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ABSTRACT

Aims. Our long-term aim is to derive model-independent stellar masses and distances for long period massive binaries by combining
apparent astrometric orbit with double-lined radial velocity amplitudes (SB2).

Methods. We followed-up ten O+O binaries with AMBER, PIONIER and GRAVITY at the VLTI. Here, we report on 130 astrometric
observations over the last seven years. We combined this dataset with distance estimates to compute the total mass of the systems. We
also computed preliminary individual component masses for the five systems with available SB2 radial velocities.

Results. Nine of the ten binaries have their three-dimensional orbit well constrained. Four of them are known to be colliding wind,
non-thermal radio emitters, and thus constitute valuable targets for future high angular resolution radio imaging. Two binaries break
the correlation between period and eccentricity tentatively observed in previous studies. This suggests either that massive star for-
mation produces a wide range of systems, or that several binary formation mechanisms are at play. Finally, we found that the use of
existing SB2 radial velocity amplitudes can lead to unrealistic masses and distances.

Conclusions. If not understood, the biases in radial velocity amplitudes will represent an intrinsic limitation for estimating dynamical
masses from SB2+interferometry or SB2+Gaia. Nevertheless, our results can be combined with future Gaia astrometry to measure
the dynamical masses and distances of the individual components with an accuracy of 5 to 15%, completely independently of the

radial velocities.

Key words. stars: massive — binaries: general — methods: observational — techniques: high angular resolution

1. Introduction

Massive stars are key components of galaxies and, despite their
importance in modern astrophysics, they remain incompletely
understood. Direct measurements of some critical parameters
remain scarce (Gies 2003, 2012). In particular, masse estimates

* Based on observations collected with the PIONIER/VLTI,
AMBER/VLTI and GRAVITY/VLTI instruments at the Euro-
pean Southern Observatory, Paranal, under programs 087.C-0458,
087.D-0150, 087.D-0264, 090.D-0036, 090.D-0291, 090.D-0600,
091.D-0087, 091.D-0334, 092.C-0243, 092.C-0542, 092.D-0015,
092.D-0366, 092.D-0590, 092.D-0647, 093.C-0503, 093.D-0039,
093.D-0040, 093.D-0673, 094.C-0397, 094.C-0884, 189.C-0644,
60.A-9168, 096.D-0114.

** The list of astrometric positions is only available at the CDS via
anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/601/A34
*** FR.S.-FNRS Senior Research Associate.

**** FR.S.-FNRS Research Associate.

Article published by EDP Sciences

with an accuracy better than 5% are still needed to challenge
stellar evolution models (Schneider et al. 2014).

So far, double-lined spectroscopic eclipsing binaries (SB2E)
offer the most reliable constraints on the absolute masses. In the
best cases, the formal precision on the masses can be as low as
1%. Unfortunately, because of the decreasing alignment proba-
bility with increasing separation, the few known SB2E systems
only give access to tight, short period binaries (P < 10d, typ-
ically). The complex influence of tidal forces on the internal
structure is not negligible. Additionally, it is sometimes difficult
to strictly exclude a prior mass-transfer event that could modify
the amount of mass in each individual star. This is especially true
because the evolutionary status of massive stars is not always
easy to determine. These phenomena add significant degrees of
uncertainty to the difficult task of calibrating evolutionary tracks
from short period binaries (Schneider et al. 2014; Almeida et al.
2015).

In this context, being able to measure the true masses
of longer-period, non-eclipsing systems could bring two
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Table 1. Sample of targets.

Target Spectral Masses  Refs. Cluster Distance Ref. H \%

name type(s) (Mo) (kpe) (mag) (mag)
HD 54662 065V +09V 29+18 (a) CMa OBl 1.1 £0.1 (D 6.172 6.212
HD 93250 O4 111 + ? 49+7? (b)  Carina Ass. 2.35 2) 6.720 7.365
HD 150136 O3V+06V)+07V (81)+27 (©) NGC6193 1.32+0.12 3) 5.090 5.540
HD 152233 05511 + O7.5 IV 38+30 (d) NGC 6231 1.52 4,5 6.145 6.556
HD 152247 O91II + 09.7 V 23+16 (d) NGC 6231 1.52 4,5 6.614 7172
HD 152314 085V +B2V 19+10 (d) NGC 6231 1.52 4,5) 7.243 7.866
HD 164794 035V +055V 50+34 (e) NGC 6530 1.25+0.1 (6) 5.748 5.965
HD 167971 (O7.5II1 + O9.51II) + O9.51  (50)+26 ®) NGC 6604 1.75+0.2 @) 5.315 7479
HD 168137 O7V+08V 22424 (d) NGC 6611 1.8 +0.1 8) 7.683 8.945

