −46:02:19.25 7.446 7.473 7.536
– y HD 76535 . . . O9.5 III 08:55:00.453 −47:24:57.47 7.518 7.471 8.627
– y HD 91969 . . . O9.5 I 10:35:49.319 −58:13:27.39 6.497 6.422 6.520
– y HD 92206 AB . . . O6 V 10:37:22.276 −58:37:22.81 7.588 7.479 7.818
– y HD 93128 . . . O3.5 V 10:43:54.372 −59:32:57.37 7.856 7.794 8.783
– y HD 93190 . . . O9.7: V: 10:44:19.615 −59:16:58.81 7.359 7.038 8.583
– y HDE 306097 . . . O9 III 11:11:19.059 −60:55:12.24 7.251 7.139 8.917
– y HD 100099 . . . O9.5 III 11:30:24.308 −63:49:02.02 7.700 7.672 8.069
– y HD 100213 TU Mus O8 V 11:31:10.927 −65:44:32.10 8.166 8.175 8.306
– y HD 100444 . . . O9 II 11:32:53.339 −63:38:48.45 7.709 7.560 8.426
– y HD 101191 . . . O8 V 11:38:12.167 −63:23:26.78 8.316 8.341 8.491
– y HD 101223 . . . O8 V 11:38:22.768 −63:12:02.80 8.219 8.234 8.692
– y HD 101298 . . . O6 V 11:39:03.277 −63:25:47.07 7.752 7.773 8.069
y y HD 101413 . . . O8 V 11:39:45.836 −63:28:40.14 8.132 8.098 8.350
– y HD 104631 DE Cru O9.5/B III/IV 12:02:56.354 −62:10:31.04 6.508 6.476 6.757
– y HD 110432 BZ Cru O/B 12:42:50.267 −63:03:31.04 4.339 4.038 5.309
y – HD 152234 . . . O9.7 I 16:54:01.840 −41:48:22.98 4.930 4.773 5.45
y – HD 168137 . . . O8 V 18:18:56.189 −13:48:31.08 7.683 7.584 8.945

Note. a Values in italic are taken from SIMBAD (http://simbad.u-strasbg.fr).
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Figure 1. Distributions of H-band magnitudes (upper panel), spectral sub-types
(middle panel), and luminosity classes (lower panel) of smash+ targets in our
main sample. Fractional luminosity classes indicate uncertain classification
between the two neighboring classes.

(A color version of this figure is available in the online journal.)

various luminosity classes considered in Martins & Plez (2006).
Early-type O dwarfs can be located up to 3.3 kpc away, while
late-type O dwarfs need to be closer than 1.5 kpc to belong to
our sample. Early- and late-type giants need to be at a distance
of 3.8 and 2.5 kpc at most while supergiants may reside up to
4.2 kpc away. Extinction will probably not affect these distance

Figure 2. Distributions of luminosity classes vs. spectral sub-types of smash+
targets in our main sample.

(A color version of this figure is available in the online journal.)

Figure 3. Maximum distance of a single star for its H-band apparent magnitude
to be brighter than the smash+ cut-off magnitude (H = 7.5) as a function
of spectral sub-type and luminosity class. The figure ignores the effects of
extinction and multiplicity, which act in opposite directions.

estimates by much more than a few 100 pc given that its effect
in the H band is rather limited.

The GOSC catalog is complete down to B = 8, roughly
corresponding to V = 8.3 and H = 9.0 in the absence
of reddening. Our initial target list is thus dominated by our
magnitude cut-off at H = 7.5, but for stars that have a B-band
extinction larger than 1.5 mag. GOSC further does not contain
many stars more distant than the Carina nebula, i.e., more than
≈3–3.5 kpc away. In that sense, the sample of supergiants and,
to some extent, the sample of giant stars are more reminiscent
of volume-limited samples.

Close to the magnitude cut-off, our approach also favors
multiple objects that receive an apparent brightness boost
through their unresolved companions, while similar isolated
objects may have been left out of the sample, falling short of
the magnitude cut-off (for further discussion of the effects of
magnitude cut-off on the measured binary fraction, see Sana
et al. 2013a). Equal brightness binaries can be observed up to
a distance larger by 600 pc compared to distances shown in
Figure 3.

Because of the effects described above, our sample contains
a larger fraction of supergiants, a larger fraction of hot stars,
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and a larger fraction of multiple systems than a distance-limited
sample. The first two effects can be mitigated by discussing
our observational results as a function of spectral type and
luminosity class. Given proper bias corrections, the latter aspect
may be viewed as advantageous as it implies that telescope
time is spent on objects that we have more chance to resolve as
multiple.

2.3. Long Baseline Interferometry

2.3.1. Observational Setup and Calibration

All long baseline interferometric data were obtained with
the PIONIER combiner (Le Bouquin et al. 2011, 2012) and
the four auxiliary telescopes of the VLTI. We used the widest
configurations offered by the auxiliary telescopes: A0-K0-GI-
I1 in period P89 (2012 April–September) and A0-K0-G1-I3 in
period P90 (2012 October–2013 March). Data were dispersed
over three spectral channels across the H band (1.50–1.80 μm),
providing a spectral resolving power of R ≈ 15. As discussed
in Section 2.3.2, this is the best compromise between sensitivity
and the size of the interferometric FOV.

Data were reduced and calibrated with the pndrs package
described in Le Bouquin et al. (2011). Each observation block
(OB) provides five consecutive files within a few minutes. Each
file contains six squared visibilities V2 and four phase closures φ
dispersed over the three spectral channels. Whenever possible,
the five files were averaged together to reduce the final amount of
data to be analyzed and to increase the signal-to-noise ratio. The
statistical uncertainties typically range from 0.◦5 to 10◦ for the
phase closures and from 2.5% to 20% for the squared visibilities,
depending on target brightness and atmospheric conditions.

Each observation sequence of one of our smash+ targets was
immediately followed by the observation of a calibration star in
order to master the instrumental and atmospheric response. Le
Bouquin et al. (2012) have shown that this calibration star should
be chosen close to the science object both in terms of position
(within a few degrees) and magnitude (within ±1.5 mag). We
were unable to use the pre-computed JMMC Stellar Diameters
Catalog (JSDC16) to look for calibration stars as this catalog
only contains a suitable calibrator density down to a magnitude
H ≈ 6. Instead, we used the tool SearchCal17 in its FAINT
mode (Bonneau et al. 2011) to identify at least one suitable
calibration star within a radius of 3◦ of each object observed
within our sample.

Most of our objects are grouped into clusters in the sky.
Consequently, the instrumental response could be cross-checked
between various calibration stars. This allowed us to unveil a
few previously unknown binaries among the calibration stars.
These have been reported to the bad calibrator list18 maintained
by the IAU and the Jean Marie Mariotti Center.19 We estimated
the typical calibration accuracy to be 1.◦5 for the phase closures
and 5% for the squared visibilities.

A critical point for the final accuracy on the binary separation
is the calibration of the effective wavelengths. In PIONIER
this calibration is performed routinely in the course of the
observation using the optical path modulation as a Fourier
transform spectrometer of the internal source. The typical
accuracy is 2% (Le Bouquin et al. 2011). Finally, the on-the-sky

16 http://www.jmmc.fr/catalogue_jsdc
17 http://www.jmmc.fr/searchcal
18 http://apps.jmmc.fr/badcal
19 http://www.jmmc.fr

orientation of PIONIER has been checked several times and is
consistent with the definition of Pauls et al. (2005).

2.3.2. PIONIER Field of View and Dynamics

Long baseline interferometric observations are only sensi-
tive to binaries in a specific range of separations, which can be
approximately defined by an inner and an outer working an-
gle (OWA). The inner working angle (IWA), i.e., the maximum
angular resolution, is defined by the typical length B of the inter-
ferometric baselines and the wavelength λ of the observations:

IWA = λ

2B
≈ 1.5 mas. (2)

The spatial frequency smearing across one spectral channel
induced by the low spectral resolving power R ≈ 15 of the
PIONIER observations is the main limiting factor for the OWA:

OWA = R
λ

B
≈ 45 mas. (3)

We checked that neither the temporal averaging over several
minutes nor the spatial frequency smearing over the telescope
pupil impact the expected OWA. Contrary to the IWA, the OWA
is not a hard limit. Pairs with wider separations still leave a strong
signature in the interferometric observables. However, properly
estimating their separation and flux ratio becomes challenging.
These pairs are better studied with complementary techniques,
such as speckle interferometry, aperture masking, or adaptive
optics (AO).

In addition, the single-mode optical fibers of PIONIER the-
oretically restrict the FOV to the Airy disk of the individual
apertures. This corresponds to 180 mas when using the aux-
iliary telescopes. However, this limit is much less clear when
considering the effect of the atmospheric turbulence. For sure,
our PIONIER survey is blind to binaries with separation larger
than 500 mas.

Even within the range 1.5–45 mas, the depth to which a com-
panion can be detected depends on the relative orientation of the
companion and the interferometric baselines. This is due to the
sparse structure of the point-spread function (PSF) associated
with the diluted aperture of an interferometer. Consequently,
the sensitivity limit should be defined for a given completeness
level. Considering an accuracy of 1.◦5 on the phase closures and
three OBs per target, we found that our survey should provide a
90% coverage of the separation regime between 1.5 and 45 mas
for a flux ratio dynamics of 1:20, equivalent to a magnitude
difference of ΔH = 3.25 (see the middle panel of Figure 2 in
Le Bouquin & Absil 2012).

2.3.3. PIONIER Observations

The bulk of the observations were obtained during 20 nights
of visitor-mode spread over ESO periods 89 and 90 (Table 4).
Thirteen stars were further observed as backup targets from
2013 December to 2014 April. Raw and reduced data in OIFITS
format are stored in the PIONIER archive and are available upon
request. The time lost to weather amounted to approximately
20%, and is largely due to wind speeds larger than 10 m s−1. The
amount of technical losses was approximately 10%, dominated
by issues on the auxiliary telescopes and the delay lines. Two
nights in 2012 August have been used to unveil and characterize
the polarization behavior of the VLTI optical train.

As described earlier, VLTI observations were obtained for 117
objects from the initial target selection and for six supplementary
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Table 4
The smash+ Observational Campaign

Instrument Epoch Nbr. of Nights

NACO/SAM 2011 Mar 3
NACO/SAM 2012 Feb 3
NACO/SAM 2012 Jun 3
NACO/SAM 2013 Jan 2
NACO/SAM 2013 Jul 0.8
VLTI/PIONIER 2012 Jun 5
VLTI/PIONIER 2012 Aug 2.5
VLTI/PIONIER 2012 Sep 2.5
VLTI/PIONIER 2012 Nov 2.5
VLTI/PIONIER 2013 Jan 6
VLTI/PIONIER 2013 Mar 2

targets. Of the observed sample, 73% of the objects have
magnitude H > 6.0 (Figure 1), which is the limiting magnitude
of the VLTI/AMBER instrument in service mode. Observing
such a large number of faint objects was only made possible
due to the sensitivity and efficiency offered by the PIONIER
instrument.

2.4. Aperture Masking and AO Observations

2.4.1. Observational Setup and Calibration

All aperture masking data have been obtained with the NACO
instrument on the VLT/UT4 telescope. In most cases, four to
eight targets were grouped by magnitude and angular proximity
in the sky in a single observing sequence. Targets in a given
group were observed sequentially using the star hopping mode
(Lacour et al. 2011b). In this approach, we froze the AO
configuration on the first target and fast switched between
targets using telescope offsets, without either AO re-acquisition
or optimization on the subsequent targets in the series. For long
science sequences, no calibrators were observed. Instead, we
used the scientific objects that turned out to be point sources
as calibrators. The advantage of the star hopping mode lies in
its high efficiency. It approximately doubles the observing time
spent on scientific targets compared to the classical approach of
using science-calibrator sequences of observations. Whenever
stars could not be grouped together, a K III stellar calibrator,
with similar magnitude and a nearby position on the sky, was
observed immediately before or after the scientific object.

The NACO/SAM observations made use of the seven-hole
mask (Tuthill et al. 2010) and, for the vast majority of our targets,
were repeated using at least two different broadband filters. Most
of our targets were observed with the H and Ks filter and the
visible wave-front sensor. Depending on the weather conditions
and instrumental/operational constraints, some targets were
observed with the L′ broadband filter and/or the AO correction
made use of the near-infrared (NIR) wave-front sensor.

We used either the S27 camera and a 512 × 512 pixel
windowing or the S13 camera in full frame mode. These choices
result in an effective FOV of 13′′ × 13′′. For a given object, a
typical observation consists generally of a set of eight data cubes
of 100 frames with individual integration times ranging from 100
to 250 ms, depending on the stellar brightness. Each data cube
was taken with the object at different positions on the detector
(dithering). The standard reduction comprises flat fielding, bad
pixel correction, and background subtraction. The background
was estimated using the median value of the eight data cubes.
An example of reduced and stacked NACO images is shown in
Figure 4 and further images are provided in Appendix A.

2.4.2. NACO/SAM Field of View and Dynamics

As seen in Figure 4, the PSF of a star appears as a complex
fringe pattern that results from Fizeau interference between the
holes of the aperture mask. The size of the PSF is given by the
Airy disk of a single hole (≈400 mas in the Ks-band).

The NACO/SAM data result from the combination of aper-
ture masking and AO techniques. They allow us to investigate
two complementary separation regimes. At small working an-
gles, the analysis of the Fizeau interference pattern produced by
the masked aperture enables us to search for companions within
each object’s PSF.

The IWA of this technique is obtained from Equation (2) with
B taken to be the maximum separation between holes, i.e., ≈7 m.
This yields about 30 mas.

The OWA is limited by the size of the PSF as we fit the
data with sines and cosines weighted by the Airy pattern.
The weighting is the culprit, however necessary to have a
good fit of the data and avoid being hampered by detector
noise outside the diffraction pattern. The OWA is therefore
1.22λ/dhole ≈ 300 mas, in the H band, where dhole = 1.2 m
is the diameter of a hole in our adopted aperture mask.

As for PIONIER observations the NACO/SAM OWA is not
clear cut, but a progressive decrease in sensitivity down to zero
outside the first Airy lobe. The maximum brightness contrast
that can be achieved depends on the signal-to-noise of our
observations, and typically reaches 5 mag.

2.4.3. NACO FOV and Dynamics

At larger working angles, i.e., outside the PSF of the individ-
ual objects (ρ > 300 mas), the 13′′ × 13′′ FOV of our NACO
observations provides us with an AO-corrected image of the sur-
rounding field (Figure 4). The IWA is limited by the blurring of
the extended aperture masking PSF, hence to 1.22λ/dhole ≈ 0.′′3.
We further limited our search to a field of 8′′ around the target.

The PSF of each companion in the NACO FOV also results
from the Fizeau interference pattern produced by the masked
aperture, so that our AO images are not as deep as one could
expect from similar exposure images obtained on an 8 m class
telescope. Yet they are often the deepest AO-corrected images
ever obtained around our stars and allow us to search for
companions with separations between 0.′′3 and 8′′ and with a
brightness contrast of up to 8 mag.

2.4.4. NACO/SAM Observations

We observed a total of 162 targets during five observing runs
spread from 2011 March to 2013 July (Table 4), for a total
of almost 12 nights. One third of the time was lost due to bad
weather. Detector issues during our 2012 February run restricted
the effective FOV to a 6.′′5 × 13′′ area but had no further impact
on the aperture masking observations. Most of the run was
anyway lost to poor weather, with only six objects observed in
the course of three nights.

3. COMPANION DETECTION

In this section, we describe the algorithms adopted to search
for companions. Owing to the different nature of data collected
by the smash+ survey, different approaches were used for the
PIONIER, the NACO/SAM, and the NACO FOV data.

For the long baseline interferometric data obtained by
PIONIER (Section 3.1), we fit both a single star and a binary
model to the squared visibility and phase closures and compare
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Figure 4. Examples of NACO data sets featuring the multiple systems HD 93129, HD 93206, HD 168075, and HD 319718. Only the central 5′′ × 5′′ of the NACO
FOV are shown. The faint E components of HD 93129 and HD 93206 are not visible with the adopted cut but their positions are marked.

(A color version of this figure is available in the online journal.)

the obtained χ2 to decide which model fits best. The analysis of
the NACO data is split in two parts, according to the separation
regime considered. At small working angles (ρ � 250 mas,
NACO/SAM), i.e., within the diffraction pattern of the NACO
PSF, we perform an interferometric analysis of the Fizeau in-
terference pattern produced by the aperture mask to search for
companions in Fourier space (Section 3.2). At larger working
angles (ρ � 250 mas, NACO FOV), i.e., outside the object PSF,
we use a cross-correlation technique to search for (mostly faint)
companions in a 8′′ radius from the central object (Section 3.3).

3.1. PIONIER Data Analysis

The calibrated interferometric data were analyzed following
the approach detailed in Section 3.2 of Absil et al. (2011). The

underlying idea is to test whether an observation is compatible
with that of a single star model. The main differences with Absil
et al. are as follows.

1. We do not re-normalize the χ2 with the best-fit binary
model. This is because of the limited size of the data set
obtained for each individual object (typically two OBs).

2. The analysis is performed using the phase closures and the
squared visibilities jointly.

3. The stellar surfaces are considered to be unresolved, which
is a realistic assumption for our early-type objects observed
with 100 m baselines.

Consequently, in our analysis, the probability P1 for the data
to be compatible with the single-star model is:

P1 = 1 − CDFν(χ2) (4)
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Figure 5. Distribution of the PIONIER reduced χ2 obtained with the single-star
model (Equation (5); solid line) for the unresolved targets (upper panel) and
the resolved pairs (lower panel). The dashed line gives the distribution of the
reduced χ2 obtained with the best-fit binary model.

(A color version of this figure is available in the online journal.)

with

χ2 =
∑ (V 2 − 1)2

σ 2
V 2

+
∑ φ2

σ 2
φ

. (5)

CDFν is the χ2 cumulative probability distribution function
with ν degrees of freedom (ν being the total number of V2 and φ
minus the number of parameters in the model). The distribution
of the computed χ2 values is shown in Figure 5.