CPD-47 2963 O51+7? 51+7? (2) Vel OB1 1.3 ) 6.060 8.45

References. (a) Boyajian et al. (2007); (b) Maiz-Apelldniz et al. (2004); (c) Sana et al. (2013); (d) Sana et al. (2012); (e) Rauw et al. (2012);
(f) De Becker et al. (2012); (g) Sota et al. (2014); (1) Kaltcheva & Hilditch (2000); (2) Smith (2006); (3) Herbst & Havlen (1977); (4) Sana et al.
(2005); (5) Sung et al. (2013); (6) Prisinzano et al. (2005); (7) Ibanoglu et al. (2013); (8) Dufton et al. (2006); (9) Benaglia et al. (2006).

fundamental advantages: (1) they alleviate the limitations im-
posed by the rareness of eclipsing systems; and (2) they avoid
the uncertainties related to the effects of tides and mass-transfer
given the significantly larger physical separations. Long-period
binary systems can be characterised through radial-velocity up
to periods of about ten years (Sana & Evans 2011). However the
inclination of their orbital plane with respect to the line of sight
needs to be obtained by other means. Optical long baseline in-
terferometry (OLBI) has long been recognised as a promising
solution (Boyajian et al. 2007; Kraus et al. 2009), although ham-
pered by sensitivity and efficiency issues.

In recent years, the OLBI techniques underwent major im-
provements in performances, thanks to infrastructure and instru-
mental evolutions. From a handful of O-type stars (e.g. y> Vel,
6' Ori C, 5 Car), the accessible sample increased to more than
one hundred (Sana et al. 2014). Many massive binaries with pe-
riods in the range 100 to 5000 days at 1 to 2 kpc (a typical dis-
tance for nearby O stars) are now accessible by both radial-
velocity studies and by the Very Large Telescope Interferometer
(VLTI). A quantitative illustration of the overlap and comple-
mentarity between the techniques can be found in Fig. 1 from
Sana & Le Bouquin (2010). This new situation has triggered
a flurry of results in the field of massive stars (Millour et al.
2009; Sanaetal. 2011, 2013; Sanchez-Bermudez et al. 2013;
De Becker et al. 2012; Sanchez-Bermudez et al. 2014).

In this context, we initiated a follow-up of long-period mas-
sive binaries that could be spatially resolved by optical interfer-
ometry. Most of our targets were selected from the catalogue
of Sanaetal. (2012) with proven or suspected spectroscopic
double-lined signature (SB2). By combining the SB2 radial ve-
locity amplitudes with the size and inclination of the relative or-
bital motion on the sky, it is possible to determine the individ-
ual masses of each component and the distances to the systems
(though see difficulties below). Our final aim is to confront evo-
lutionary models and existing theoretical calibration laws such as
that in Martins et al. (2005). Additionally, a complete knowledge
of the orbital elements is of particular interest for specific ob-
jects, such as non-thermal radio emitters and hierarchical triples.
In the long run, obtaining a good sample of the latter systems
may indeed help understanding why over one third of massive
systems are actually formed by three or more stars (Sana et al.
2014), and to constrain star formation theories.

This paper presents the observational results of the interfer-
ometric follow-up, and discusses the consequences with respect
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to the final goal of calibrating models. The second section de-
tails the sample, observations and analyses. The third section
presents the results for each individual object. The fourth sec-
tion discusses the potential of these results to provide reliable
masses, with a special focus on perspectives offered by Gaia.
The paper ends with brief conclusions.

2. Observations and analyses
2.1. The sample

The sample of stars is presented in Table 1. We focus on long-
period massive binaries with proved or suspected SB2 signa-
ture. The sample is restricted to southern targets with magni-
tude H < 8 to match the location and sensitivity limit of the
PIONIER instrument with the 1.8 m Auxiliary Telescopes. We
add three non-thermal radio emitters that were recently resolved
as long-period binaries.

The initial sample also included HD 152234, an 09.71 with
a known spectroscopic period of =125 days (Sana et al. 2012).
However the spectroscopic companion was only marginally
resolved in our first interferometric observations (Sana et al.
2014). The obtained accuracy with the current infrastructure
would not allow us to reach our science goal for this system,
and so we stopped interferometric monitoring of this object.

The individual masses listed in Table 1 are computed from
the spectral types using the calibration from Martins et al.
(2005). Caution should be applied when using these masses,
since their uncertainty is as high as 35 to 50%. The reference
for the spectral types (and/or directly the masses) are given in
Col. 4. The supposed association and corresponding distances
are reported in Table 1, with references in Col. 7.

2.2. Observations and data reduction

Most interferometric data were obtained with the PIONIER'
combiner (Le Bouquin et al. 2011) and the four 1.8 m Aux-
iliary Telescopes of the VLTI (Haguenauer etal. 2010). To
calibrate the fringe visibilities and closure phases, we inter-
leaved observations of KIII stars between those of the O-type
stars. These reference stars were found with the SearchCal?

' http://ipag.osug.fr/pionier
2 http://www.jmmc.fr/searchcal
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software (Bonneau etal. 2011). These K giants have appar-
ent diameters smaller than 0.5 mas therefore providing calibra-
tion with 5% accuracy even on the longest baselines of VLTI
Data were reduced and calibrated with the pndrs® package
(Le Bouquin et al. 2011). Each observing block (OB) provides
five consecutive files, each containing six visibilities and four
closure phases dispersed over three spectral channels across
the H band. The dataset is complemented by about ten ob-
servations performed with the AMBER combiner and three
8 m Unit Telescopes, mostly before 2011. These data were re-
duced and calibrated with the amd1ib-3 package (Tatulli et al.
2007; Chelli et al. 2009). Finally, two 2016 observations were
obtained during the science verification of the GRAVITY in-
strument (Eisenhauer et al. 2011). They were reduced and cal-
ibrated by the standard pipeline (Lapeyrere et al. 2014). The
description of the GRAVITY instrument and its first results
will be presented in detail in a forthcoming paper from the
GRAVITY Collaboration (corresponding author: F. Eisenhauer,
e-mail: eisenhau@mpe .mpg.de).

2.3. Resolved astrometry fitting

The interferometric observations were adjusted with a simple bi-
nary model composed of two unresolved stars. This is a valid as-
sumption because the expected diameters of the individual com-
ponents (<0.2 mas) are unresolved, even with the longest VLTI
baselines. The free parameters are the two coordinates of the ap-
parent separation vector (East and North, in milliarcsecond) and
the flux ratio fy between the secondary and the primary. The
latter is considered constant over the H band and over the dif-
ferent epochs. Given the long orbital periods of these binaries
(P =~ 0.5-15 yr), we neglected the orbital motion in the course
of a single night.

We here report ~130 observations, a tenth which have al-
ready been presented in Sana et al. (2014). The journal of the
observations and the astrometric measurements are available at
the CDS. It includes the best-fit binary position and its associated
uncertainty ellipse for each modified Julian Date (MJD). The to-
tal execution time for a single resolved astrometric observation
is about 30 min, including calibrations.

2.4. Orbit determination

We use a Levenberg-Marquardt method to find the best orbital
solutions. A more complex search is not necessary because the
temporal sampling is dense enough for the period to be deter-
mined unambiguously. We adjust simultaneously the resolved
astrometric positions and the radial velocities, when available.
This is similar to what is presented in Le Bouquin et al. (2013).
There are ten independent parameters to fit, namely the orbital
period P, the time of periastron passage T, the size of the appar-
ent orbit a, the orbital eccentricity e, the inclination i, the lon-
gitude of ascending node €, the argument of periastron of the
secondary w, the semi-amplitudes K, and K}, of the primary and
secondary radial velocity curves, and the systemic heliocentric
offset velocity g.

The ascending node is the node where the motion is directed
away from the observer, that is when the passing star has a pos-
itive radial velocity. The argument of periastron is the angle be-
tween the ascending node and the periastron of the secondary,
measured in the plane of the true orbit and in the direction of
the motion of the secondary. The longitude of ascending node,

3 http://www.jmmc. fr/pndrs

measured in the plane of the sky, is counted positively from
North to East (Q = 90deg). An inclination larger than 90 deg
indicates an astrometric orbit covered clockwise.

We suppose the primary component for radial velocity (most
massive) corresponds to the astrometric primary (brightest in
H band). When only SB1 radial velocities are available, we as-
sume that they represent the radial velocities of the primary.
When no radial velocities are available, we enforce 0 < Q <
180 deg (using Q + 180 deg and w + 180 deg gives the same fit to
the astrometric orbit alone).