If the probability P1 in Equation (4) is higher than an adopted
threshold, the data set is considered to be compatible with
the single-star model. For these objects, we derived a two-
dimensional map of sensitivity limits as detailed in Section 3.3
of Absil et al. (2011). We then computed an annular sensitivity
limit for a completeness of 90%. That is, for each radius, we
identified the dynamic for which a companion would have been
detected over 90% of the annular region.

If the probability P1 in Equation (4) is below the adopted
threshold, the detection of spatial complexity in the object is
considered significant and we reject the single-star model. In
this case, we perform a least-square fit of the data with a binary
model. We incorporate in the model a first-order correction to
account for the bandwidth smearing. The complex visibility V,
hence the squared visibilities and phase closures, of our binary
model is defined as:

V = 1 + f exp(−2iπx) sinc(πxR)

1 + f
, (6)

with
x = ρ (u sin θ + v cos θ ), (7)

where f, ρ, and θ are the flux ratio, the angular separation, and
the position angle of the binary. The latter is defined as the
orientation of the secondary measured from north to east. The
vector (u, v) is the spatial frequency of the observation (Pauls
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Figure 6. Reduced χ2 plotted against the separation for the best-fit binary
models. Poor fits are only observed outside the outer working angle (OWA).

(A color version of this figure is available in the online journal.)

et al. 2005) and R is the spectral resolving power. For the few
objects that were observed several times, we performed the fit
with the binary model independently for each epoch.

In some cases, the best-fit binary model still does not
provide a satisfactory reduced χ2. This indicates that the object
shows some additional spatial complexity that is not properly
reproduced by the binary model. In particular, this situation
occurs for the seven detected pairs whose separations are larger
than the PIONIER OWA (see Figure 6). For these objects,
our model no longer holds because of the limited validity
of the bandwidth smearing correction. Fortunately, most of
these objects were observed with NACO/SAM, allowing us
to confirm the tentative PIONIER detection in each case.

For the PIONIER companion detection, we adopted a P1
threshold of 0.9973 (corresponding to 3σ for a Gaussian
distribution). The probability of false detection is thus lower
than 0.27% (Equation (4)), hence less than one object given our
sample size. A total of 42 objects were flagged with positive
detection and separations within the PIONIER OWA, i.e.,
45 mas. We visually inspected all data sets (detections and non-
detections). One object with positive detection was removed
(μ Nor) because it shows an inconsistent signal between epochs
as well as a poor fit with a binary model.

The properties of the resolved systems are summarized in
Table 5. Column 1 indicates the target name. Columns 2 and 3
identify the pair and the instrument setup. Column 4 gives the
epoch of observations in Besselian years (b.y.). Columns 5–7
provide the position angle, projected separation, and H-band
magnitude difference between the two companions. Columns 8
(ΔKs) and 9 (ΔL′) are not used for the PIONIER detections.

3.2. SAM Interferometric Data Analysis

As mentioned in Section 2.4.2, the interferometric analysis
of the NACO/SAM data corresponds to a search for a stellar
companion within the diffraction pattern of the PSF. We used
the SAMP pipeline presented in Lacour et al. (2011a). In short,
the PSF is modeled as a sum of spatial frequencies, modulated
by the Airy pattern caused by the diffraction of a single hole.
Each pair of holes corresponds to a baseline vector and a
spatial frequency. The individual frames are projected onto that
set of spatial frequencies. The bispectrum is obtained by the
multiplication of the complex values extracted from a triangle
of holes, hence three spatially closing frequencies. The phase
closures are then extracted from the argument of the bispectrum.
The final calibration is made by subtracting the average value
of all point-like stars observed within the same OB.
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Table 5
smash+ Companion Detections with PIONIER and NACO/SAM

Target Pair Instr. Obser. Epoch θ ρ ΔH ΔKs ΔL′
(b.y.) (◦) (mas)

HD 54662 A–B PIO 2012.9073 127.09 ± 7.23 2.60 ± 0.24 0.23 ± 0.04 . . . . . .

HD 57061 Aa–Ab PIO 2013.0575 142.68 ± 0.35 120.62 ± 0.44 0.69 ± 0.33 . . . . . .

. . . Aa–Ab PIO 2013.0603 313.08 ± 0.42 115.17 ± 0.53 0.55 ± 0.19 . . . . . .

. . . Aa–Ab SAM 2013.0848 307.80 ± 1.76 114.02 ± 2.02 1.07 ± 0.11 0.89 ± 0.10 . . .

HD 75759 A–B PIO 2012.4437 66.31 ± 70.30 0.63 ± 1.17 1.25 ± 1.75 . . . . . .

. . . A–B PIO 2013.0604 35.52 ± 62.53 0.39 ± 0.58 0.20 ± 1.75 . . . . . .

HD 76341 A–B SAM 2012.1238 55.09 ± 2.63 168.89 ± 8.46 3.72 ± 0.42 3.57 ± 0.23 . . .

HD 76556 A–B PIO 2013.0684 85.99 ± 20.76 2.48 ± 0.69 3.07 ± 0.14 . . . . . .

. . . A–B PIO 2013.9940 277.02 ± 10.26 4.31 ± 0.62 2.98 ± 0.14 . . . . . .

CPD−47◦2963 A–B PIO 2012.4436 294.99 ± 9.96 1.48 ± 0.19 1.42 (fixed) . . . . . .

. . . A–B PIO 2012.9017 211.89 ± 4.07 4.08 ± 0.19 1.42 ± 0.05 . . . . . .

. . . A–B PIO 2013.9941 116.76 ± 4.33 2.64 ± 0.13 1.42 (fixed) . . . . . .

. . . A–B PIO 2014.0983 85.88 ± 42.12 1.67 ± 1.15 1.42 (fixed) . . . . . .

. . . A–B PIO 2014.1555 37.46 ± 38.41 1.11 ± 0.69 1.42 (fixed) . . . . . .

. . . A–B PIO 2014.3550 253.89 ± 6.15 2.69 ± 0.19 1.42 (fixed) . . . . . .

HD 93129 AaAb Aa–Ab PIO 2012.4409 9.57 ± 2.85 28.36 ± 1.07 1.38 ± 0.08 . . . . . .

. . . Aa–Ab SAM 2011.1819 9.61 ± 0.02 34.42 ± 0.49 1.61 ± 0.01 1.67 ± 0.09 . . .

. . . Aa–Ab SAM 2012.1230 8.87 ± 0.02 29.56 ± 0.53 1.54 ± 0.09 1.75 ± 0.47 . . .

. . . Aa–Ab SAM 2013.0850 5.91 ± 0.02 26.52 ± 0.52 1.62 ± 0.08 1.71 ± 0.35 . . .

HD 93130 Aa–Ab PIO 2013.0685 5.47 ± 2.60 24.04 ± 0.79 2.29 ± 0.09 . . . . . .

. . . Aa–Ab SAM 2011.1848 3.00 ± 9.81 31.07 ± 13.99 2.46 ± 1.22 2.74 ± 1.75 . . .

HD 93160 Ca–Cb PIO 2013.0686 138.85 ± 0.44 6.43 ± 0.10 1.46 ± 0.08 . . . . . .

. . . Ca–Cc PIO 2013.0686 5.04 ± 0.55 31.10 ± 0.38 3.77 ± 0.35 . . . . . .

. . . Ca-Cc SAM 2011.1847 6.09 ± 11.76 30.01 ± 14.25 3.62 ± 0.49 2.04 ± 1.07 . . .

HD 93206 A-D PIO 2012.4409 331.31 ± 1.45 25.76 ± 0.54 0.42 ± 0.18 . . . . . .

. . . A-D SAM 2012.1241 331.02 ± 9.61 28.05 ± 5.41 1.07 ± 0.13 1.18 ± 0.20 . . .

HD 93222 A-B PIO 2013.0687 265.82 ± 2.36 10.18 ± 0.29 0.28 ± 0.25 . . . . . .

HD 93250 A-B PIO 2013.0688 52.65 ± 4.99 1.49 ± 0.09 0.17 ± 0.01 . . . . . .

HD 93403 A-B SAM 2011.1848 34.50 ± 1.53 210.69 ± 7.02 4.21 ± 0.69 3.42 ± 0.06 . . .

HD 93632 A-B PIO 2012.4438 239.58 ± 4.25 24.92 ± 1.43 2.60 ± 0.14 . . . . . .

. . . A-B SAM 2011.1876 240.59 ± 11.91 29.89 ± 14.44 2.44 ± 1.44 2.77 ± 1.77 . . .

HD 96670 A-B PIO 2012.4438 289.88 ± 2.19 29.87 ± 0.82 1.27 ± 0.10 . . . . . .

. . . A-B SAM 2012.1241 288.08 ± 9.30 32.47 ± 6.69 1.25 ± 0.10 1.57 ± 0.14 . . .

HD 97253 A-B PIO 2012.4438 140.23 ± 3.26 11.24 ± 0.55 1.95 ± 0.06 . . . . . .

HD 101131 A-B PIO 2014.1555 304.96 ± 1.64 45.45 ± 1.12 1.20 ± 0.13 . . . . . .

. . . A-B SAM 2011.1849 297.95 ± 4.28 61.08 ± 5.64 0.95 ± 0.10 0.93 ± 0.10 . . .

HD 101190 Aa-Ab PIO 2014.1633 121.53 ± 1.60 25.73 ± 0.60 0.62 ± 0.12 . . . . . .

HD 101545 A Aa-Ab PIO 2013.2081 170.45 ± 5.58 2.56 ± 0.17 0.21 ± 0.04 . . . . . .

HD 114737 A-B SAM 2012.4603 233.93 ± 1.65 190.60 ± 5.57 2.85 ± 0.56 2.19 ± 0.11 . . .

HD 114886 A Aa-Ab SAM 2012.4603 277.46 ± 1.35 240.28 ± 5.02 2.59 ± 0.79 2.13 ± 0.16 . . .

HD 115455 A-B SAM 2011.1851 5.30 ± 8.70 48.09 ± 9.16 3.22 ± 0.18 2.69 ± 0.13 . . .

HD 123590 A–B PIO 2012.4441 272.22 ± 44.55 0.64 ± 0.43 0.25 ± 0.69 . . . . . .

HD 124314 A Aa–Ab PIO 2012.4410 160.65 ± 81.44 1.71 ± 6.20 2.21 ± 1.75 . . . . . .

. . . Aa–Ab PIO 2012.4425 156.65 ± 27.94 1.32 ± 0.50 0.66 ± 0.44 . . . . . .

HD 125206 A–B SAM 2012.4604 321.97 ± 8.48 39.91 ± 7.04 1.25 ± 0.10 1.03 ± 0.10 . . .

HD 135240 AaAb–Ac PIO 2012.4465 131.95 ± 10.64 3.78 ± 0.46 1.74 ± 0.05 . . . . . .

HD 148937 Aa–Ab PIO 2012.4412 280.40 ± 2.53 21.05 ± 0.67 0.00 ± 0.02 . . . . . .

HD 150135 Aa–Ab PIO 2012.4413 255.26 ± 22.32 0.95 ± 0.24 0.21 ± 0.20 . . . . . .

HD 150136 AaAb–Ac PIO 2013.2493 206.32 ± 21.80 6.95 ± 1.74 1.51 ± 0.03 . . . . . .

HD 151003 A–B PIO 2012.4441 259.02 ± 5.56 1.85 ± 0.14 1.12 ± 0.02 . . . . . .
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Table 5
(Continued)

Target Pair Instr. Obser. Epoch θ ρ ΔH ΔKs ΔL′
(b.y.) (◦) (mas)

HD 152003 A–B SAM 2012.4657 90.92 ± 21.55 38.54 ± 23.75 3.50 ± 2.50 4.79 ± 0.27 3.50 ± 2.50

HD 152147 A–B PIO 2012.6244 63.78 ± 54.76 0.77 ± 1.05 2.81 ± 0.66 . . . . . .

HD 152219 A–B SAM 2012.4657 344.67 ± 7.07 83.59 ± 9.17 . . . 2.84 ± 0.14 2.90 ± 0.14

HD 152233 Fa–Fb PIO 2012.4412 60.07 ± 27.46 2.81 ± 0.83 1.96 ± 0.06 . . . . . .

HD 152246 Aa–Ab PIO 2014.1504 232.23 ± 2.91 3.34 ± 0.16 0.28 ± 0.02 . . . . . .

. . . Aa–Ab PIO 2014.2570 224.92 ± 2.36 3.15 ± 0.10 0.30 ± 0.06 . . . . . .

. . . Aa–Ab PIO 2014.3503 217.52 ± 5.65 2.83 ± 0.22 0.26 ± 0.01 . . . . . .

HD 152247 Aa–Ab PIO 2012.6244 229.86 ± 7.35 1.24 ± 0.12 1.35 ± 0.02 . . . . . .

. . . Aa-Ab PIO 2014.2570 235.38 ± 5.89 1.26 ± 0.10 1.39 ± 0.03 . . . . . .

CPD−41◦7733 A-B SAM 2012.4658 348.18 ± 11.43 42.70 ± 21.36 . . . 3.32 ± 0.91 3.07 ± 2.07

HD 152314 Aa-Ab PIO 2012.6245 276.90 ± 4.46 10.01 ± 0.56 1.16 ± 0.25 . . . . . .

HD 152405 A-B SAM 2012.4658 114.93 ± 11.76 53.86 ± 15.46 . . . 4.38 ± 0.18 4.13 ± 0.66

HD 152386 A-B PIO 2012.4442 122.17 ± 1.25 55.97 ± 1.14 3.27 ± 0.17 . . . . . .

. . . A-B SAM 2012.4636 120.40 ± 7.55 61.21 ± 8.13 3.34 ± 0.61 3.31 ± 0.20 . . .

HD 152623 Aa-Ab PIO 2012.4442 284.87 ± 1.04 28.20 ± 0.37 0.83 ± 0.06 . . . . . .

. . . A-B SAM 2011.1880 307.65 ± 1.61 251.20 ± 5.55 0.01 ± 0.15 1.02 ± 0.51 . . .

HD 152723 Aa-Ab PIO 2012.4443 310.55 ± 1.14 80.75 ± 1.00 1.86 ± 0.11 . . . . . .

. . . Aa-Ab SAM 2011.1880 307.80 ± 3.09 104.46 ± 4.02 1.69 ± 0.16 1.51 ± 0.11 . . .

HDE 322417 Aa-Ab PIO 2014.2571 8.14 ± 81.25 1.08 ± 4.96 4.30 ± 1.75 . . . . . .

HD 155806 A-B PIO 2012.6328 273.36 ± 1.87 24.87 ± 0.68 0.37 ± 0.05 . . . . . .

. . . A-B SAM 2012.4635 259.31 ± 10.69 25.80 ± 8.88 1.25 ± 0.27 1.61 ± 0.61 . . .

HD 155889 A-B PIO 2012.4445 262.44 ± 0.50 115.72 ± 0.71 0.79 ± 0.11 . . . . . .

. . . A-B SAM 2012.4636 279.28 ± 2.47 193.67 ± 7.09 1.13 ± 0.13 0.65 ± 0.11 . . .

HDE 319703 A A-B SAM 2012.4661 14.23 ± 2.66 185.05 ± 5.52 3.80 ± 1.85 2.76 ± 0.14 2.46 ± 0.11

HD 156738 A-B PIO 2012.4445 260.97 ± 0.38 50.38 ± 0.32 1.29 ± 0.09 . . . . . .

. . . A-B SAM 2012.4661 259.73 ± 5.76 50.40 ± 4.69 1.15 ± 0.18 1.30 ± 0.10 1.33 ± 0.30

HD 158186 A-B PIO 2012.4445 201.07 ± 1.00 26.90 ± 0.38 2.13 ± 0.06 . . . . . .

. . . A–B SAM 2012.4661 200.97 ± 12.82 34.47 ± 14.74 . . . 2.04 ± 1.04 3.50 ± 2.50

HD 159176 Aa1–Aa2 PIO 2012.6310 162.32 ± 64.13 1.76 ± 2.22 2.39 ± 1.75 . . . . . .

. . . Aa1–Aa2 PIO 2012.6354 72.25 ± 16.28 6.13 ± 1.35 3.74 ± 0.27 . . . . . .

. . . Aa1–Aa2 PIO 2012.7229 122.81 ± 15.53 4.39 ± 0.97 1.31 ± 1.75 . . . . . .

HD 164492 A Aa–Ab PIO 2012.7203 261.60 ± 3.27 24.54 ± 1.11 3.17 ± 0.15 . . . . . .

. . . Aa–Ab SAM 2012.4658–2013.5803 248.37 ± 11.24 33.48 ± 15.20 2.74 ± 0.71 2.41 ± 1.42 . . .

HD 164794 A–B PIO 2013.2495 242.22 ± 19.95 4.96 ± 1.05 0.45 ± 0.05 . . . . . .

HD 164816 A–B PIO 2012.7203 87.25 ± 2.91 56.93 ± 2.06 3.47 ± 0.24 . . . . . .

. . . A–B SAM 2012.4659–2013.5803 81.08 ± 7.23 57.24 ± 5.19 3.30 ± 0.20 3.20 ± 0.13 . . .

HD 165246 Aa–Ab SAM 2012.4659–2013.5804 116.22 ± 17.55 30.47 ± 16.07 2.36 ± 1.37 2.77 ± 1.77 . . .

HD 167264 Aa–Ab PIO 2012.4473 124.83 ± 68.24 2.04 ± 3.28 3.21 ± 0.16 . . . . . .

. . . Aa–Ab PIO 2012.6331 189.10 ± 49.62 2.22 ± 1.77 2.90 ± 0.39 . . . . . .

. . . Aa–Ab PIO 2012.7123 198.95 ± 52.86 3.34 ± 3.33 3.19 ± 0.15 . . . . . .

. . . Aa–Ab PIO 2012.7150 203.37 ± 15.39 3.27 ± 0.71 3.17 ± 0.06 . . . . . .

HD 167263 Aa–Ab PIO 2012.4474 154.60 ± 0.47 79.30 ± 0.43 0.62 ± 0.17 . . . . . .

. . . Aa–Ab SAM 2012.4661 333.47 ± 6.85 84.21 ± 7.93 . . . 1.00 ± 0.13 . . .

HD 167659 Aa–Ab PIO 2012.4447 266.32 ± 1.70 50.59 ± 1.25 2.63 ± 0.10 . . . . . .

. . . Aa–Ab SAM 2012.4633 265.27 ± 14.36 46.66 ± 17.88 . . . 2.54 ± 0.10 . . .

HD 167971 Aa–Ab PIO 2012.7233 336.02 ± 1.78 17.02 ± 0.38 0.09 ± 0.03 . . . . . .

HD 168075 A–B SAM 2012.4634 49.39 ± 18.53 44.14 ± 27.02 . . . 3.70 ± 1.04 . . .

HD 168076 AB A–B PIO 2012.4447 307.07 ± 1.09 116.90 ± 1.26 1.46 ± 0.13 . . . . . .

. . . A–B PIO 2012.6249 309.74 ± 0.78 101.96 ± 0.81 1.41 ± 0.13 . . . . . .

. . . A–B SAM 2012.4634 308.90 ± 3.19 157.01 ± 9.53 . . . 1.02 ± 0.13 . . .
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Table 5
(Continued)

Target Pair Instr. Obser. Epoch θ ρ ΔH ΔKs ΔL′
(b.y.) (◦) (mas)

HD 168112 A–B PIO 2012.4446 303.27 ± 4.12 3.33 ± 0.17 0.17 ± 0.19 . . . . . .

HD 171589 A–B PIO 2012.7205 323.19 ± 64.31 2.80 ± 3.63 3.00 ± 1.49 . . . . . .

. . . A–B PIO 2014.5755 70.68 ± 37.16 1.24 ± 1.81 2.74 ± 0.61 . . . . . .

. . . A–B PIO 2014.5863 71.56 ± 40.90 1.26 ± 1.20 3.01 ± 0.40 . . . . . .

HD 46202 Da–Db SAM 2011.1874 71.01 ± 3.75 85.53 ± 7.16 1.96 ± 0.13 1.88 ± 0.11 . . .

HD 46966 Aa–Ab SAM 2011.1873 259.06 ± 8.05 50.48 ± 7.49 1.13 ± 0.10 1.10 ± 0.10 . . .

HD 47129 Aa–Ab SAM 2011.1873 11.88 ± 11.16 36.44 ± 18.64 3.98 ± 0.66 3.90 ± 0.74 . . .

HD 47839 Aa–Ab PIO 2014.2562 220.74 ± 1.43 224.18 ± 3.90 1.74 ± 0.11 . . . . . .

. . . Aa–Ab SAM 2011.1844 257.92 ± 2.89 108.54 ± 3.52 1.46 ± 0.13 1.34 ± 0.10 . . .

HD 92206 AB Aa–Ab SAM 2011.1846 359.52 ± 9.05 32.70 ± 15.16 4.07 ± 0.20 3.77 ± 0.89 . . .

HDE 306097 A–B SAM 2013.0850 115.44 ± 9.19 37.80 ± 6.23 1.03 ± 0.10 1.08 ± 0.10 . . .

HD 101413 A–B PIO 2014.1501 119.24 ± 8.31 3.49 ± 0.41 1.45 ± 0.12 . . . . . .

. . . A–B PIO 2014.2565 122.41 ± 17.63 4.09 ± 0.79 1.35 ± 0.28 . . . . . .

. . . A–C SAM 2011.1849 122.77 ± 7.99 53.62 ± 7.58 2.59 ± 0.13 2.62 ± 0.11 . . .

HD 152234 Aa–Ab PIO 2011.6033 153.20 ± 65.49 0.88 ± 1.17 1.91 ± 0.96 . . . . . .

HD 168137 Aa–Ab PIO 2013.2496 156.08 ± 0.63 6.32 ± 0.23 0.29 ± 0.09 . . . . . .

Detection is then obtained as in Lacour et al. (2011a), similar
to what we have done for the PIONIER data: the phase closures
are adjusted by models for either an unresolved object or a
resolved binary system. All SAM data sets of a given target
are fitted simultaneously. Combining data obtained with the
different filters allows us to lift the degeneracy on the position
of the global optimum in the χ2 map that results from the
periodic sampling of the uv plane. In a few cases, data were
obtained at different epochs. These were still combined together
given that we do not expect significant changes in the position
of the companions over the 2.5 yr maximum baseline of our
observations. The one exception to this rule is HD 93129 AaAb,
for which our three observational epochs are handled separately.

We distinguish three outcomes of the fitting procedure:
(1) non-detection where the phase closures are compatible with
zero within the uncertainties (2) clear detection where the phase
closures are compatible with a binary model and (3) tentative
detection where the phase closures are not compatible with a
point source, but the binary model does not fit well either. In the
following, we only report the clear detections (case 2).

The properties of the resolved systems are summarized
in Table 5 to allow for a direct comparison with PIONIER
measurements. Columns 8 and 9 indicate Ks and L′ magni-
tude differences between the central object and the detected
companion(s).

3.3. NACO Field of View Analysis

The second analysis of the NACO data aims to search for
stellar companions outside the diffraction pattern of the SAM
PSF. After correction of the detector defects, each frame and
each data cube is shifted to center the target on a reference
point. Each cube is then collapsed, and the central PSF is
extracted for reference. This PSF is then cross-correlated over
the entire detector. Last, all the cross-correlated images—one for
each data cube—are derotated according to the parallactic angle
(SAM observations are done in pupil tracking) and averaged.
For each image we looked for companions by searching for

local maxima in the cross-correlation function independently of
filters or epochs.

Properties of the detected companions are listed in Table 6,
in a layout similar to that of Table 5. Column 8 gives the
probability of spurious detection Pspur obtained in Section 4.1.
Whenever several companions are detected, their properties
are listed in Columns 2–8 on subsequent lines. Each com-
panion in Table 6 either corresponds to a clear detection or
to a detection confirmed at several epochs and/or in several
filters.

3.4. Detected Companions and Internal Consistency

PIONIER resolved 53 companions in the sample of 117
objects (42 have ρ < 45 mas and 11 have larger separations).
Of these companions, 48 are resolved for the first time. Their
separations range from ≈1 mas to >100 mas. Of the pairs, 22
fall in the sensitivity regime of NACO/SAM. In practice, all the
companions detected by PIONIER with 24 < ρ < 120 mas are
also detected by NACO/SAM. The PIONIER accuracy remains
higher than that of SAM up to its OWA, i.e., about 45 mas.
Interestingly, all tentative PIONIER detections outside its OWA
are confirmed by NACO/SAM up to the mentioned separation
of 120 mas. PIONIER is hardly sensitive to any binaries with
ρ > 150 mas. These properties line up very well with the
expected sensitivity range discussed in Section 2, illustrating
the excellent internal consistency of the smash+ detections at
small angular resolutions.

The positions of the detected companions in the separation
versus brightness-contrast plane are displayed in Figure 7, to-
gether with the median sensitivity limit of all our observations.
The latter shows that we have an excellent coverage of the pa-
rameter space except in the 200–500 mas range, corresponding
to the transition between NACO/SAM and NACO-FOV de-
tections. These results will be discussed more extensively in
Section 5, but two interesting comments can already be made:
(1) the density of similar brightness pairs (ΔH < 1) drops sig-
nificantly at separations larger than 50 mas; (2) there seems to be
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Table 6
smash+ Companion Detections in the NACO FOV

Target Pair Obser. Epoch θ ρ ΔH ΔKs Pspur

(b.y.) (◦) (′′)

HD 57061 Aa–E 2013.0848 265.81 ± 2.21 0.95 ± 0.03 4.47 ± 0.21 4.39 ± 0.14 0.000

HD 73882 A–B 2012.1238 254.26 ± 3.02 0.68 ± 0.03 1.19 ± 0.36 1.13 ± 0.35 0.000

HD 74194 A–B 2013.0822 178.62 ± 1.71 4.51 ± 0.11 6.63 ± 0.11 6.58 ± 0.16 0.017

CPD−47◦2963 A–C 2013.0824 109.99 ± 1.32 5.22 ± 0.08 6.95 ± 0.19 6.81 ± 0.15 0.066

HD 93129 AaAb A–E 2011.1819–2013.0850 189.82 ± 2.18 1.85 ± 0.06 6.82 ± 0.41 6.55 ± 0.05 0.034
. . . A–B 2011.1819–2013.0850 148.07 ± 1.84 2.76 ± 0.07 1.54 ± 0.12 1.59 ± 0.04 0.001
. . . A–F 2011.1819–2013.0850 6.90 ± 1.57 3.91 ± 0.08 5.98 ± 0.16 5.61 ± 0.06 0.083
. . . A–G 2011.1819–2013.0850 337.83 ± 1.22 4.76 ± 0.06 7.10 ± 0.23 6.87 ± 0.06 0.272
. . . A–C 2011.1819–2013.0850 269.23 ± 1.34 4.85 ± 0.08 5.00 ± 0.12 4.80 ± 0.18 0.060

HD 93160 Ca–Cd 2011.1847 89.13 ± 3.91 0.80 ± 0.05 4.42 ± 0.28 4.96 ± 0.28 0.001
. . . C–D 2011.1847 295.90 ± 1.44 3.71 ± 0.07 4.18 ± 0.14 3.99 ± 0.14 0.024

HD 93161 A A–B 2011.1847 114.89 ± 1.47 2.00 ± 0.04 0.07 ± 0.13 0.07 ± 0.14 0.001

HD 93206 Aa–Ab 2012.1241 323.95 ± 2.14 1.00 ± 0.03 3.85 ± 0.12 3.89 ± 0.11 0.000
. . . A–E 2012.1241 302.93 ± 2.23 2.58 ± 0.09 7.37 ± 0.38 7.03 ± 0.16 0.015
. . . A–B 2012.1241 276.09 ± 1.29 7.07 ± 0.10 5.87 ± 0.22 5.70 ± 0.20 0.042

HD 93205 A–C 2011.1848 270.43 ± 1.27 3.70 ± 0.05 5.82 ± 0.13 5.34 ± 0.21 0.070

HD 93222 A–C 2011.1876 178.42 ± 1.36 3.81 ± 0.06 4.82 ± 0.16 4.12 ± 0.11 0.017

HDE 303492 A–B 2012.1241 10.95 ± 2.15 6.51 ± 0.22 7.21 ± 0.22 6.56 ± 0.21 0.317

HD 97253 A–C 2012.1241 138.12 ± 1.75 3.44 ± 0.09 6.78 ± 0.16 6.37 ± 0.25 0.071

HD 101205 A–B 2013.0851 115.54 ± 4.55 0.36 ± 0.03 0.29 ± 0.64 0.42 ± 0.65 0.000
. . . AB–C 2013.0851 5.50 ± 1.53 1.65 ± 0.03 2.84 ± 0.12 2.99 ± 0.12 0.000

HD 101545 A A–B 2012.1243 218.72 ± 1.38 2.58 ± 0.04 0.53 ± 0.13 0.63 ± 0.12 0.000

HD 113904 B–C 2012.4603 206.63 ± 1.60 3.45 ± 0.08 5.45 ± 0.42 5.27 ± 0.45 0.038
. . . B–A 2012.4603 176.32 ± 1.75 5.81 ± 0.15 −4.03 ± 0.14 −3.94 ± 0.12 0.000

HD 114737 A–C 2012.4603 41.83 ± 1.52 3.39 ± 0.07 5.98 ± 0.29 5.45 ± 0.14 0.090
. . . A–D 2012.4603 258.09 ± 1.44 5.61 ± 0.10 . . . 6.13 ± 0.36 0.289
. . . A–E 2012.4603 115.94 ± 1.25 6.92 ± 0.09 5.11 ± 0.17 4.37 ± 0.11 0.180
. . . A–F 2012.4603 80.98 ± 1.27 7.50 ± 0.10 6.60 ± 0.50 5.53 ± 0.15 0.731

HD 114886 A A–B 2012.4603 37.49 ± 1.65 1.69 ± 0.04 2.16 ± 0.14 2.13 ± 0.11 0.000
. . . A–C 2012.4603 90.27 ± 1.17 3.58 ± 0.04 6.09 ± 0.17 5.88 ± 0.11 0.055
. . . A–D 2012.4603 9.76 ± 1.34 3.63 ± 0.06 7.39 ± 0.35 6.89 ± 0.21 0.170
. . . A–E 2012.4603 141.88 ± 1.13 5.20 ± 0.05 5.18 ± 0.14 4.95 ± 0.12 0.034
. . . A–F 2012.4603 138.39 ± 1.09 5.29 ± 0.04 5.28 ± 0.15 4.93 ± 0.15 0.039

HD 117856 A–B 2012.4603 354.34 ± 1.94 1.63 ± 0.05 4.53 ± 0.14 4.49 ± 0.12 0.003
. . . A–C 2012.4603 89.78 ± 1.26 7.47 ± 0.10 6.30 ± 0.13 5.83 ± 0.19 0.368

HD 120678 A–B 2012.4604 139.30 ± 2.51 0.77 ± 0.03 5.07 ± 0.35 5.11 ± 0.46 0.001
. . . A–C 2012.4604 282.81 ± 1.15 4.50 ± 0.04 6.54 ± 0.26 5.88 ± 0.13 0.187
. . . A–D 2012.4604 43.81 ± 1.13 6.47 ± 0.06 6.08 ± 0.28 5.80 ± 0.13 0.259

HD 124314 A A–C 2011.1824–2012.4604 42.34 ± 1.24 2.46 ± 0.03 7.01 ± 0.23 6.34 ± 0.17 0.029
. . . A–B 2011.1824–2012.4604 155.71 ± 1.21 2.76 ± 0.03 1.93 ± 0.13 1.94 ± 0.01 0.001

HD 125206 A–C 2012.4604 163.34 ± 2.89 1.17 ± 0.06 6.99 ± 0.43 7.07 ± 0.48 0.018
. . . A–D 2012.4604 345.35 ± 1.06 6.89 ± 0.04 3.65 ± 0.17 3.19 ± 0.12 0.036

HD 135591 A–B 2011.1825 112.47 ± 1.12 5.53 ± 0.05 . . . 5.56 ± 0.17 0.030

HD 148937 A–B 2011.1826–2013.5801 267.98 ± 1.50 3.33 ± 0.06 5.39 ± 0.15 5.62 ± 0.38 0.012

HD 149038 A–B 2012.4637 158.33 ± 2.05 1.53 ± 0.05 5.89 ± 0.21 6.11 ± 0.16 0.002
. . . A–C 2012.4637 153.40 ± 1.15 6.11 ± 0.06 6.80 ± 0.20 6.18 ± 0.15 0.060

HD 149404 A–B 2012.4631 120.06 ± 1.52 6.82 ± 0.14 . . . 7.17 ± 0.15 0.048

HD 149452 A–B 2012.4630 247.30 ± 1.99 2.65 ± 0.08 . . . 4.40 ± 0.14 0.016

HD 150135 A B 2011.1825–2013.5802 221.26 ± 1.15 4.27 ± 0.04 3.34 ± 0.07 2.55 ± 0.09 0.011

HD 150136 A–B 2011.1825–2013.5802 9.05 ± 1.47 1.69 ± 0.03 3.01 ± 0.14 2.97 ± 0.02 0.001
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Table 6
(Continued)

Target Pair Obser. Epoch θ ρ ΔH ΔKs Pspur

(b.y.) (◦) (′′)

HD 151003 A–C 2012.4657 316.03 ± 1.31 3.98 ± 0.06 6.38 ± 0.27 5.89 ± 0.16 0.064

HD 150958 AB A–B 2012.4637 244.80 ± 4.38 0.32 ± 0.02 0.85 ± 0.71 1.04 ± 0.81 0.000
. . . A–E 2012.4637 322.15 ± 1.46 6.64 ± 0.12 . . . 6.80 ± 0.14 0.389

HD 151018 A–B 2012.4636 117.67 ± 1.45 2.08 ± 0.04 4.81 ± 0.17 4.64 ± 0.13 0.026
. . . A–C 2012.4630 13.01 ± 1.15 7.28 ± 0.07 . . . 6.19 ± 0.17 0.722

HD 152219 A–C 2012.4607 18.01 ± 2.04 2.23 ± 0.07 . . . 6.87 ± 0.24 0.090
. . . A–D 2012.4607 332.00 ± 1.75 2.91 ± 0.07 . . . 6.23 ± 0.15 0.101
. . . A–E 2012.4607 144.85 ± 1.85 5.06 ± 0.14 . . . 4.15 ± 0.13 0.064
. . . A–F 2012.4607 63.38 ± 1.35 5.35 ± 0.08 . . . 5.08 ± 0.11 0.175
. . . A–G 2012.4607 174.88 ± 1.42 7.21 ± 0.13 . . . 6.04 ± 0.10 0.549

HD 152218 A–B 2012.4607 212.85 ± 1.80 4.25 ± 0.11 . . . 3.78 ± 0.12 0.013

HD 152246 A–B 2012.4607 307.35 ± 1.38 3.69 ± 0.06 . . . 7.28 ± 0.25 0.173

HD 152247 A–B 2012.4607 313.42 ± 1.58 3.15 ± 0.07 . . . 7.24 ± 0.28 0.103
. . . A–C 2012.4607 22.37 ± 1.38 5.11 ± 0.09 . . . 6.06 ± 0.15 0.136

CPD−41◦7733 A–C 2012.4607 142.04 ± 3.93 1.01 ± 0.07 . . . 4.83 ± 0.20 0.008

HDE 326331 A–C 2011.1880 40.40 ± 1.85 1.13 ± 0.03 5.99 ± 0.18 5.72 ± 0.29 0.012
. . . A–D 2011.1880 324.02 ± 1.48 3.41 ± 0.06 5.70 ± 0.15 5.64 ± 0.12 0.095

HD 152314 A–B 2011.1880–2012.4608 187.29 ± 1.30 3.23 ± 0.05 3.82 ± 0.14 2.91 ± 0.16 0.016
. . . A–C 2011.1880–2012.4608 140.54 ± 1.63 3.47 ± 0.08 7.64 ± 0.41 6.78 ± 0.16 0.289