2.5. Uncertainties

The uncertainties are propagated numerically. A series of adjust-
ments is performed while the data are corrupted by a random
additive noise corresponding to their uncertainties. The quoted
uncertainty on the orbital parameter is the root mean square of
these various realisations. This method also allows us to explore
the possible correlation between the parameters. A systematic
uncertainty of 1.5% should be added on the size of the apparent
orbit a. It comes from the calibration of the effective wavelength
of the PIONIER instrument that was used to obtain almost all
resolved astrometric points. This translates into a “plate scale
error” through the interferometric equation.

2.6. Physical quantities

Once the orbital parameters are known, additional physical
quantities can be derived. We define two strategies: one fully
independent of the radial velocities and one fully independent
of the adopted distance. In the first approach, we impose the
distance d from external constraints such as membership to a
known cluster or association (see Table 1). It allows to compute
the physical size of the orbit a, = d a. The total mass M, of the
system is then derived with Kepler’s third law:
4n? ag

M= = (1
where G is the gravitational constant. In the second approach, we
use the radial velocity amplitudes, when available, to determine
the physical size of the orbit,

P(K,+Kp) V1—¢?

an =
P 2n sin(i)

and thus the total mass from Eq. (1). The distance of the system
is d = ap/a and the individual masses are given by:

Ky Kq
= M;; M, =

K, + K, K, + K,

@)

M,. 3)

a

3. Results

The results for each binary of the sample are displayed in
Appendices A and B. Here we discuss the specificities of each
system.

3.1. HD 54662

This massive binary is a known runaway star producing a
bow shock as its winds interact with the interstellar medium
(Peri et al. 2012). It was first recognised as a promising tar-
get for mass determination by Boyajian et al. (2007). The three-
dimensional orbit is now fully constrained by the resolved astro-
metric observations. However the orbital period of almost six
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years is completely different from the preliminary estimation
from radial velocities (557 d). It illustrates that resolved astrom-
etry is less prone to phase ambiguities. We have attributed the
historical SB1 radial velocities to the primary as they closely
match its SB2 amplitude. We did so to confirm that the historical
spectroscopic binary corresponds to the interferometric binary.

The total mass is in agreement with expectations from spec-
tral types. However the individual masses are still uncertain be-
cause of the lack of accurate SB2 radial velocity measurements.
The preliminary estimates for K, and K, from Boyajian et al.
(2007) also lead to unrealistic masses, and should then be con-
sidered with caution.

Finally, the eccentricity is rather small considering the period
of six years.

3.2. HD 93250

This target is a non-thermal radio emitter that was first spatially
resolved as a binary by Sana et al. (2011). Here we present addi-
tional observations that fully constrain its astrometric orbit. The
projected semi-major axis of 1.2 mas is at the limit of the spatial
resolution of the VLTI and some measurements have large rela-
tive errors. Accordingly, it has the shortest period of our sample
(P = 194.3 d). The orbital period is still long enough to avoid
tidal interaction and circularisation. The total mass of the system
points toward a pair of similar high mass stars (04+04), as do
the measured flux ratio near unity. The system is also known for
the presence of non-thermal radio emission (colliding winds).

There is no radial velocity variation reported for this star
(Rauw et al. 2009), but given its short period it was worth obtain-
ing a full orbit to guess the expected signal. However, because
of the small inclination, the expected radial velocity variations
due to the orbital motions are about 20 kms~!. It is probably im-
possible to disentangle this from the intrinsic line width, as first
suggested in Sana et al. (2011). It illustrates well the detection
biases affecting binaries with (quasi) identical components.

While HD 93250 is inadequate for direct mass determina-
tion from resolved astrometry and radial velocities, constraints
on the orbital parameters are valuable to properly interpret the
non-thermal radio emission. A significant eccentricity was also
required to explain the variations observed in the X-ray flux and
is confirmed by this study (e = 0.22 + 0.01).

3.3. HD 150136

This is a known hierarchical triple system and one of the most
massive stellar systems known (Mahy et al. 2012). The first spa-
tially resolved observations of the outer pair were discussed by
Sana et al. (2013) and Sanchez-Bermudez et al. (2013). Here we
present additional observations and an improved orbit. The new
orbit has a slightly longer period (3065 d vs. 3008 d), slightly
lower eccentricity (0.68 vs. 0.73) and slightly different absolute
masses. All stellar and orbital parameters are within 1o of the
previously published values. The accuracies are, however, im-
proved. In Table B.3, component a corresponds to the inner 2.7 d
binary while component b is the 06.5-7 V outer companion.

The three-dimensional orbit of the 8.4 year outer system is
now uniquely constrained thanks to our long term follow-up.
Still, it would benefit from few additional spatially resolved ob-
servations in the coming years to further reduce the uncertainties
on the absolute masses.

A34, page 4 of 21

Regarding the inner, short period binary: accounting for the
minimal masses from Mahy et al. (2012) and our new total mass
of 88 M, we obtain an inclination of i = 53° and thus individual
masses of 54 and 34 M. Again, these values are at the lower
bound of the 1o confidence interval from the preliminary study
of Sana et al. (2013).

The distance estimate from the combined fit favours
the new distance to the NGC6193 cluster (1.15kpc) from
Kharchenko et al. (2005) compared to the older one (1.32kpc)
from Herbst & Havlen (1977).

3.4. HD 152233

The well constrained three-dimensional orbit reveals an almost
edge-on eccentric binary. The measured properties correspond
with those of the long period SB2 binary discussed by Sana et al.
(2008). The total mass of the system (~45 M) is significantly
lower than the expectation from the spectral types (38 + 30 M,
Table 1). Together with the small flux ratio, it points towards a
lower mass secondary, most likely of a later spectral type as we
discuss further below.

The individual masses (=2 M) and distance (700 pc) derived
from the combined astrometric and RV fit are unrealistic. They
cannot be reconciled with massive stars, even considering large
uncertainties. A visual inspection of the UVES spectra shows
that the spectral lines are never fully disentangled by the radial
velocity shifts. The radial velocities of the secondary may be
systematically underestimated in the spectral analysis, thus low-
ering the total mass and the distance of the system. If we impose
a distance of ~1.5kpc (thus somehow imposing the total mass
to be =45 M), the fit of the radial velocities of the secondary
yields a systematic residual of about 15kms~!, that is of simi-
lar amplitude as the uncertainties. The individual masses rise to
31 and 12 M,,. These are more realistic values, also compatible
with the small flux ratio measured. We conclude that the radial
velocities are probably faulty.

Given the high inclination, the closest apparent approach is
0.24 + 0.05 mas. However there is little chance that this system
could be a long-period eclipsing binary because the expected ap-
parent stellar diameters are about 0.17 mas.

3.5. HD 152247

As seen in the pair diagram, the three-dimensional orbit is well
constrained. It corresponds to the long period, highly eccentric
spectroscopic binary discussed in Sana et al. (2012).

The total mass is compatible with the masses expected from
spectral types. The measured flux ratio agrees with the expec-
tation for late O-type stars with luminosity classes III and V. A
small amount of accurate SB2 data should allow to obtain indi-
vidual mass estimates independently from the distance. Attribut-
ing the reported SB1 radial velocities to the primary, we expect
SB2 velocity semi-amplitudes of ~61kms~! for the secondary
(fainter and less massive). Thus HD 152247 is confirmed as a
good candidate for precise mass determination.

3.6. HD 152314

The three-dimensional orbit is well constrained. It corresponds
to the long period spectroscopic binary discussed in Sana et al.
(2012).
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The total mass and the measured flux ratio are roughly com-
patible with the masses expected from spectral types. Attribut-
ing the reported SB1 radial velocities to the primary, we ex-
pect SB2 velocity semi-amplitudes of ~30kms~! for the B-type
secondary.

3.7. HD 164794 (9 Sgr)

The three-dimensional orbit is well constrained. Our combined
fit confirms that the resolved pair corresponds to the long-period
SB2 presented in Rauw et al. (2012, 2016). We had to introduce
a constant RV shift of 10.0kms~! between the two components
in order to achieve a correct fit of the SB2 radial velocities. This
is not unusual for very massive stars and is thought to be an
effect of the stellar winds. The combined fit is convincing but
this result is the most puzzling of our sample.

First, placing the system at a distance of d = 1.25kpc
makes the total mass compatible with the expected spectro-
scopic one (=80 My). Thus, in the long controversy about the
distance to NGC 6530, and assuming the total mass from
spectroscopy is correct, our observations confirm the distance
from Prisinzano et al. (2005) and Kharchenko et al. (2005). This
is significantly lower than the 1.78 + 0.08 kpc assumed by
Rauw et al. (2016) and based on Sung et al. (2000).