HD 152408 A–C 2012.4608 18.94 ± 1.71 3.84 ± 0.09 . . . 8.28 ± 0.21 0.107
. . . A–B 2012.4608 262.49 ± 1.19 5.45 ± 0.06 . . . 3.81 ± 0.12 0.006

HD 152386 A–C 2012.4636 222.47 ± 1.18 3.54 ± 0.04 6.81 ± 0.37 6.21 ± 0.13 0.084
. . . A–D 2012.4606 127.00 ± 1.08 7.37 ± 0.05 . . . 0.52 ± 0.12 0.000

HD 152623 A–C 2011.1880 142.90 ± 1.75 1.47 ± 0.04 3.55 ± 0.18 3.45 ± 0.37 0.001

HDE 322417 A–B 2012.4635 242.53 ± 8.15 0.69 ± 0.10 4.48 ± 0.34 4.31 ± 0.41 0.001
. . . A–C 2012.4609 180.49 ± 1.47 2.92 ± 0.06 . . . 7.10 ± 0.31 0.121
. . . A–D 2012.4635 164.31 ± 1.36 4.32 ± 0.07 7.35 ± 0.42 6.67 ± 0.31 0.303
. . . A–E 2012.4609 249.65 ± 1.37 6.17 ± 0.10 . . . 5.34 ± 0.14 0.095
. . . A–F 2012.4609 283.68 ± 1.23 6.59 ± 0.08 . . . 7.00 ± 0.32 0.570

HD 153426 A–B 2012.4635 147.36 ± 2.00 2.00 ± 0.06 6.96 ± 0.37 6.66 ± 0.22 0.041
. . . A–C 2012.4635 102.53 ± 1.50 3.37 ± 0.07 7.33 ± 0.45 6.88 ± 0.18 0.159

HD 154368 A–C 2012.4609 231.95 ± 1.20 6.74 ± 0.08 . . . 5.86 ± 0.13 0.025

HD 154643 A–B 2012.4609 52.48 ± 3.16 1.94 ± 0.10 . . . 7.74 ± 0.32 0.055

HD 155806 A–C 2012.4636 132.98 ± 1.62 5.13 ± 0.11 7.99 ± 0.32 7.92 ± 0.19 0.340

HD 155889 A–C 2012.4609 270.56 ± 1.12 7.08 ± 0.06 . . . 5.60 ± 0.14 0.220

HD 156154 A–B 2012.4611 354.71 ± 1.17 6.82 ± 0.07 . . . 5.63 ± 0.14 0.187

HD 156292 A–B 2012.4608 19.74 ± 1.21 6.35 ± 0.07 . . . 3.00 ± 0.12 0.014

HDE 319703 A A–C 2012.4611 298.35 ± 1.11 7.89 ± 0.07 . . . 5.53 ± 0.13 0.371

HDE 319718 A A–B 2012.4611 206.11 ± 6.44 0.38 ± 0.04 . . . 0.24 ± 0.68 0.000
. . . A–C 2012.4611 253.77 ± 1.18 4.17 ± 0.05 . . . 4.81 ± 0.14 0.037
. . . A–D 2012.4611 45.83 ± 1.23 4.41 ± 0.06 . . . 6.44 ± 0.19 0.195
. . . A–E 2012.4611 92.10 ± 1.65 5.27 ± 0.12 . . . 7.35 ± 0.32 0.518
. . . A–F 2012.4611 307.54 ± 1.21 5.33 ± 0.06 . . . 7.50 ± 0.35 0.571
. . . A–G 2012.4611 292.39 ± 1.14 6.95 ± 0.07 . . . 6.46 ± 0.14 0.482

HD 158186 A–C 2012.4611 315.88 ± 2.61 1.83 ± 0.08 . . . 5.95 ± 0.17 0.057
. . . A–D 2012.4611 0.97 ± 1.22 5.04 ± 0.06 . . . 5.06 ± 0.17 0.231
. . . A–E 2012.4611 64.71 ± 1.46 6.67 ± 0.12 . . . 6.40 ± 0.15 1.000

HD 159176 Aa–D 2012.4611 60.80 ± 4.03 0.73 ± 0.05 . . . 2.92 ± 0.28 0.000
. . . Aa–E 2012.4611 77.81 ± 1.38 3.50 ± 0.06 . . . 6.85 ± 0.15 0.076
. . . Aa–B 2012.4611 98.95 ± 1.42 5.74 ± 0.10 . . . 4.36 ± 0.17 0.014

HD 162978 A–B 2011.1881–2013.5802 42.54 ± 1.14 4.46 ± 0.04 6.76 ± 0.25 5.65 ± 0.16 0.232
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Target Pair Obser. Epoch θ ρ ΔH ΔKs Pspur

(b.y.) (◦) (′′)

HD 163800 A–B 2012.4631 221.20 ± 1.54 3.89 ± 0.08 . . . 7.44 ± 0.25 0.294
. . . A–C 2012.4631 46.31 ± 1.27 6.18 ± 0.08 . . . 6.52 ± 0.18 0.345
. . . A–D 2012.4631 301.87 ± 1.25 6.88 ± 0.09 . . . 5.60 ± 0.13 0.194
. . . A–E 2012.4631 349.04 ± 1.15 7.86 ± 0.08 . . . 6.12 ± 0.22 0.394

HD 163892 A–B 2012.4631 91.82 ± 2.17 2.01 ± 0.07 . . . 5.31 ± 0.14 0.021
. . . A–C 2012.4631 265.06 ± 1.91 2.45 ± 0.07 . . . 5.87 ± 0.15 0.055
. . . A–D 2012.4631 84.14 ± 1.11 6.45 ± 0.05 . . . 6.31 ± 0.14 0.577
. . . A–E 2012.4631 62.94 ± 1.15 6.50 ± 0.06 . . . 5.05 ± 0.12 0.173

HD 164492 A A–H 2012.4659–2013.5803 343.84 ± 1.51 1.49 ± 0.03 3.29 ± 0.15 2.67 ± 0.14 0.001
. . . A–I 2012.4659–2013.5803 43.01 ± 1.53 3.09 ± 0.06 6.16 ± 0.54 4.23 ± 0.18 0.091
. . . A–B 2012.4659 19.07 ± 1.15 6.26 ± 0.06 . . . 2.43 ± 0.11 0.011
. . . A–J 2012.4659 164.29 ± 1.12 6.46 ± 0.06 . . . 5.55 ± 0.18 0.243

HDE 313846 A–C 2012.4659 21.22 ± 1.15 5.57 ± 0.06 . . . 4.54 ± 0.18 0.142
. . . A–D 2012.4659 185.56 ± 1.13 5.58 ± 0.05 . . . 4.02 ± 0.15 0.093
. . . A–E 2012.4659 182.86 ± 1.07 7.86 ± 0.05 . . . 5.01 ± 0.18 0.490

HD 165246 A–B 2012.4659–2013.5804 97.29 ± 1.53 1.93 ± 0.04 3.36 ± 0.14 3.29 ± 0.11 0.005
. . . A–C 2012.4659 224.89 ± 1.11 6.61 ± 0.06 . . . 5.66 ± 0.23 0.525
. . . A–D 2012.4659 8.24 ± 1.16 7.94 ± 0.08 . . . 5.98 ± 0.26 0.976

HD 167264 A–B 2012.4661 75.06 ± 3.72 1.26 ± 0.08 . . . 5.09 ± 0.16 0.001
. . . A–C 2012.4661 356.12 ± 2.55 2.31 ± 0.09 . . . 7.75 ± 0.26 0.051
. . . A–D 2012.4661 108.44 ± 1.25 7.05 ± 0.09 . . . 7.02 ± 0.19 0.262

HD 167263 A–C 2012.4661 27.25 ± 1.43 5.89 ± 0.11 . . . 7.55 ± 0.31 0.509
. . . A–B 2012.4661 214.87 ± 1.23 6.11 ± 0.08 . . . 5.79 ± 0.30 0.122
. . . A–D 2012.4661 280.85 ± 1.28 6.51 ± 0.09 . . . 7.16 ± 0.25 0.424
. . . A–E 2012.4661 242.37 ± 1.35 7.34 ± 0.12 . . . 7.32 ± 0.28 0.628

HD 167633 A–B 2012.4633 117.49 ± 1.41 5.06 ± 0.09 . . . 5.59 ± 0.16 0.156
. . . A–C 2012.4633 197.96 ± 1.31 5.50 ± 0.08 . . . 3.27 ± 0.12 0.034
. . . A–D 2012.4633 259.30 ± 1.15 6.81 ± 0.07 . . . 5.72 ± 0.20 0.342

HD 167659 A–C 2012.4633 87.96 ± 1.37 5.11 ± 0.08 . . . 5.90 ± 0.11 0.260
. . . A–D 2012.4633 247.18 ± 1.28 5.78 ± 0.08 . . . 6.96 ± 0.15 0.721
. . . A–E 2012.4633 57.65 ± 1.13 7.30 ± 0.07 . . . 7.34 ± 0.26 1.000
BD−11◦4586 A–B 2012.4634 68.08 ± 1.16 7.21 ± 0.07 . . . 4.36 ± 0.10 0.065

HD 167971 A–B 2012.4634 40.46 ± 1.33 4.84 ± 0.07 . . . 7.85 ± 0.13 0.247

HD 168075 A–C 2012.4634 297.20 ± 1.79 2.74 ± 0.07 . . . 5.82 ± 0.33 0.097
. . . A–D 2012.4634 138.50 ± 1.68 3.48 ± 0.08 . . . 4.13 ± 0.12 0.039
. . . A–E 2012.4634 67.79 ± 1.72 5.81 ± 0.14 . . . 6.58 ± 0.22 0.749

HD 168076 AB A–C 2012.4634 4.93 ± 1.73 3.69 ± 0.09 . . . 7.14 ± 0.20 0.264
. . . A–D 2012.4634 245.80 ± 1.70 3.73 ± 0.09 . . . 5.58 ± 0.14 0.079
. . . A–E 2012.4634 176.71 ± 1.78 3.78 ± 0.10 . . . 7.58 ± 0.21 0.389
. . . A–F 2012.4634 126.42 ± 1.30 5.92 ± 0.09 . . . 6.06 ± 0.12 0.285
. . . A–G 2012.4634 303.13 ± 1.41 6.58 ± 0.11 . . . 5.53 ± 0.23 0.229
BD−13◦4927 A–B 2012.4634 343.67 ± 1.56 5.11 ± 0.11 . . . 7.86 ± 0.19 0.788
. . . A–C 2012.4634 249.14 ± 1.22 5.12 ± 0.06 . . . 7.43 ± 0.26 0.633
. . . A–D 2012.4634 205.91 ± 1.35 5.49 ± 0.09 . . . 4.63 ± 0.12 0.088
. . . A–E 2012.4634 241.47 ± 1.42 6.16 ± 0.11 . . . 6.72 ± 0.25 0.558

HD 168112 A–C 2012.4634 33.85 ± 2.25 3.00 ± 0.11 . . . 7.07 ± 0.19 0.115
. . . A–D 2012.4634 266.84 ± 2.02 7.62 ± 0.23 . . . 7.37 ± 0.22 0.888

HD 46150 A–Q 2011.1843 247.63 ± 2.38 2.10 ± 0.08 7.18 ± 0.20 6.89 ± 0.29 0.013
. . . A–B 2011.1843 285.03 ± 1.59 3.53 ± 0.08 4.38 ± 0.15 4.38 ± 0.14 0.004

HD 46202 D–E 2011.1874 261.70 ± 1.22 3.67 ± 0.04 2.29 ± 0.18 1.91 ± 0.12 0.004

HD 47129 A–B 2011.1873 250.62 ± 2.19 1.19 ± 0.04 5.00 ± 0.15 4.98 ± 0.13 0.000

HD 47839 Aa–B 2011.1844 212.43 ± 1.71 2.99 ± 0.07 3.08 ± 0.12 3.03 ± 0.11 0.000

HD 52533 Aa–Ab 2011.1874 267.78 ± 3.13 0.64 ± 0.03 3.50 ± 0.42 3.20 ± 0.48 0.000
. . . A–B 2011.1874 186.61 ± 1.39 2.64 ± 0.04 5.02 ± 0.13 5.16 ± 0.26 0.006
. . . A–G 2011.1874 245.66 ± 1.28 2.86 ± 0.04 6.37 ± 0.17 6.26 ± 0.22 0.020

HD 76535 A–B 2013.0823 319.65 ± 1.64 2.83 ± 0.06 4.40 ± 0.17 4.32 ± 0.15 0.004
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Target Pair Obser. Epoch θ ρ ΔH ΔKs Pspur

(b.y.) (◦) (′′)

HD 92206 AB Aa–Ac 2011.1846 133.42 ± 1.24 0.85 ± 0.02 5.10 ± 0.09 4.91 ± 0.12 0.002
. . . A–B 2011.185 89.86 ± 1.12 5.35 ± 0.02 . . . 0.81 ± 0.07 0.004

HD 93128 A–C 2011.1875 185.52 ± 2.01 3.70 ± 0.11 . . . 5.37 ± 0.17 0.175
. . . A–B 2011.1875 239.54 ± 1.26 6.55 ± 0.09 . . . 2.11 ± 0.14 0.051

HD 93190 A–Bb 2013.0850 208.31 ± 1.05 4.23 ± 0.02 5.45 ± 0.14 5.72 ± 0.15 0.032
. . . A–Ba 2013.0850 206.01 ± 1.11 4.23 ± 0.04 5.31 ± 0.20 5.43 ± 0.11 0.030

HD 100099 A–B 2012.4628 123.54 ± 4.29 0.87 ± 0.06 . . . 4.19 ± 0.38 0.001

HD 100444 A–B 2012.4629 221.09 ± 1.49 3.91 ± 0.08 . . . 3.55 ± 0.23 0.005

HD 101413 A–D 2011.1849 80.53 ± 1.68 1.77 ± 0.04 4.57 ± 0.16 4.39 ± 0.27 0.006

Figure 7. Plot of the magnitude difference (Δ mag) vs. angular separations (ρ) for the detected pairs. Only one detection per object has been considered, and the
H band has been preferred whenever available. The solid lines indicate the median H-band sensitivity of our survey across the different separation ranges. The Ks
sensitivity curves are similar. Different colors indicate observations with different instrumental configurations (PIONIER: blue, NACO/SAM: green, NACO FOV:
red), while different symbols indicate different observational bands (H: filled, Ks: open). Large circles indicate objects detected by both SAM and PIONIER.

(A color version of this figure is available in the online journal.)

a lack of fainter companions (ΔH > 3) in the range 10–30 mas
and 50–150 mas even though our first estimate of the detection
limit extends down to ΔH = 4 and 5 mag, respectively. Further
investigations on the accuracy of our detection limit estimates
will allow to verify this result.

4. CONSTRAINTS ON THE MULTIPLICITY PROPERTIES

In this section, we present the statistical constraints on the
multiplicity properties of massive stars. Section 4.1 investigates
spurious associations. Section 4.2 compares our new detections
with previous knowledge in the regime of separations investi-
gated by the smash+ survey. The observed multiplicity fraction
and average number of companions per star are described in

Section 4.3. Finally, Section 4.4 investigates how the multiplic-
ity properties change with the luminosity class.

4.1. Spurious Associations

Given the detection limits adopted in the previous section,
all the companions that we report are, to a very large degree
of confidence, real objects. The components of some of the
detected pairs may, however, not have any physical relation
with one another. In this section, we estimate the probability
Pspur of spurious association that would result from background
or foreground objects or from line-of-sight alignment in a
cluster environment. For each central object, we queried the
Two Micron All Sky Survey (2MASS) catalog to look for
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Figure 8. Probability Pspur for the companions detected in the NACO FOV to
result from chance alignment. The probability Pspur is color-coded in the Ks-band
magnitude vs. angular separation plane. Filled symbols indicate Pspur < 0.01
while open symbols are used for Pspur � 0.01.

(A color version of this figure is available in the online journal.)

the number Nobj of stars brighter than ΔH < 5 mag within
a radius of r = 120′′. This contrast threshold is representative
of our SAM observations and a conservative value for PIONIER
since our faintest PIONIER detection is at ΔH = 3.2 mag. The
local density was then converted into a probability of spurious
detection due to chance alignment by conservatively assuming
that all our PIONIER and SAM observations are sensitive to
separations up to ρ = 0.′′2:

Pspur = Nobj ×
(ρ

r

)2
. (8)

We found that Pspur is always smaller than 0.001%. Conse-
quently, our interferometric survey is virtually free from spuri-
ous detections. All the companions detected by PIONIER and
SAM are very likely to be physically related to their central
object.

We performed a similar test for the companions detected in
the NACO FOV, but using the actual magnitude difference to
retrieve Nobj from the 2MASS catalog as well as the measured
projected separation ρ in Equation (8). Results are presented in
Figure 8 and listed in Table 6.

All companions with ρ < 1′′, 2′′, and 5′′ have a probability
1−Pspur of physical connection better than 99%, 90%, and 50%,
respectively. At large separations, only the brightest companions
are likely physically connected to their central object while
at closest separations (ρ < 1′′), all companions are likely
bound. This is in line with the conclusions reached by Maı́z
Apellániz (2010) and Sana et al. (2010) for AstraLux and MAD
observations, respectively.

4.2. The smash+ Observational Window

Most of the objects in our sample have been previously
observed by various high-resolution imaging campaigns. We
compiled the astrometric results of Mason et al. (1998, 2009),
Nelan et al. (2004), Turner et al. (2008), Tokovinin et al. (2010),
and Maı́z Apellániz (2010) together with the spectroscopic

binary (SB) status from the GOSC-v3 (Maı́z Apellániz et al.
2013) in a single database in order to obtain the most complete
view of the multiplicity properties of our sample stars. The
astrometric data and naming conventions were cross checked
against those of the Washington Double Star catalog (WDS;
Mason et al. 2001). The SB status from the GOSC-v3 was further
complemented by results of various published spectroscopic
surveys (Sana et al. 2008a, 2009, 2011a, 2012a; Chini et al.
2012), by early results from the spectroscopic survey of Galactic
O and WN stars (OWN; Barbá et al. 2010) described in Sota
et al. (2014), and by individual papers on various objects (see
individual notes in Appendices A and B). Regarding the results
of Chini et al. (2012), we only accepted SB status for V–III class
stars. Radial velocity measurements of II–I stars may indeed
be affected by atmospheric variability and, unless an orbital
period was available for these objects, we conservatively ignore
a potential spectroscopic companion.

In Figure 9, we compare the cumulative number distribution
of companion separations before and after smash+. As expected,
our survey is the first to resolve a significant number of systems
with separations smaller than 50 mas (only two companions
were known out of 52 detected now). Moreover, smash+
contributes to the companionship census at larger separations.
In total, our survey has increased the number of resolved
companions within 100 mas roughly by a factor of 17 (from
4 to 66) and within 8′′ roughly by a factor of 4 (from 64 to 260).

Figure 9 also shows two clear trends, although the physical
interpretation remains unclear. First, there is an apparent con-
centration of companions at separations of 30–50 mas, which
corresponds to the transition between the PIONIER and the
SAM samples. The larger sample and the higher sensitivity of
the SAM observations seems to only account for about half
the increase in the cumulative number density, while the other
half seems to be genuine (Figure 10); however, an appropriate
correction for observational biases is needed for confirmation.
Second, the companion distribution function increases linearly
with the logarithm of the separation above 50–60 mas, but this
increase is almost entirely due to relatively faint companions
(ΔH > 5). At closer separations, these faint companions are
below the detection threshold of all the previous surveys, in-
cluding smash+. It is thus not possible to provide observational
constraints as to whether such faint companions exist at smaller
separations.

4.3. Multiplicity Fraction and Number of Companions

Here we derive the observed (uncorrected) multiplicity and
companion fractions (Sections 4.3.2 and 4.3.3) obtained in our
survey. We start by defining these quantities as some confusion
has arisen in the literature on the use of these terms.

4.3.1. Definitions

The number of multiple systems Nm is the number of observed
central objects with at least one companion.

The fraction of multiple systems, or multiplicity fraction fm,
is the ratio of the number of multiple systems Nm to the sample
size N.

The number of companions Nc is the total number of
companions observed around a given sample of central objects.

The fraction of companions fc is the average number of
companions per central object, i.e., the ratio of the total number
of companions Nc to the sample size N.
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Figure 9. Cumulative number distributions of the companion separations in logarithmic (left panel) and linear (right panel) scales. Dash-dotted, dashed, and solid curves
indicate the considered samples: companions known before smash+, new companions detected in the course of smash+, and the combination of both, respectively.
Thick lines restrict companions to Δmag < 5, whereas thin dotted lines departing at ρ � 1′′ have no contrast selection.

(A color version of this figure is available in the online journal.)

Table 7
Multiplicity and Companion Fractions in our Main Sample (96 Stars)

Category Notation Luminosity Classes

V IV III II I V–I

Fraction of Multiple Systems (fm)

Unresolved E/SB f ES
m 0.57+0.10

−0.10 0.45+0.18
−0.18 0.48+0.10

−0.10 0.33+0.11
−0.11 0.48+0.10

−0.10 0.49+0.05
−0.05

1 < ρ < 200 mas f 1−200 mas
m 0.76+0.10

−0.10 0.55+0.18
−0.18 0.52+0.10

−0.10 0.33+0.11
−0.11 0.41+0.10

−0.10 0.53+0.05
−0.05

200 < ρ < 8000 mas f 0.2−8 as
m 0.52+0.10

−0.10 0.64+0.18
−0.18 0.62+0.10

−0.10 0.44+0.11
−0.11 0.52+0.10

−0.10 0.57+0.05
−0.05

Resolved +E/SB f RES
m 1.00+0.00

−0.05 0.91+0.09
−0.09 0.90+0.05

−0.05 0.67+0.11
−0.11 0.90+0.07

−0.07 0.91+0.03
−0.03

200 < ρ < 8000 masa f 0.2−8 as
m 0.49+0.12

−0.11 0.61+0.11
−0.16 0.61+0.11

−0.09 0.42+0.14
−0.20 0.49+0.09

−0.08 0.55+0.05
−0.05

Resolved +E/SBa f RES
m 1.00+0.00

−0.05 0.91+0.09
−0.09 0.90+0.05

−0.05 0.64+0.14
−0.20 0.88+0.05

−0.06 0.90+0.03
−0.03

Fraction of companions (fc)

Unresolved E/SB f ES
c 0.57+0.14

−0.19 0.55+0.18
−0.18 0.48+0.14

−0.14 0.44+0.22
−0.22 0.52+0.14

−0.14 0.52+0.07
−0.07

1 < ρ < 200 mas f 1−200 mas
c 0.76+0.19

−0.19 0.55+0.18
−0.18 0.57+0.14

−0.14 0.33+0.22
−0.22 0.41+0.10

−0.10 0.54+0.07
−0.07

200 < ρ < 8000 mas f 0.2−8 as
c 0.95+0.24

−0.19 1.55+0.36
−0.36 1.43+0.24

−0.29 0.78+0.33
−0.33 1.00+0.17

−0.17 1.19+0.11
−0.10

Resolved +E/SB f RES
c 2.29+0.33

−0.33 2.64+0.45
−0.45 2.48+0.33

−0.33 1.56+0.44
−0.44 1.93+0.24

−0.28 2.25+0.16
−0.16

200 < ρ < 8000 masa f 0.2−8 as
c 0.84+0.21

−0.18 1.31+0.33
−0.31 1.22+0.26

−0.26 0.52+0.26
−0.19 0.91+0.19

−0.19 1.00+0.10
−0.10

Resolved +E/SBa f RES
c 2.18+0.30

−0.32 2.40+0.42
−0.49 2.26+0.31

−0.31 1.30+0.37
−0.41 1.85+0.26

−0.26 2.06+0.15
−0.15

Note. a Statistically corrected for spurious detections due to chance alignment. Unresolved E/SB systems and systems with ρ < 200 mas are unaffected by
this correction.

These quantities will occasionally be restricted to sub-
categories, such as resolved (R) or unresolved eclipsing or spec-
troscopic (E/SB) systems, or to specific separation ranges.

The uncertainties on the multiplicity fractions follow bino-
mial statistics as described in Section 2.1. The uncertainties σfc

on the fraction of companions fc follow Poisson statistics and
can be estimated as

σfc
=

√
Nc/N. (9)

Note that Equation (1) (Equation (9)) only provides accurate
confidence intervals for fm significantly different than 0 or 1 (for
fc significantly different than 0). Because the values of fm and
fc that we derive do not always meet these criteria, we estimated

the 68% confidence intervals using Monte Carlo simulations that
take into account the realization probability and sample size of
each (sub)sample and allow for asymmetric boundaries. The
values of fm, fc, and their uncertainties are provided in Table 7.

4.3.2. Fraction of Multiple Systems

PIONIER resolved 42 stars with at least 1 companion closer
than 45 mas, hence 36% of the 117 stars observed with
PIONIER. SAM detects 23 companions in the range
45–250 mas, hence 14% of the 162 star SAM sample and 8 com-
panions (5% of the SAM sample) with separations in the range
30–45 mas, but too faint to be detected by PIONIER. In total,
40% of the total number of stars with either PIONIER or NACO
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Figure 10. Same as Figure 9, but restricted to the 96 targets from our main
sample that have been observed both with PIONIER and NACO.

(A color version of this figure is available in the online journal.)

observations have at least one resolved companion within
200 mas (Figure 11). The uncertainty on the parent multiplicity
fraction is 4%. There is a remarkable uniformity in the frac-
tion of multiple resolved systems at early- and mid-O spectral
sub-types as well as a function of their NIR brightness.

Restricting ourselves to the 96 stars of our main sample that
have been observed both by PIONIER and SAM, the fraction of
multiple systems resolved by PIONIER (at ρ < 45 mas) and by
NACO/SAM (either at ρ > 45 mas or too faint to be detected by
PIONIER) rises to f

pio
m = 0.39 and f sam

m = 0.17, respectively.
In total, f 1−200 mas

m = 0.53 of our main sample has at least one
detected companion in the 1–200 mas range. The uncertainty
on the observable parent multiplicity fraction is 0.05.

Accounting for the resolved systems20 (R; 51 systems) and
for the known eclipsing (E) or spectroscopic (S) binaries (47
systems), we now obtain a total of 87 systems with at least
1 companion within 8′′. The fraction of multiple systems is
thus f RES

c = 0.91% ± 0.03%. Figures 12 and 13 show the
cumulative fraction of multiples fm as a function of the angular
separation ρ. The fm(ρ) curve is plotted for different minimum
multiplicity degrees, from at least one companion (double
systems) to at least four companions (quintuple systems).
Including the spectroscopic companions, about one-quarter of
our sample contains three or more stars within 250 mas and are
hierarchical triple (or higher multiplicity) systems.

The total fraction of multiple systems f RES
m that we compute

is dominated by close companions (either unresolved E/SB
or resolved with separations ρ < 250 mas). Hence they are
unaffected by spurious detections due to chance alignment.

4.3.3. Fraction of Companions

The number of resolved companions per central object
varies from 0 to 6 (Figure 11). However, most of the systems
with more than one resolved companion have their additional
companion(s) found outside a 250 mas radius. This may reflect
a limitation of our snapshot approach as the sparse uv coverage
and the modeling approach described in Section 3 may not

20 In the following, we only considered resolved companion in the separation
range 1–8000 mas, thus f R

m = f 1−8000 mas
m .

Figure 11. Histogram of the number of companions per target for the full
separation range and for separations below 200 mas. All companions account
for resolved companions within 8′′ as well as for known spectroscopic and
eclipsing companions.

(A color version of this figure is available in the online journal.)

Figure 12. Cumulative fraction of multiple systems (solid line) and average
fraction of companions per star (dash-dotted lines) for increasing angular
separations. The upper curves account for the spectroscopic and eclipsing
companions whereas the bottom ones do not. Shaded gray areas indicate the
statistical contribution of spurious detections due to chance alignment.

(A color version of this figure is available in the online journal.)

easily allow the detection of more than one companion (although
see the case of HD 93160). Alternatively, it may reflect a
stability criterion for hierarchical systems. Dynamical stability
of a triple system indeed requires that the inner binary and
outer companion have semi-major axes that are different by
a factor of at least three to five depending on mass ratio and
eccentricity (e.g., Tokovinin 2004; Valtonen & Karttunen 2006).
This possibly restricts the range of systems hosting more than
one companion in the 1–250 mas range.

Limiting ourselves to the main sample and to companions
with ΔH < 5 and excluding (including) the spectroscopic or
eclipsing companions, the total number of resolved compan-
ions is 84 (134), yielding an average fraction of companions
f R

c (ΔH < 5) of 0.9 (f RES
c (ΔH < 5) = 1.4) within an 8′′ radius.

Lifting the ΔH criterion, the fraction of resolved (resolved and
E/SB) companions rises to f R

c = 1.7 (f RES
c = 2.3).
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Figure 13. Cumulative fraction of multiple systems for a minimum number of
companions of 1–4. The top panel includes the unresolved spectroscopic and
eclipsing companions whereas the bottom panel does not.

(A color version of this figure is available in the online journal.)

After statistical correction for spurious detections due to
chance alignment, the averaged fraction of resolved companions
is f R

c = 1.5. Including the unresolved E/SB companions, the
fraction becomes f RES

c = 2.1 (Table 7). This value is larger than
the value of 1.5 obtained by Preibisch et al. (1999) for a sample
of 14 stars in the Orion Nebula cluster. Both values, however,
agree within errors when restricting Preibisch et al. results to
the only four O-type objects in their sample. Furthermore, our
fraction of companion is larger than the bias-corrected value of
1.35 obtained for B-type stars in the Sco-Cen OB association
(Rizzuto et al. 2013), suggesting again that the fraction of
companion increases with spectral type, hence with stellar mass.

4.4. Luminosity Classes

Figure 14 and Table 7 present the fraction of resolved systems
for the different luminosity classes (LCs). As for the overall
sample, the overall multiplicity fractions f RES

m of the individual
luminosity classes reach their maximum value before 200 mas
(Figure 15). These multiplicity fractions are thus dominated by
close companions and are unaffected by spurious detections.

While the statistical accuracy is more limited due to the
smaller sample sizes (Figure 1), the fraction of resolved sys-
tems with companions within 200 mas seems smaller among
supergiants than among dwarfs. We hardly identify any trends
with spectral type. Inspection of the cumulative distribution of
the angular separations for different LCs (Figure 16) confirms
the larger fraction and the smaller separations of the companions
observed for dwarfs: half of our dwarf sample has a resolved
companion within 20 mas and 76% within 100 mas. Equivalent

Figure 14. Fraction of multiple systems as a function of their H-band magnitude
(top panel), of their spectral sub-type (middle panel), and of their luminosity
class (bottom panel).

(A color version of this figure is available in the online journal.)

fractions for giants and supergiants are about 33% and 17% and
about 43% and 41%, respectively, suggesting a smooth tran-
sition from LCs V to I. This conclusion is left unaffected by
the inclusion of the spectroscopic companions. A similar trend
is observed in the averaged fraction of companions which de-
creases from f RES

c = 2.3 ± 0.3 to 1.9 ± 0.3 for LCs V to I.
The decreasing multiplicity and companion fractions from

LCs V to I may indicate that companions are lost over time,
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Figure 15. Breakdown of Figure 12 for luminosity classes I, III, and V. The
curves include the unresolved E/SB companions.

(A color version of this figure is available in the online journal.)

either as a result of disrupting dynamical interactions or because
of binary evolution (coalescence). Alternatively, it may reflect
an observational bias. Giants and supergiants are intrinsically
brighter than dwarfs. This results in an increased contrast
between the central star and its companion(s), so that the fainter
ones may end up beyond our current contrast limits.

To check the possible impact of such an observational
bias on our results, we perform the following Monte Carlo

Figure 16. Breakdown of Figure 13 for luminosity classes I, III, and V. The
curves include the unresolved E/SB companions.

(A color version of this figure is available in the online journal.)

experiment. We randomly assign to the supergiants in our
sample a population of companions with properties drawn from
the dwarf sample (LC V) and we record the impact on the
f 1−200 mas

m and f 1−200 mas
c fractions accounting for our average

detection limits (Figure 7). We obtain that the multiplicity
fraction f 1−200 mas

m will, on average, drop from 0.76 to 0.52
and that the fraction of companions f 1−200 mas

c will, on average,
drop from 0.76 to 0.54. This is in good agreement with the
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trends observed in Table 7 and may account for an increase
of an additional 5% of the overall multiplicity fraction of
the entire sample (i.e., from f RES

m = 0.91 to 0.96 after such
bias correction). The observed differences in the multiplicity
properties of LC V and I stars are thus fully compatible with
the expected increased contrast between supergiants and their
nearby companions. This implies that there may not be any
significant difference in the multiplicity properties of different
luminosity classes for separations ρ � 1 mas.

5. DISCUSSION

5.1. Constraints on Formation

A detailed comparison with massive star formation theories
will follow in subsequent work, as it relies on the bias-corrected
data, and estimates of period and mass ratio distributions. Due
to distance uncertainties, we cannot yet provide estimates of
the physical separation for all companions. However, based
on the maximum distances of objects in the sample (3.5 kpc),
the angular separations of 1,200, and 8000 mas correspond to
maximum projected distances of 3.5, 700, and 28,000 AU. Our
results thus indicate that 49%, 82%, and 91% of our sample
have at least one companion at physical distance less than 3.5,
700, and 28,000 AU, respectively. All the dwarfs in our sample
have a companion within 105 AU. Even without bias correction,
it is clear from the 100% companion fraction of the dwarfs that
massive stars (almost) universally form in binaries or higher
order multiples. Moreover, as we describe below, the abundance
of dwarf companions found at <100 AU is compatible with disk
fragmentation as a binary formation channel.

Multiplicity is a natural consequence of the high infall rates
that are predicted by the theories of massive star formation
(McKee & Tan 2003; Bonnell et al. 2004). High infall rates
can lead to massive, gravitationally unstable disks, which in
turn fragment to produce one or more bound objects that
typically grow to stellar masses (Kratter & Matzner 2006;
Krumholz et al. 2007; Kratter et al. 2010). The separation of
these companions should be comparable to disk sizes, which
are typically hundreds of astronomical units. The high accretion
rates, which promote binary formation in disks, are consistent
with those observed (Klaassen et al. 2012), and those seen
in high-resolution radiation hydrodynamic models (Krumholz
et al. 2012). Massive turbulent cores may also fragment on sub-
parsec scales early in the collapse phase (McKee & Tan 2003).
This prompt fragmentation might be responsible for the wider
binaries. Dynamical interactions are also invoked to explain
binaries at a range of separations. For recent, broader reviews
of theories of massive star formation, see Zinnecker & Yorke
(2007) and Tan et al. (2014).

5.2. Runaway Stars

The GOSC-v2 catalog flags 13 of our targets as runaway stars
(12 in the main sample and 1 in the supplement). The bulk of
the runaway sample is formed by supergiants (7) and bright
giants (2). Only six runaway objects have both PIONIER and
SAM observations. Five are missing SAM observations and two
could not be observed with PIONIER. Interestingly, none of the
runaway stars have companions resolved by PIONIER or SAM.
Only two of them (HD 156212 and HD 163758) have faint and
rather distant companions (Tokovinin et al. 2010; ΔH > 7,
ρ = 1.7–7.′′4), all of them with a significant spurious detection
probability: 0.28 and 0.69 for the two companions of HD 156212
and 0.07 for HD 163758). Correcting for the spurious detection

probability, this leaves us with a multiplicity fraction in the range
1–8000 mas of f R

m = 0.16 ± 0.08 only, i.e., significantly lower
than the fraction of 0.75 ± 0.04 for the main sample. While
our observations are not fully sampling the separation range,
the differences are large enough to conclude that wide multiple
systems are likely to be disrupted during the event creating the
runaway star.