Although it makes no assumption on the distance, the com-
bined fit between radial velocities and the resolved astrometry
does not solve the issue. The deduced individual masses and
the distance are even smaller. We note that, fitting the same
RV data, Rauw et al. (2016) obtain similar radial velocity am-
plitudes. They conclude that the masses were compatible with
expectation, but assuming an inclination of 45 + 1 deg. Looking
at the resolved astrometry in Fig. A.7, it seems hard to signifi-
cantly lower the inclination of our best-fit of 86 deg. In fact, such
a low inclination is definitely ruled out by the VLTT observations.
Thus we are left with a clear discrepancy between the masses
expected from spectral types, the best-fit semi-amplitudes of the
radial velocity curves and the distance to the system.

To further explore, we ran a combined fit of astrometry and
radial velocity, but imposing the distance to be 1.25kpc (thus
somehow imposing the total mass to be ~75 M). The agree-
ment to the radial velocities is obviously significantly degraded,
but the systematic residuals are never larger than 20kms~'.
Altogether, we believe this is our best proxy for this system
(M, =40 My; My, = 33 My; d =~ 1.25kpc; i ~ 86 deg). A careful
re-analysis of the radial velocity amplitudes taking into account
the possible systematic biases is required to understand the dis-
agreement among the observations.

Finally, even if the orbit is almost edge-on, the system
is unlikely to be eclipsing. The closest apparent approach is
0.39 + 0.1 mas, for estimated stellar diameters of 0.14 mas.

3.8. HD 167971

This is a known hierarchical triple system in which we observe
the orbital motion of the third component around the short period
eclipsing pair. This outer pair is also the longest-period system
in our sample. It was first resolved by De Becker et al. (2012).
Here we provide additional interferometric observations.

Any period between 15 and 25 yr could easily match the as-
trometric observations alone. Our temporal coverage is still not
sufficient to obtain a definite estimate of the period, and thus of
any of the orbital elements. This should be easily tackled with
additional interferometric points in the coming years.

Interestingly, the close eclipsing pair is intensively studied
and modelled by Ibanoglu et al. (2013). By measuring the times
of minimum light, they infer a period of P = 21.7 + 0.7 yr for
the outer pair. This value is compatible with the long term radio
variability, interpreted as the signature of a colliding wind re-
gion between the winds of the inner binary and that of the third
component (Blomme et al. 2007). We thus add these constraints
(P =21.7+0.7yr, e = 0.53 = 0.05) in our fit of the astrometric
orbit. The total mass of the system inferred from the orbit is in
good agreement with the values given in Table 1, even though
one has to notice the large uncertainty on this quantity quoted in
Fig. A.8.

The inclination of the outer orbit (180 — i = 35 deg) is very
different than that of the eclipsing pair (73 deg).

We found an average flux ratio of 0.78, similar to the one first
reported in De Becker et al. (2012). Our interferometric mea-
surements alone could not lift the ambiguity in the association
of the resolved components to the close eclipsing binary and to
the distant third star.

3.9. HD 168137

The three-dimensional apparent orbit corresponds to the long
period binary discussed from radial velocities by Sana et al.
(2009). The preliminary orbit has an impressive eccentricity of
0.90. We checked various ways to explain this eccentricity with
biases in the observations but could not find any plausible expla-
nations. Additional observations in the coming years will firmly
establish this peculiar eccentricity, and lift any remaining degen-
eracies. The next periastron passage is expected in July 2020.

The total mass is unconstrained because of the still poor pre-
cision on the size of the orbit (+50%). Again, a few additional in-
terferometric observations will easily tackle this issue. Moreover
the few existing SB2 radial velocities are very difficult to model,
except for the well separated spectra. The other measurements
might be a mixture of the two components, thus cancelling each
other out. This is especially possible because the two stars have
similar brightness (fy = 0.77) and similar line depths and widths
(see Fig. 5in Sana et al. 2009). We have ignored these radial ve-
locities for the fit. The radial velocity elements are consequently
degenerated, and the individual masses are unconstrained.

The most interesting result of this system is its huge ec-
centricity that could potentially make it a long-period eclips-
ing system. The expected apparent closest approach is 0.15 +
0.13 mas. This value thus has some probability of being lower
than 0.1 mas, while the stellar diameters should be of this size.
Altogether this system deserves additional monitoring to better
determine its inclination, eccentricity and time of closest ap-
proach (so far known within +£200 days).