5.3. The Interferometric Gap

Eighteen long-period spectroscopic binaries have been spa-
tially resolved in the course of smash+ and are discussed sep-
arately in Appendix A.2. This data provides an opportunity to
obtain three-dimensional orbits upon continuation of interfer-
ometric monitoring with the VLTI. Importantly, PIONIER has
straightforwardly resolved every single of the known spectro-
scopic binaries with orbital period (Porb) longer than 150 days.
This clearly demonstrates that the gap between the period/
separation distributions of spectroscopic binaries and visual/
astrometric binaries described in Mason et al. (1998) has now
been bridged for distances typical of our sample. This opens
up the study of multiplicity properties across the continuous
range of separations from several stellar radii to thousands of
astronomical units, including the shape of the period and mass-
ratio distributions within the interferometric gap. The next chal-
lenge will be to push the detection limits, both for spectro-
scopic and visual pairs, in order to probe the regime of faint,
lower-mass companions, i.e., those with a larger magnitude
difference.

5.4. Non-thermal Radio Emitters

Non-thermal radio emitters display an excess emission com-
pared to the expected power law (Sν ∝ να) that describes the tail
of their thermal spectral energy distribution in the radio domain.
In practice, O stars are reported as non-thermal radio emitters
when their spectral index α is smaller than 0.6, which is the
value expected for homogeneous winds with a β-type velocity
stratification (for a review, see De Becker 2007).

This non-thermal radio emission is believed to be synchrotron
radiation generated by relativistic electrons in the presence
of a magnetic field. The mechanism requires the presence of
strong hydrodynamic shocks, in the vicinity of which electrons
are accelerated to relativistic velocities through the Fermi
mechanism. Furthermore, the synchrotron emission needs to be
produced outside of the radiosphere of the star to be observable,
or otherwise it would be re-absorbed by the wind material. This
implies distances of tens to hundreds of stellar radii from the
star, depending on the considered radio frequency.

One straightforward scenario to generate such strong shocks
at large distances from the star involves the collision of the stellar
winds of two massive stars in a sufficiently wide binary system.
Indeed, many non-thermal radio emitters are spectroscopic
binary systems with periods of tens of days to several years.
However, for several non-thermal radio emitters, spectroscopic
monitoring has failed to established their binary nature (e.g.,
Rauw et al. 2009), raising questions on the universality of the
wind-wind collision scenario (van Loo et al. 2006).

De Becker (2007) listed 16 O-type non-thermal radio emit-
ters, 9 of which have been observed by smash+. Remarkably,
all of them have been resolved into pairs of bright stars, with
separations between 1.5 and 100 mas and magnitude difference
ΔH < 1.5. In particular, the binary status of HD 168112 and
CPD−47◦2963 (≡ CD−47◦4551) was previously unknown.
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The maximum observed magnitude difference between the
components of the resolved non-thermal radio emitters corre-
sponds to a flux ratio of 1:4 at most, indicating that the compan-
ions have masses that are similar within a factor of two. This
is in agreement with the assumption that two massive stars are
needed to produce a strong wind-wind collision. The fact that
we resolve all non-thermal radio emitters in our target lists, in-
cluding two previously unidentified pairs, is an important piece
of evidence in favor of the universality of the colliding wind
mechanism to produce observable non-thermal radio emission.

6. CONCLUSIONS

We introduce the smash+ survey, a long baseline and aperture
masking interferometric survey designed to probe the visual
multiplicity of southern massive stars down to separations of
about 1 mas. One-hundred and seventeen O stars were observed
with the PIONIER four-beam combiner at the VLTI, and 162
O stars where observed with the SAM mode of VLT/NACO.
The sample selection is based on the GOSC-v2 applying both
a declination selection (δ < 0◦) and a NIR magnitude cut-
off (H < 7.5). All in all, we resolved 260 companions with
separations covering almost 4 orders of magnitude: from about
1 mas to 8′′. Below, we summarize our main results.

1. The smash+ survey has increased the number of resolved
companions within 100 mas by a factor 17 (from 4 to 66)
and within 8′′ by a factor 4 (from 64 to 260).

2. None of the companions detected at angular separations
below 1′′ can be explained by foreground/background
targets or by chance alignment in a cluster environment.
Such close companions are thus expected to be physically
linked to their central object.

3. For the 96 targets in our main sample that have both been
observed with PIONIER and NACO/SAM, i.e., that have
complete observational coverage of the angular separation
range, 53% have at least 1 resolved companion within
200 mas. This fraction increases to 76% when extending
the search radius to 8′′ and to 91% when including the
unresolved spectroscopic and eclipsing companions.

4. Including both resolved and unresolved spectroscopic or
eclipsing companions, all the dwarfs in our sample have
a ΔH < 5 companion within 30 mas. About one-third
of them have a third companion within 200 mas and are
hierarchical triples.

5. The measured fraction of resolved multiple systems is
lower for supergiants than for dwarfs. While detailed
considerations of observational biases are needed to reach
firm conclusions, initial computations suggest that the
observed trend is fully compatible with the larger contrast
expected between supergiants and their companions (as a
result of the larger brightness of supergiants) and that there
may not be any difference between the intrinsic multiplicity
properties of dwarfs and supergiants at ρ > 1 mas.

6. We resolved 17 known spectroscopic binaries, many of
them for the first time. In particular, we resolved every
single SB system with a (known) orbital period larger than
150 days.

7. None of the 13 stars in our runaway sample have a resolved
companion in the 1–200 mas separation range. Only one
has a possible physical companion at ρ = 1.′′7. Although
we only have complete coverage of the 1–8000 mas range
for six systems, the fraction of multiple systems with a

resolved companion is significantly lower than that of the
rest of the sample.

8. Of the 16 known O-type non-thermal radio emitters, 9 were
observed by smash+. All of them were resolved into a bright
pair with separations in the range of 1 to 100 mas and
with a magnitude difference ΔH < 1.5 (hence a likely
mass ratio of 1:2 at most). Our results strongly support
the colliding wind scenario in wide binary systems as a
universal explanation of the origin of the non-thermal radio
emission of massive O-type stars.

As demonstrated by the observational results of the smash+
survey, the combination of long baseline interferometry and
aperture masking techniques allow us to close the existing gap
between spectroscopic and visual companions (the so-called
interferometric gap). We can now explore the full separation
range of massive O-type binaries, which will be of great
value for many aspects of massive stars and binary physics
including absolute mass determination, binary formation, and
stellar evolution.
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APPENDIX A

NOTE ON INDIVIDUAL OBJECTS
FROM OUR MAIN SAMPLE

This appendix discusses the individual detections for objects
in our main target list (Table 1). It provides background in-
formation on each target, including companion identification,
cross-correlation with previous results, and adopted naming
convention. The nomenclature for multiple systems carries a
significant historical weight; in this work, we follow the guide-
lines outlined in Hartkopf & Mason (2004). Figures 17–20 pro-
vide finding charts for objects with more than three companions
detected in the NACO FOV.

A.1. Newly Resolved Targets

HD 76341. We resolved a ΔH = 3.7 companion (A,B)
at ρ = 169 mas with NACO/SAM, in agreement with
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Figure 17. NACO images of the surroundings of HD 93129, HD 93206, HD 114737, and HD 114886. Dotted lines are separated by 1′′. Dashed circles have radii of
0.′′5, 1′′, 2′′, 4′′, and 8′′. Companions are identified by a letter and their position in the field is marked by a cross-hair (+).

(A color version of this figure is available in the online journal.)

pre-publication results of Aldoretta et al. mentioned in Sota et al.
(2014). The latter authors noted that the spectrum of HD 76341
is variable, making it a possible hierarchical triple system.

HD 76556. PIONIER resolves a new pair (A,B) with ρ =
2.5 mas and with ΔH = 3.1. No companion was mentioned
at ρ > 30 mas by Mason et al. (2009), as confirmed by our
NACO data. The SB1? status reported by Crampton (1972)
was not confirmed by Williams et al. (2011). Chini et al. (2012)
listed HD 76556 as SB2, but no period has been published so far.
Adopting the same distance as that of HD 76341 given that both
stars are members of the Vel OB1 association yields a projected
separation of 2.3 AU. The resolved interferometric companion
may be the spectroscopic companion if the spectroscopic period
is typically larger than 6 months. This is a typical example where
spatially resolved observations unveil a binary much faster than
radial velocity (RV) monitoring.

CPD−47◦2963. We resolve it as a new pair (A,B) with
ΔH = 1.4. The separation is ρ = 1.5 and 4.1 mas on our two
PIONIER observations separated by 5.6 months, thus indicating
a clear orbital motion. No companion at ρ > 30 mas is reported
in Mason et al. (2009), but we detect one (A,C) at 5.′′2 with a
magnitude difference of almost 7 in the H band. CPD−47◦2963
has been reported as RV stable in Denoyelle (1987), but as SB1
with an OWN pre-publication period of 59 days (Sota et al.
2014), likely a different companion than the one detected by

PIONIER. Wind-wind collision in a binary system has been
proposed to explain the non-thermal X-ray emission (Benaglia
et al. 2001), a scenario that is clearly confirmed here. Hubrig
et al. (2011) claimed detection of a magnetic field.

HD 92206 A and B. Our NACO/SAM observations were
centered on HD 92206 A. We resolve a new companion at ρ =
33 mas (Aa,Ab), though with large uncertainties. With ΔH ≈ 4,
the new companion is unfortunately too faint for PIONIER. It
is unclear whether this newly resolved pair corresponds to the
OWN pre-publication SB reported in Sota et al. (2014). If it
does, the orbital period is likely of the order of five years at
least. We further identified a third faint companion (ΔH = 5.1)
within 1′′ of HD 92206 Aa (Aa,Ac; ρ = 0.′′85). HD 92206 B,
at 5.′′3 from HD 92206 A, is within the FOV of our NACO Ks
band observations, but too close to the detector edge to perform
a reliable interferometric analysis of its NACO/SAM data.

HD 93130 ≡ V661 Car. Observed once with PIONIER and
once with NACO/SAM, we resolve it as a new pair (Aa,Ab)
with ρ = 19.8 mas. The pair is poorly constrained by SAM
as the separation is smaller than SAM’s IWA. Most likely,
the detected pair does not correspond to the eclipsing binary
with Porb = 23.9 day reported by Otero (2006) given the
≈2.6 kpc distance to the Cr228/Tr16 complex. No companion at
ρ > 30 mas was reported by Mason et al. (2009), as confirmed
by our NACO observations.
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HD 93160. At 12.′′6 from HD 93161, HD 93160 is listed as
HD 93161 C in Mason et al. (1998). Previously considered to
show constant RV, HD 93160 was reported as SB1 by Chini et al.
(2012). PIONIER resolves a close companion at ρ = 6.5 mas
(Ca,Cb). Without knowledge of the spectroscopic period, one
cannot decide whether the newly resolved pair corresponds to
the spectroscopic companion. No companion was reported at
ρ > 30 mas (Mason et al. 2009), but SAM detects at putative
pair with ρ = 30 ± 14 mas. The very different position angle
and magnitude difference of the SAM pair (Ca,Cc) compared
to the PIONIER one, plus the fact that SAM is essentially blind
to separations <24 mas (Section 3) argued in favor of a third
companion. We attempted to fit the PIONIER data using a triple
model rather than a binary, and using the SAM measurements
as a guess-solution for the third body of the system. The
fit converged nicely, yielding χ2 = 0.98, significantly better
than the binary model. While further observations are certainly
desirable to confirm the reality of this tight triple system,
we adopt the three-body solution in Table 5. Another two
companions are seen at separations of 0.8 (Ca,Cd) and 3.′′7,
the latter possibly corresponding to the 3.′′3 pair (C,D) reported
by Mason et al. (1998).

HD 93206 ≡ QZ Car. It is a complex multiple system
(Figure 17). Two distant visual companions are known at
7.′′3 (A,B) and 8.′′8 (A,C) (Mason et al. 1998) and a 1′′
separation companion (Aa,Ab) has been detected by Hipparcos
and confirmed by Tokovinin et al. (2010). All three visual
companions are clearly seen in our NACO image. The central
object, HD 93206 Aa, is itself a quadruple system composed
of a pair of spectroscopic binaries: Aa1,Aa2 (O9.7 I + B2 V,
Porb = 20.7 days) and Aa3,Aa4 (O8 III + O9 V, Porb = 6.0 days
and eclipsing, Mayer et al. 2001). We resolve the two binaries
Aa12 and Aa34 for the first time with ρ = 26 mas and
ΔH = 0.4.

HD 93222. Considered as RV stable (Levato et al. 1990),
we detect two previously unreported companions at separations
of 10 mas (A,B) and 3.′′8 (A,C) with PIONIER and NACO,
respectively. The inner pair has similar brightness components
with ΔH = 0.28 ± 0.25.

HD 93250. Our observation represents the third epoch of the
long-period binary (A,B) discussed in Sana et al. (2011b). With
ρ = 1.5 ± 0.1 mas in our 2013 observations, HD 93250 is one
of the tightest resolved binaries in our sample and a non-thermal
radio emitter. No companions were detected at ρ > 30 mas by
Mason et al. (2009), as confirmed by our NACO observations.

HD 93403. This system is an SB2 binary with a 15.1 day
period (Rauw et al. 2000, 2002). NACO/SAM resolves a new
quite faint companion (A,B) at 211 mas (ΔH = 4.2). PIONIER
could not resolved the inner SB2 binary or any other tight
companions.

HD 93632. Reported as RV stable (Levato et al. 1990), we
detect a new companion at ρ = 25 mas and with ΔH = 2.69.
No companion at ρ > 30 mas was found by Mason et al. (2009)
or by our NACO-FOV data.

HDE 303492. This object is the O8.5 Iaf spectroscopic
standard. No close companion was detected by either PIONIER
or SAM. We, however, report a new faint companion at 6.′′5
(A,B). The SB2 status reported by Chini et al. (2012) may
rather trace intrinsic variability due to the strong winds of this
Iaf supergiant (similar to the case of ζ Pup).

HD 96670. A new companion at ρ = 30 mas is detected
both by PIONIER and NACO/SAM. It can hardly be the
SB1 companion (Porb = 5.5 days, a1 sin i = 6.2 R�, aapp <

0.1 mas) from Stickland & Lloyd (2001). We labeled the new
pair A,B. No other companion at ρ > 30 mas was seen by
Mason et al. (2009), as confirmed by our NACO image.

HD 97253. PIONIER reveals a new companion at ρ =
11 mas and with ΔH = 2 (A,B). No companion was detected
by SAM in the 30–200 mas range, but an additional faint and
distant companion is seen in the NACO FOV at 3.′′4 (A,B). The
central object was reported as a possible SB1 by Thackeray
et al. (1973), and again as SB1 by Chini et al. (2012). Without
more information on the spectroscopic period, one cannot decide
whether the spectroscopic and the PIONIER companions are
identical. Given the separation, and the magnitude difference, it
is, however, a plausible option.

HD 101131. This system is a known O+O SB2 binary (Gies
et al. 2002; Porb ≈ 9.7 days). NACO/SAM data reveal an
additional component at 61 mas with a ΔH of about 1 mag (A,B).
Given the distance to the IC 2944 cluster (Sana et al. 2011a),
it is not the spectroscopic companion, making HD 101131 a
hierarchical triple system.

HD 101545 A and B. HD 101545 A, B is a 2.′′6 pair. Both
components are RV stable (Sana et al. 2011a). Only component
A is an O star while component B is classified as B0.2 (Sota et al.
2014). We resolve HD 101545 A as a close pair (Aa,Ab) with
ρ = 2.6 mas and ΔH = 0.2. Given the brightness difference
and the fact that the combined spectrum is an O9.2 II star, both
Aa and Ab are likely late O stars.

HD 114737 A and B. We resolve this previously reported
190 mas pair (A,B) with NACO/SAM (Figure 17). Sota et al.
(2014) report pre-publication OWN results indicating a 12.4 day
SB1 system. We further detect an additional four companions in
the NACO FOV, with separations of 3.′′4, 5.′′6, 6.′′9, and 7.′′5. We
labeled the new pairs, ordered by increasing separations, A,C
to A,F.

HD 115455. NACO/SAM resolved it into two similar
brightness components separated by 48 mas (A,B). This new
pair cannot be the 15.1 day binary reported by Sota et al.
(2014; OWN). HD 114455 is therefore at least a hierarchical
triple system. Unfortunately, the target was not observed with
PIONIER.

HD 117856. This object is a 27.6 day spectroscopic binary
(OWN; Sota et al. 2014). We did not observe it with PIONIER,
but we detect two additional companions with NACO/SAM,
at separations of 1.′′6 (A,B) and 7.′′5 (A,C). The first one was
already reported by Mason et al. (1998).

HD 120678. We detect no companion in the 30–200 mas
range with SAM, but we clearly detect three faint compan-
ions at 0.′′8, 4.′′5, and 6.′′5 in the NACO FOV that we la-
beled B–D respectively. This object was not observed with
PIONIER.

HD 124314 A and B. Both components are O stars, separated
by about 2.′′7. Only the A component is brighter than our
magnitude cut-off for PIONIER. It is marginally resolved, with a
best fit formally for a ρ = 1.5 mas pair (Aa,Ab). This detection
possibly corresponds to the newly reported SB2 system (OWN,
Sota et al. 2014). We resolve the B component itself as a
multiple system. The Ba,Bb separation of ρ = 209 ± 1.5 mas,
θ = 64.5 ± 2.◦3, ΔH = 3.40 ± 0.22, and ΔKs = 2.70 ± 0.12
is in agreement with the findings of Tokovinin et al. (2010).
We further detect another faint object in the field at 2.′′46 from
component A, which we labeled HD 124314 C.

HD 125206. We resolve three companions with separations
of 40 mas, 1.′′2, and 6.′′9 that we labeled B–D, respectively.
Given the lack of information, one cannot decide whether the
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40 mas companion is also the SB2 system reported from the
pre-publication OWN results (Sota et al. 2014).