3.10. CPD-47 2963

This non-thermal radio emitter was first spatially resolved as a
binary in the course of the SMASH+ survey (Sana et al. 2014).
Here we present additional observations and the first orbit. The
three-dimensional orbit is constrained but would benefit from
few additional interferometric observations to lift the remaining
degeneracy between Q and w and between a and i. The total
mass is at the lower bound of the expectation from the spectral
type, although still uncertain.

CPD-47 2963 has been reported as SB1 with a prelim-
inary period of 59 days and a semi-amplitude of 9kms~!
(OWN survey pre-publication, Sota et al. 2014). Considering the
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eccentricity and the period of the interferometric binary (e =
0.66, P = 655d), a stable hierarchical system seems unlikely
according to the criterion quoted by Tokovinin (2004):

Pou (1 = eou)’ > 5 Piy. “4)

It is more plausible that all observations refer to the same pair.

4. Discussion
4.1. Orbit of non-thermal radio emitters

Non-thermal (synchrotron) radio emitters belong to the cat-
egory of the so-called particle accelerating colliding-wind
binaries (PACWBs), a first catalogue of which is published
by De Becker & Raucq (2013). These objects are of great in-
terest for understanding non-thermal physics. Particle accel-
eration arises from the strong hydrodynamic shocks in the
colliding-wind region, providing an opportunity to investigate
particle acceleration in environments different from, for exam-
ple, supernova remnants.

PACWRBs are intrinsically variable sources on a timescale
corresponding to the orbital period, with an observed variable
behaviour depending on the orientation of the orbit. The deter-
mination of their orbital elements is thus especially important.

Short period (i.e. a few days) systems are not suitable for
the investigation of non-thermal processes. First of all, the ac-
celeration of electrons in short period binaries is expected to be
severely inhibited due to the highly efficient cooling by inverse
Compton scattering of photospheric photons (De Becker 2007).
Second, the large dimensions of the radio-sphere (up to sev-
eral hundreds of R, see e.g. Mahy et al. 2012) also prevent any
potential synchrotron radio emission produced in the colliding-
wind region to escape if the two stars are too close to each other.
Long-period systems are thus better suited, but a proper knowl-
edge of their orbit is often lacking. Those systems are challeng-
ing to follow-up with radial velocities due to large amounts of
time needed and to the small amplitudes of the radial velocity
variations.

Our sample includes one relatively short-period (HD 93250)
and three long-period non-thermal radio emitters. HD 164794
and CPD-47 2963 have their three-dimensional orbits fully
mapped. HD 167971 will be completed soon. The updated num-
ber of PACWBs with at least partly determined orbits is now 14,
compared to the 11 initially mentioned by De Becker & Raucq
(2013). The full determination of their orbits is necessary to de-
fine adequate strategies for future high angular resolution radio
observations using very long baseline interferometry (VLBI). It
permits to select adequate orbital phases for observation, and al-
lows for an adequate interpretation of radio images of the syn-
chrotron emission region afterwards. Finally, potential future
observations of PACWBs in gamma-rays will require a careful
selection of the orbital phases as well.

4.2. Periods, inclinations and eccentricities

Eight binaries of the sample fall within the “interferometric gap”
defined by Mason et al. (1998) where the periods are too long to
be easily catched in radial velocity snapshot surveys but the ap-
parent separations are too small to be resolved by imaging sur-
veys. However most of them still have detectable radial velocity
variations (except HD 93250 which remained hidden because of
its small inclination and nearly twin components).
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Fig. 1. Eccentricity versus period of the best-fit solution. Filled black
symbols are the binaries presented in this study. Open grey symbols are
the SB2 listed by Sana et al. (2012) with known eccentricity (included
those of the present study).

Our target selection is biased toward large inclination be-
cause we favoured systems with detected SB2 lines (at least ten-
tatively). Accordingly, the seven binaries with reported radial ve-
locity variations have inclinations less than 15 deg from edge-on.
However, given the long periods involved, only one of them has
some chance of being eclipsing.

Figure 1 shows the period-eccentricity diagram. Nine of the
ten binaries in our sample have a well-determined eccentricity,
and this parameter is partially constrained for the remaining one.
It is known that the radial velocity technique requires a good
sampling near the periastron passage in order to constrain or-
bits with high eccentricity. Resolved astrometry is more robust
to high eccentricity because it measures the integrated orbital
motion, and not its derivative.