HD 148937. This object is one of the few prototypical
Galactic member of the Of?p class (together with θ1 Ori C,
a long-period binary seen almost pole-on, too). This magnetic
O star is resolved by PIONIER as an equal brightness pair
(Aa,Ab) with ρ = 20.3 mas. Adopting a parallax π =
2.35 ± 0.79 mas (van Leeuwen 2007), it would correspond
to a projected physical separation of 40 AU. However, the
relative error on the Hipparcos parallax is large and the distance
would need further confirmation. While the object is flagged
as SB in Simbad, a spectroscopic study by Nazé et al. (2008,
2010) reported no evidence for binarity. The magnetic field and
spectral variability with a 7.03 day period (Wade et al. 2012)
constrain the rotation inclination to be i < 30◦. The authors
do not discuss binarity. We further detect a faint (ΔH = 5.4)
companion at 3.′′3 that may correspond to the 2.′′9 B companion
reported by Mason et al. (1998) if the latter is a high proper
motion (possibly foreground) object.

μ Nor ≡ HD 149038. We detect two faint companions in
the field of view with separations of 1.′′5 (A,B) and 6.′′2 (A,C).
PIONIER observations are inconclusive as already discussed in
the main text.

HD 149404. This object is a 9.81 day SB2 system (Rauw
et al. 2001). We detect a previously unreported, distant, and
faint companion (A,B) in the NACO FOV with a separation of
6.′′8 (ΔKs = 7.2).

HD 149452. We report the detection of a 2.′′7 ΔKs = 4.4
companion to this otherwise isolated O star. The companion is
undetected in the H-band image indicating a strongly reddened,
possibly background, object.

HD 150958 A and B. Our NACO/SAM data confirm the
previously resolved 0.′′3 A,B pair (Mason et al. 1998, 2009).
We further detect a much fainter (ΔH = 6.8) companion
at 6.′′6. We called the latter pair A,E owing to the fact that
companions C and D are already attributed to stars outside
our FOV.

HD 151018. We detect two rather faint (ΔKs = 4.6 and 6.2)
visual companions with separations of 2.′′1 (A,B) and 7.′′3 (A,C)
in the NACO FOV.

HD 152003. We detect a rather faint (ΔKs = 4.8) companion
(A,B) at about 40 mas with NACO/SAM, although the mea-
surements lack accuracy. The SAM companion is too faint and
is not detected in our PIONIER observations.

HD 152147. This object is just marginally resolved by
PIONIER using well-calibrated data. Our best fit is formally
obtained for ΔH = 2.8 and ρ = 0.77 mas but with large
uncertainties. The object is reported as SB1 by Williams et al.
(2013) with Porb = 13.8 days and a1 sin i = 3.6 R�, but Sota
et al. (2014) mentioned that OWN obtained a different orbital
period. We thus have to wait for the spectroscopic orbit to be
clarified before one can decide whether PIONIER resolved the
SB companion or whether HD 152247 is a triple system. Either
way, we label the resolved pair A,B.

HD 152219. This object is an eclipsing SB2 system with a
period of 4.2 days (Sana et al. 2006; Sana 2009). We resolve
a 83 mas companion with NACO/SAM and five other faint
companions in the NACO FOV (Figure 18), all of which are too
wide to be the spectroscopic companion. We label the new pairs
A,B to A,G by increasing separation.

HD 152218. It is a known SB2 system with a period of
5.8 days (Sana et al. 2008b). Our NACO-FOV data further reveal
an additional ΔKs = 3.8 companion at 4.′′3 (A,B).

CPD−41◦7733. It is a known SB2 system with a period of
5.7 days (Sana et al. 2007). We are lacking PIONIER data for this
system, but we resolved a third component (A,B) with NACO/
SAM at 43 mas, although the weather conditions limited the
accuracy of the measurements. A fourth companion (A,C) is
detected in the NACO FOV at a 1′′ separation.

HDE 326331. Reported as a broad-line fast rotator with line
profile variability by Sana et al. (2008a) and as SB2 in OWN,
we detected two visual companions at 1.′′1 (A,C) and 3.′′4 (A,D)
but we cannot confirm the 7.′′3 companion (A,B) reported by
Mason et al. (1998). It may lay outside our FOV.

HD 152405. It is an SB system with an orbital period of
25.5 days (OWN; Sota et al. 2014). While we are lacking
PIONIER measurements, NACO/SAM resolved a third com-
panion at 54 mas (A,B).

HD 152408. We detect two companions in the NACO FOV,
with separations of 3.′′8 (A,C) and 5.′′5 (A,B), the latter one being
already reported by Mason et al. (1998).

HD 152386. We detect a new companion (A,B) with ρ =
56 mas and ΔH = 3.3 using both PIONIER and NACO/
SAM. Faint (A,C) and bright (A,D) companions are further
detected in the NACO FOV at separations of 3.′′5 and 7.′′4,
respectively. Mason et al. (1998) reported a 0.′′55 companion,
but the detection remained unconfirmed in Mason et al. (2009).
None of our detected companions seems to match the 1998
tentative detection.

HD 152623. Mason et al. (1998) and Mason et al. (2009) both
reported a companion (A,B) at ρ = 238 mas but their listed
position angle differs by 180◦. Our NACO/SAM data confirm
that the correct θ value is 307◦. A closer, previously unresolved
companion (Aa,Ab) is found in the PIONIER data. The best fit
model of the PIONIER data is a binary with ρ = 28.24 mas and
θ = −75◦, plus a background contribution of bck = 0.15. This
background can be due to the 240 mas companion, especially
when accounting for the coupling losses due to its separation.
A third companion (A,C) in seen in the VLTI/IRIS FOV at
1.′′5. It is also detected in the NACO FOV with ΔH ≈ 3.5.
HD 152623 is reported as a 3.9 day SB1 system by Fullerton
(1990).

HD 153426. It is a 22.4 day period SB1 system according
to OWN. The SB pair, probably too tight, is not resolved by
PIONIER. Faint companions at 2.′′0 (A,B) and 3.′′4 (A,C) are
detected in the NACO FOV.

HD 154368. It is a 16.1 day period EB system (Mason et al.
1998). It has a ΔI = 6.3 companion at 2.′′8 (Mason et al. 1998;
Turner et al. 2008), but we do not detect it. We, however, report
a ΔKs = 5.9 companion at 6.′′7 and we label the new pair A,C.

HD 154643. This object is a 28.6 day period SB1 system
according to OWN. The SB pair is not resolved by PIONIER,
probably because it is too tight. A faint companion at 1.′′9 (A,B)
is detected in the NACO FOV.

V1075 SCO ≡ HD 155806. Resolved by PIONIER with
ρ = 24.8 mas (A,B), the star was reported to be single in
an RV study by Garmany et al. (1980). The star is, however,
reported as SB2 by Chini et al. (2012) but, given that no period
has been published so far, one cannot decide whether the in-
terferometric companion is the spectroscopic one. A faint com-
panion with a separation of 5.′′1 (A,C) is further detected in the
NACO FOV.

HD 156738. It is a tight pair (A,B) with a ρ = 50 mas
companion resolved both by PIONIER and NACO/SAM. RV
variability of 7 km s−1 is reported by Crampton (1972) but not
confirmed by Chini et al. (2012).
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Figure 18. Same as Figure 17 for HD 152219, HD 158186, HD 163800, HD 163892, HD 164492 and HD 165246.

(A color version of this figure is available in the online journal.)

V1081 SCO ≡ HD 158186. It is resolved as a close pair
(A,B) with ΔH = 2.1 and ρ = 26.8 mas with PIONIER
(Figure 18). The pair is also resolved by NACO/SAM, although
the measurements lack accuracy given the separation is below
SAM’s IWA. It is an Hipparcos eclipsing binary showing apsidal
motion (Otero 2005), most likely because of the third component
that we discovered. The object is reported as SB3 in OWN
and we postulate that our detection corresponds to the third
component. Three additional faint companions are detected
in the NACO FOV at separations of 1.′′8, 5.′′0, and 6.′′7. We

labeled the four discovered companions B–E by increasing
separation.

V1036 SCO ≡ HD 159176. This object is marginally resolved
on two PIONIER observations with minimum separation ρ >
0.9 mas on the first epoch and with ρ = 10 mas about
1 month later. Both detections have several possible minima
in the χ2 map and more observations are needed to better
characterize the system. The known SB2 has an equal mass
ratio, Porb = 3.36 days and a sin i = 14 R� (Stickland et al.
1993; Linder et al. 2007). Given a probable distance of around
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1.5 kpc (Linder et al. 2007), the expected separation of the
spectroscopic pair is smaller than 0.2 mas, so that we probably
detect a third fainter component. Mason et al. (1998) reported
four other companions at 0.′′27 (Aa,Ab), 0.′′74 (Aa,D; also known
as HDS2480Aa,Ac in the WDS) and 5.′′4 (A,B) and 13.′′3 (Aa,C;
outside our FOV). We clearly detect the pairs Aa,D and A,B
but not Aa,Ab. This is similar to an unpublished AstraLux NTT
result mentioned by Sota et al. (2014), suggesting that the Ab
companion may be a spurious detection (possibly due to the
10 mas pair, denoted Aa1–Aa2) or that it is too faint for both
AstraLux and NACO, thus implying Δmag > 5. We further
detected a faint companion (A,E) at 3.′′5.

HD 162978. NACO-FOV data reveal a new faint companion
(A,B) to this otherwise isolated O star.

HD 163800. Reported as SB1 by Chini et al. (2012), we detect
four faint companions (labeled B–E by increasing separation)
in the NACO FOV (Figure 18).

HD 163892. It is a 7.83 day period SB1 system (OWN; Sota
et al. 2014; Figure 18). Four faint companions (labeled B–E by
increasing separation) are detected in the NACO FOV.

HD 164492 A. With seven companions reported in the
WDS within 40′′, HD 164492 A is at the center of a wide
multiple system (Figure 18). Only components B and H are
within our FOV. We detected another two faint companions at
3.′′1 and 6.′′5 and we labeled the new pairs A,I and A,J. We
further resolved HD 164492 A into a ρ = 25 mas pair with
a rather faint companion (ΔH = 3.2). The newly resolved
pair, labeled Aa,Ab, is seen both by PIONIER and NACO/
SAM, although the latter measurements have limited accuracy
given the separation considered. The object was reported as RV
variable by Conti et al. (1977), but this has not been confirmed
by Chini et al. (2012).

HD 164816. A faint but clear companion separated by 57 mas
(A,B) is detected both with PIONIER and NACO/SAM. Our
detection is not the known SB2 system (Porb = 3.8 days,
a sin i = 16 R�), which is separated by 0.07 mas assuming
a distance to the object of 1 kpc (Trepl et al. 2012). Moreover,
the SB2 has nearly equal masses while the resolved pair has
ΔH = 3.4, pointing to quite different masses. The object
is also detected in X-rays. Trepl et al. (2012) identified a
soft X-ray excess and a 10 s pulsation of the X-ray source,
which they interpret as the signature of a neutron star in the
system. Our detection is probably an active later-type object,
which may provide an alternative explanation to the X-ray
excess.

HDE 313846. We detect three faint companions at separations
of 5.′′6 (θ = 21◦), 5.′′6 (θ = 186◦), and 7.′′8 in the NACO
FOV. These are labeled C–E owing to an already assigned B
companion at 35′′ (Figure 20).

HD 165246. We detect a third companion to this SB2
4.6 day period eclipsing binary system (Otero 2007; Mayer
et al. 2013) and label the resolved system Aa,Ab (Figure 18).
With ρ = 30 ± 16 mas, the precision of the NACO/SAM
measurements is low as expected for a pair at the IWA limit. We,
unfortunately, lack PIONIER observations that would provide
a more accurate determination of the separation. The A,B pair
reported by Mason et al. (1998) is clearly seen in the NACO
FOV, together with two additional faint companions at the edge
of our FOV.

HD 167633. We detect three previously unreported distant
companions at 5.′′1 (A,B), 5.′′5 (A,C), and 6.′′8 (A,D) in the
NACO FOV, but we lack PIONIER observations to investigate
the 1–30 mas regime (Figure 19). The objects was reported as

SB1? by Abt et al. (1972), a fact not confirmed by Chini et al.
(2012) who prefer an RV stable classification.

HD 167659. It is a known 17′′ pair (A,B), with the B
companion outside the NACO FOV (Figure 19). Both NACO/
SAM and PIONIER resolved the A component as a ρ =
50 mas pair (Aa,Ab) which probably corresponds to the 80 mas
pair reported by Mason et al. (1998) and detected through
occultation. The object may further be an SB1 (Gamen et al.
2008). Three additional, faint companions (labeled C–E by
increasing separation) are seen in our NACO FOV at angular
separations from 5.′′1 to 7.′′3.

BD−11◦4586. A ΔH = 4.3 companion (A,B) is detected at
7.′′2 in this otherwise isolated O star.

HD 168075. It is an SB2 binary with a 46 day period
(Figure 19; Sana et al. 2009; Barbá et al. 2010). We detect a
third companion at 44 mas with NACO/SAM and label the
new pair A,B. The measurement, however, lacks accuracy and
is possibly degenerate because we could only observe the target
in a single band. Three other fainter companions are seen in the
NACO FOV with separations of 2.′′7–5.′′8 and are labeled C–E.

BD−13◦4927. We detect four faint companions in the NACO
FOV with separations from 5.′′1 to 6.′′2 (Figure 20). They are
labeled B–E by increasing separation.

HD 168112. This object is a non-thermal radio emitter (De
Becker et al. 2004). PIONIER clearly resolved the object into
a tight pair (ρ = 3.3 mas) with almost equal brightness
companions (ΔH = 0.17 ± 0.19). Two faint and more distant
companions are further detected in the NACO FOV. We labeled
the three newly discovered companions B–D by increasing
separations.

HD 171589. While we did not acquire NACO/SAM data, we
clearly resolved the object with PIONIER as a ρ ≈ 1.5 mas pair
(A,B). No companion was reported at ρ > 30 mas by Mason
et al. (2009). The possible RV variability reported by Conti et al.
(1977) was not confirmed by Chini et al. (2012).

A.2. Resolved Spectroscopic Companions

HD 54662.We resolved for the first time the long-period SB2
spectroscopic binary (A,B) unveiled by Boyajian et al. (2007).
Mason et al. (2009) reported no companion at ρ > 30 mas as
confirmed by our SAM measurements.

HD 75759. It is marginally resolved with ρ ≈ 0.5 mas (A, B),
although with a large relative uncertainty given its angular
separation is smaller than the PIONIER IWA. Given the distance
of 947 pc (Sota et al. 2014), our detection probably corresponds
to the known SB2 (Porb = 33.1 days, (a1 + a2) sin i = 0.6 AU;
Thackeray 1966). No outer companion was known at ρ >
30 mas (Mason et al. 2009) as confirmed by our NACO data.

HD 123590. It has a ρ = 0.7 mas companion (A,B)
marginally resolved by PIONIER. We may have detected the
Porb = 60 days SB1 system reported by Gamen et al. (2008)
which has aapp = 0.4 mas assuming π = 0.5 mas and
M = 20 M� (Hohle et al. 2010). No outer companion at
ρ > 30 mas is detected in our NACO data.

δ Cir ≡ HD 135240. Penny et al. (2001) performed a
tomographic decomposition and found δ Cir to be a triple
system, with an eclipsing inner pair (Aa, Ab; Porb = 3.9 days,
a sin i = 11.44 R�, aapp < 0.1 mas) and an RV-stable third
component (Ac). Mayer et al. (2014) established the hierarchical
nature of the system, obtaining a 1644 days period for the
outer system. PIONIER clearly resolves the outer system as
a ρ = 3.78 mas pair. We did not detect the ΔV = 7.8 B
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Figure 19. Same as Figure 17 for HD 167263, HD 167264, HD 167633, HD 167659, HD 168075 and HD 168076.

(A color version of this figure is available in the online journal.)

companion of Mason et al. (1998) in the NACO FOV, but it may
be just below our detection limit.

HD 150135. PIONIER marginally resolves the Aa, Ab pair
ρ = 0.95 mas. It probably corresponds to the Porb = 183 days
SB2 reported by Gamen et al. (2008), assuming π = 0.5 mas
and M = 20 M� (Hohle et al. 2010). We also report on the
detection of a fainter companion at 4.′′3 (A,B).

HD 150136. This is a hierarchical triple system known from
spectroscopy (Mahy et al. 2012). The outer pair ((Aa+Ab)+Ac)
was resolved for the first time in the course of this survey.
The two first observations have been discussed by Sana et al.

(2013b). We report here the observation of a third epoch at
ρ = 6.9 mas. Other distant companions with separations from
1.′′6 to 20′′ were further reported in Mason et al. (1998). We
clearly detect the 1.′′6 pair (A, B) in the NACO FOV but the
other companions (C–F) are outside our field of investigation.

HD 151003. This SB2 system (A,B) is resolved by PIONIER
with ρ = 1.85 mas and ΔH = 1.1. The object was reported
as RV variable by Conti et al. (1977) and pre-publication
OWN results indicate a 199 day orbital period, which probably
matches the resolved pair. A 4′′ faint companion (A,C) is further
detected in the NACO FOV.
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Figure 20. Same as Figure 17 for HDE 313846, HDE 319718, HDE 322417 and BD−13◦4927.

(A color version of this figure is available in the online journal.)

HD 152233. Reported as HD 152234 F in Mason et al.
(1998), we resolved for the first time this long-period SB2 binary
discussed in Sana et al. (2008a, 2012a). We label the resolved
pair Fa,Fb.

HD 152246. It is a long period 470 day hierarchical triple
system (Chini et al. 2012) that PIONIER resolves with a
separation of 3 mas (Aa, Ab). A combined spectroscopic and
interferometric solution is presented in Nasseri et al. (2014). We
further detected a faint 3.′′7 companion (A,B) in the NACO FOV.

HD 152247. We resolve for the first time the long-period SB2
binary (Aa,Ab) discussed in Sana et al. (2012a). Faint (ΔKs > 6)
companions at 3.′′1 (A,B) and 5.′′2 (A,C) are also detected in the
NACO FOV.

HD 152314. We resolve for the first time the 3700 day period
SB2 binary discussed in Sana et al. (2008a, 2012a) and label it
Aa,Ab in this work. Two additional companions are detected in
the NACO FOV with separations of 3.′′2 (A,B) and 3.′′5 (A,B),
respectively

HDE 322417. (Figure 20) It is a 223 days, long-period
SB1 system unveiled by OWN. PIONIER observations reveal
a marginal detection (2.5σ ) whose best fit corresponds to

ΔH = 4.3 ± 1.8 and ρ ≈ 1.5 mas (Aa,Ab). Both the
large flux difference and the tight separation are compatible
with the properties of the spectroscopic companion. Five faint
companions, with separations from 0.′′7 to 6.′′6, are further
detected in the NACO FOV. We labeled them B–F by increasing
separation.

HD 164794 ≡ 9 Sgr. PIONIER clearly resolves this long-
period SB2 binary (A,B) discussed by Rauw et al. (2012) at a
separation of about 5 mas.

15 Sgr ≡ HD 167264. PIONIER resolves a closed pair
(labeled Aa,Ab) at ρ ≈ 3 mas at three epochs, revealing
evidence for the orbital motion (Figure 19). The newly resolved
pair likely corresponds to the pre-publication 668 day SB1
system obtained by OWN (Sota et al. 2014). The A,B pair
at 1.′′27 with Δy = 5.2 (Tokovinin et al. 2010) is also detected
in the NACO FOV, together with two additional companions at
2.′′3 (A,C) and 7.′′0 (A,D).

HD 167971. It is a known hierarchical triple system (De
Becker et al. 2012). Our observation represents the fifth epoch
of the outer pair (Aa,Ab). The 4.′′7 companion (A,B) reported
by Turner et al. (2008) is also seen in the NACO FOV.
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A.3. Previously Resolved Companions with ρ < 200 mas

HD 57061 ≡ τ CMa. The central object Aa is both an
eclipsing binary (van Leeuwen & van Genderen 1997; Porb ∼
1.28 days) and a longer-period SB1 system (Stickland et al.
1998; Porb ∼ 154.9 days). The latter authors suggested the
eclipsing binary system to correspond to the unseen companion
of the SB1 long-period binary, resulting in an hierarchical O9
II+(B0.5V+B0.5V) triple system for the Aa component. τ CMa
has two additional known components at ρ ≈ 0.′′12 and 0.′′95
(pairs Aa,Ab and Aa,E respectively; Mason et al. 1998, 2009;
Tokovinin et al. 2010). We observed the system twice with
PIONIER and once with NACO/SAM, measuring ΔH ≈ 0.9,
ρ ≈ 120 mas, and θ ≈ 308◦. The PIONIER value for the
position angle is not reliable and subject to a ±180◦ uncertainty
since the phase closure is not well fitted but the orientation can be
constrained due to the NACO/SAM value. These measurements
most likely correspond to the Aa,Ab pair reported by Mason
et al. (2009): θ = 125.◦2 ρ = 128 mas, ΔV = 0.4. The SAM
detection has a position angle that differs from the one reported
by Mason et al. (2009) by 180◦. Similarly, the NACO-FOV
measurements for the 0.′′95 separation Aa, E pair resulted in
θ = 266◦, i.e., affected by 180◦ compared to the WDS value
reported by Mason et al. (2009) and the independent value of
Tokovinin et al. (2010). This is in line with a recent footnote
in Sota et al. (2014) reporting an independent observations by
Aldoretta et al. (in preparation) and by AstraLux for pair Aa,E
confirming the probable 180◦ offset in some of the position
angle measurements listed in the WDS.

HD 93129 A and B. This is the closest O2 I star from Earth
and has been observed once with PIONIER and three times with
NACO/SAM (Figure 17). The Aa, Ab pair is well constrained
at ρ ≈ 30 mas and ΔH ≈ 1.3. Our detections most likely
correspond to the companion first resolved by the Hubble Space
Telescope fine guider sensor (Nelan et al. 2004). The separation
has decreased from 55 mas in 2004 to 43 mas in 2006 and to
27 mas in 2013, indicating that long baseline interferometry
will be needed to pursue the monitoring of this extremely long-
period system. The original position angle value of θ = 356◦
obtained by Nelan et al. (2004) seems incompatible with the anti-
clockwise rotation of the companion revealed by subsequent
measurements (θ decreasing from 14◦ to 6◦ from 2006 to 2013).
However, the revised value of 14◦ ± 16◦ (Nelan et al. 2010)
agrees within errors.

Two other companions have been reported, with respective
separations of 2.′′8 (Aa, B) and 5′′ (Aa,C; Mason et al. 1998;
Sana et al. 2010), which we also resolved. The B companion
is bright enough that an interferometric analysis of the SAM
data can be performed but no close companions were found
within the usual 5 mag contrast limit. We further resolved three
previously unreported companions at separations of 1.′′8, 3.′′9,
and 4.′′8 and with ΔH of 6.8, 6.0, and 7.0, resulting in a total
of six companions within 5′′ from the central star. We label
the new components E to G by increasing separation. Mason
et al. (1998) mentioned a (B,D) pair with a separation of 3′′.
The location of the D component in the NACO FOV is unclear.
The only detection close to B is component E, but (B,E) has
a separation of about 2′′, not 3′′. To avoid confusion between
misidentified components, we did not assign the D label to any
of our detected stars.

HD 152248. It is a 6 day period SB2 colliding-wind system
(Sana et al. 2001, 2004). Mason et al. (1998, 2009) reported on
a ΔV = 2 companion at 50 mas, that could not be confirmed by
Sota et al. (2014). We observed the system with both PIONIER

and NACO and neither revealed a companion above our adopted
significance threshold. The P1 probability of the single star
model is 0.92, hence excellent. We concluded accordingly that
a binary model is not needed to explain the data and reported
HD 152248 to be unresolved. Interestingly, the deepest (non-
significant) minimum in the χ2-map of the PIONIER binary
model is at 50 mas, but we note tens of similar minima in the
binary model χ2-map. If this was still to represent a binary
companion, it would have a flux of only 1.3% of that of the
central star (hence ΔH ∼ 4.7), in stark contrast with ΔV = 2
reported by Mason et al. (2009).

HD 152723. It is resolved with ρ ≈ 100 mas and θ ≈ 310◦
(Aa,Ab). The quality of the PIONIER fit is poor because the
separation is larger than the OWA. The companion is most
likely the one reported by Mason et al. (2009): ρ = 98 mas,
θ = 125.◦6, ΔV = 1.7. The PIONIER and SAM position angle
measurements yield opposite values to that of Mason et al.
(1998, 2009), but it is impossible to obtain a decent fit with a
position angle compatible with the value Mason et al. value. As
for HD 57061, this suggests a probable ±180◦ degeneracy in
some of the WDS position angle values. The B–D components
reported by Mason et al. (1998) are outside our FOV. Finally,
the object is also reported as an 18.9 day period SB1 system is
early OWN results.

HD 155889. It is a ρ ≈ 190 mas pair (A,B). The quality of
the PIONIER fit is poor because the separation is larger than
the OWA, but the SAM data are very good and confirm that
our detection corresponds to the companion already reported by
Mason et al. (2009). A faint companion at 7′′ (A,C) is further
seen in the NACO FOV. The object is reported as SB2 (possibly
SB3) by OWN.

HDE 319703 A. OWN indicates a 16.4 day SB system. SAM
resolved it as a 185 mas pair (A,B). A distant faint companion
(A,C) is also seen in the NACO FOV, indicating a total number
of three companions for HDE 319703.

16 Sgr ≡ HD 167263 A and B. The A component is a
known pair (Aa,Ab) that we could resolve both with PIONIER
and NACO/SAM (Figure 19). The measured separation of
ρ ≈ 80 mas is slightly larger than the 2006 measurements of
Mason et al. (2009; ρ = 70 mas). The PIONIER position angle
is not well constrained (and affected by a ±180◦ degeneracy)
since the phase closure is poorly fitted. However, NACO/SAM
allows us to fix θ = 333◦, i.e., with a 180◦ offset compared
to the Mason et al. (2009) observations (θ ≈ 150◦). The much
smaller magnitude difference between the Aa,Ab components
in the H-band than in the V and Ks bands suggests that Ab is
a rather red object. The known B component at 5.′′9 as well as
three additional companions (C–E) with separations between
5.′′8 and 7.′′3 are all well detected in our NACO FOV.

HD 168076 A and B. We resolve the A,B pair at ρ ≈
150 mas reported by Mason et al. (2009) twice with PIONIER
and once with NACO/SAM (Figure 19). The NACO/SAM
measurements are the most reliable. The pair is visible as SB2
in spectroscopy, although no orbital motion was detected (Sana
et al. 2009) in agreement with the large separation, hence very
long period. Five other faint companions are detected in the
NACO FOV with separations between 3.′′7 and 6.′′6, which we
labeled C–G by increasing magnitudes.

A.4. Previously Known Companions with ρ > 200 mas

NX Vel = HD 73882. It is a quadruple system formed by a
known 0.′′65 pair (A,B) that we resolved in the NACO-FOV data
and that contains an eclipsing system (Otero 2003; Porb ∼ 2.9)
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and an SB one (Sota et al. 2014; Porb ∼ 20.6 days). The
agreement with previous measurements is excellent.

LM Vel ≡ HD 74194. This O8.5 Ib-II(f) star presents RV
variations (Barbá et al. 2006) and is an SB candidate. It has
been suggested as the possible counterpart of the fast X-ray
transient IGR J08408-4503 (Masetti et al. 2006). We detect a
ΔH and Ks = 6 mag companion at 4.′′5 (A,B) in the NACO FOV.

HD 93161 A and B. Both the A and B components are O-type
stars, separated by 2′′, and are clearly resolved in the NACO-
FOV. HD 93161 A is an SB2 system with a period of 8.6 days
(Nazé et al. 2005). HD 93161 B is noted as RV variable by the
same authors and as SB1 by Chini et al. (2012). Both the A and
B components are bright enough for an interferometric analysis
of the SAM data, but no companion was found. The object was
not observed with PIONIER.

HD 93205 A. Components A and B of HD 93205 form a
pair separated by almost 20′′, the B companion being outside
our FOV. HD 93205 A itself is an eclipsing SB2 binary. Sota
et al. (2014) reported on the previously unpublished companion
(noted C in the present work) at 3.′′7 with ΔV = 9.3 and
a θ = 272◦. We also detect it in the NACO-FOV data, and
obtain ρ = 3.′′70 ± 0.′′05, ΔH = 5.8 ± 0.1, ΔKs = 5.3 ± 0.2,
and θ = 270.◦4 ± 1.◦3, in perfect agreement with the position
reported by Sota et al. (2014). This demonstrates the accuracy of
the astrometry obtained for companions detected in the NACO
FOV despite the unusual shape of the PSF. It also demonstrates
the fact that it is easier to detect companion in the NIR given
the more favorable flux contrast resulting either from the color
of the central O-type object or from the more limited extinction
affecting background objects.

HD 101205. This is another complicated multiple system with
three visual pairs previously resolved at separations of 0.′′36 (A,
B), 1.′′7 (AB, C), and 9.′′6 (AB,D). The outer pair falls outside
our FOV, but we detected the B and C components in our NACO
images. The A,B pair further contains an eclipsing binary (Otero
2007; Porb = 2.08 days) and a spectroscopic binary with a period
of 2.8 days (Sana et al. 2011a), bringing the total number of stars
within 10′′ to six. It is currently not possible to decide which
component of the A,B pair is the eclipsing one and which is the
spectroscopic one.

HD 113904 B ≡ θ Mus B. The θ Mus A,B pair is separated by
≈5.′′5. The A component is a WR+O binary (WR48) and the B
component is an O9 III star. While both components fall within
the NACO FOV, HD 113904 B was our prime target given the
smash+ focus on O stars. θ Mus B is reported as SB by both
Chini et al. (2012) and Sota et al. (2014). Unfortunately, the star
was not observed with PIONIER. We, however, reported a new
pair (B,C) with a separation of 3.′′45 and a magnitude difference
of 5.5 in the H band.

HD 114886 A. HD 114886 is a high-order multiple system
(Figure 17). The central pair, Aa,Ab, is separated by 0.′′24 (Ma-
son et al. 2009; Tokovinin et al. 2010), one of the components be-
ing a 13.6 day period SB1 system (OWN; Sota et al. 2014). The
B component, separated by 1.′′7, was already reported by (Ma-
son et al. 1998). We detect four other components in the NACO
FOV—labeled C–F in order of increasing separation—yielding
total of seven companions.

HD 135591. The 5.′′5 known A,B pair is clearly resolved in
our NACO-FOV data.

HDE 319718 A and B ≡ Pismis 24-1 AB. This object was
previously resolved by Maı́z Apellániz et al. (2007) with a
separation of 0.′′36 (Figure 20). Barr Domı́nguez et al. (2013)
recently reported a 2.36 day photometric period indicating that

one of the components of the pair is an eclipsing binary system.
The A and B components are clearly resolved by NACO/SAM.
We further detected five additional faint companions (labeled
C–G) in the NACO FOV.

APPENDIX B

NOTES ON SUPPLEMENTARY TARGETS

B.1. Newly Resolved Targets

HD 46150. Located in NGC 2244, HD 46150 is a probable
long-period binary (Mahy et al. 2009). The WDS lists 15
companions (B–P), 11 of them (B–L) within 75′′ (Mason et al.
1998; Maı́z Apellániz 2010). Only companions B and C are
within our field of investigation. We clearly detected the B
component but not the C one. With ΔV ≈ 5 and Δz ≈ 6, the C
component magnitude may fall below our detection threshold in
H and Ks. We, however, detected a new faint companion (A,Q)
at 2.′′1 with ΔH = 7.2.

HD 46202. This object is identified as HD 46180 D in the
WDS. A 3.′′7 companion to HD 46202 (D,E) was identified by
Maı́z Apellániz (2010), which we confirm. The companion is
about 1 mag brighter in the NIR than in the z band. We detect
an additional star at 86 mas from HD 46202 (Da,Db) and with
1.9 Ks-mag difference.

HD 46966. This object is a 3.′′2 pair (A,B) with an extremely
faint companion ΔI = 10 (Turner et al. 2008), i.e., well below
the detection limit of our NACO observations. We, however,
resolve a relatively bright nearby companion. The new pair
(Aa,Ab) has a separation of 50 mas and a magnitude difference
of ΔH = 1.1.

V640 Mon ≡ HD 47129. Plaskett’s star is a known SB2 system
with Porb ∼ 14.4 days (Linder et al. 2008) and the only O-type
binary known with a magnetic star. In addition to the two known
visual companions at 0.′′78 and 1.′′12 (Turner et al. 2008), NACO/
SAM resolved a new faint companion at 36 mas with ΔH ≈ 4.0,
i.e., too faint to be confirmed by PIONIER. Uncertainties on the
separation are large, calling for new measurements.

HD 51533. It has five identified companions (B–F) in the
WDS. With a separation of 2.′′6, only the A,B pair falls within
the NACO FOV. Besides companion B, we detect two new pairs:
Aa,Ab with a separation of 0.′′6 and Aa,G at 2.′′9.

HD 76535. We detect a previously unreported ΔH = 4.4
companion at 2.′′8.

HD 93128. We detect two companions: A,B with ΔH = 2.1
and ρ = 6.′′6 and A,C with ΔH = 5.4 and ρ = 3.′′7. A,C was
previously unreported.

HD 93190. We detect a previously unreported pair of com-
panions at 4.′′2, separated by a fraction of an arcsec. We la-
beled them Ba and Bb according to their brightness. Hence,
Bb (ΔHA,Bb = 5.45) is a couple of mas closer to A than Ba
(ΔHA,Ba = 5.31).

HDE 306097. We detect a previously unreported bright
companion at 38 mas with ΔH = 1.0 (A,B).

HD 100099. It is an 21.6 day period SB2 system (Sana
et al. 2011a). We detect an additional companion at 0.′′9 with
ΔH = 4.2. We label the new visual pair A,B.

HD 100444. We detect a previously unreported companion at
3.′′9 with ΔH = 3.55(A,B).

HD 101413. It is a 3–6 month-period SB2 system (Sana et al.
2011a), with the spectroscopic companion likely being a mid-B
star. Our NACO/SAM data reveal a rather nearby companion
(A,B) at 54 mas. This companion is too far away and too bright
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(ΔH = 2.6) to be associated with the spectroscopic companion,
so that HD 101413 is a likely hierarchical triple system. A third
component (A,C) is detected in the NACO FOV at 1.′′8.

B.2. Resolved Spectroscopic Companions

HD 47839 ≡ 15 Mon. With a period close to 25 yr (Gies et al.
1997), HD 47839 Aa,Ab is the prototypical O-type SB system
that has been resolved by high-resolution imaging techniques
(Gies et al. 1993). Given the long timescales involved, the exact
orbit is still debated (Cvetković et al. 2010; Tokovinin et al.
2010; Maı́z Apellániz 2010) with each new measurement adding
its contribution to estimate the orbital motion of the companion.
Our 2011.2 measurement indicates ρ = 108.5 ± 3.5 mas and
θ = 258◦ ± 3◦. Our measured position is more in agreement
with the 2008.8 and 2009.2 measurements of Tokovinin et al.
(2010) than with the contemporaneous 2008.0 measurement of
Maı́z Apellániz (2010). The 3.′′0 A,B pair reported by Mason
et al. (1998) is also detected in the NACO FOV.

HD 152234. It is a 125 day period SB2 system (Sana et al.
2012a) that we label Aa,Ab. The spectroscopic companion
is marginally resolved in our PIONIER observations with
ρ = 0.9 ± 1.9 mas and an magnitude difference of ΔH = 1.37.
HD 152234 has two more distant companions (A,B and A,C) at
0.′′5 and 5.′′5 (Mason et al. 1998). Unfortunately, we are lacking
NACO data for this system, so we cannot confirm their presence.

HD 168137. It was resolved as a 2′′ pair (A,B) by Hippar-
cos (WDS), but we lack NACO observation for this system.
HD 168137A itself is an O7 V + O8 V 912 day period SB
system (Aa,Ab; Sana et al. 2012a) that we marginally resolve
with PIONIER with a 6 mas separation.
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