It is noteworthy that the eccentricities are distributed over
a large range. For example, there are two systems with periods
near 2000 days: one of them has the highest eccentricity of the
sample (0.90) while the other has the lowest eccentricity (0.06).
Interestingly, these two objects fall in parts of the diagram that
were left empty before. They completely break the correlation
between period and eccentricity tentatively observed in previous
studies (see open symbols in Fig. 1). This finding suggests that
the current lack of long-period systems with low (e < 0.25) or
high (e > 0.75) eccentricities results from observational biases.
In the former case, the small radial velocity variations are easily
hidden by the typical rotational broadening of the stellar lines in
massive stars (see the discussion in Sana et al. 2011). In the later
case, the radial velocity variations potentially occur over a small
fraction of the orbit. The difficulty of catching the periastron pas-
sage and the long timescales between two periastron passages
make these systems challenging to detect and characterise.

The fact that such a variety of eccentricities co-exist indi-
cates either that massive star formation produces a wide range
of systems, or that several binary formation mechanisms are at

play.
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4.3. Increasing the interferometric sample

Recently, Sana et al. (2014) resolved about 20 additional sys-
tems within a similar range of separations. The expected periods
should be similar, and a long-term interferometric follow-up has
been initiated. Another interesting target is Herschel 36 (Aa-Ab),
which has a period of 500 d and was recently spatially resolved
by VLTI as well (Sanchez-Bermudez et al. 2014).

It would be interesting to reach systems with slightly shorter
periods, because they are more frequent and have larger radial
velocity amplitudes. At VLTI, the limitation comes from the
length of the interferometric baselines (150 m, 1 mas at H band).
The next generation GRAVITY/MATISSE instruments will not
change the game, but simply participating in this follow-up initi-
ated with PIONIER. The only way to improve for VLTI is to use
shorter wavelengths.

The Center for High Angular Resolution Array (CHARA)
has significantly longer baselines (330 m, 0.5 mas at H band,
Ten Brummelaar et al. 2008). However, efficient follow-up of
binaries are nowadays limited to stars brighter than 5mag.
This should improve in the coming years with the arrival
of new detectors and the installation of adaptive optics
(Ten Brummelaar et al. 2016).

4.4. Preliminary masses

The distances to the systems are known with a precision of 5 to
15%. For most binaries, it dominates the error budget of Eq. (1).
The total masses are thus known with a precision of 15 to 50%.
Only HD 167971 and HD 168137 have the precision on their to-
tal mass limited by the knowledge of the period and/or size of
the orbit. For these two stars, this will be tackled in the coming
years with some additional interferometric observations at VLTT.

The preliminary masses estimated from the SB2 radial veloc-
ities are puzzling. One system has realistic masses (HD 150136),
one has masses obviously overestimated (HD 54662) and two
have masses unrealistically low (HD 152233 and HD 164794).
We speculate that the measured SB2 radial velocities are affected
by systematic biases, phased with the orbital motion. The origin
of such biases can be twofold:

— An astrophysical effect makes the line-forming region ap-
pear differently depending on the orbital phase. A known
example is the Struve-Sahade effect (Linder et al. 2007;
Palate & Rauw 2012). However this hypothesis is hard to
support because of the very large physical separations of the
binaries in our sample. Another effect could be related to
the wind-wind collision in eccentric binaries. In HD 164794
for instance, Rauw et al. (2012) described that various pri-
mary lines might behave differently around periastron pas-
sage. Depending on the relative weighting of the lines in the
final orbital solution, this could bias the estimation of the
radial velocity amplitude that critically depends on the mea-
surements at periastron.

— The spectral modelling is corrupted by the entanglement of
the lines of each component, which varies according to the
orbital phase. This is obviously the case when the true line
profiles of each component are incorrectly modelled. This
second hypothesis is further supported by the fact that the
only system for which the masses are found to be in agree-
ment is also the only SB3. The orbital motion of the in-
ner pair introduces large radial velocity shifts (>200kms™").
This is well illustrated in Fig. 1 from Mahy et al. (2012).
These enhanced shifts permit them to disentangle the line

Table 2. Velocity shifts K, + K;, predicted from the orbital parameters a,
P, i and e of this study and the distances d to the systems listed in
Table 1.

Target (K, + Kp)
name (km s‘l)
HD 54662 57
HD 93250 61
HD 150136 103
HD 152233 94
HD 152247 99
HD 152314 46
HD 164794 80
HD 167971 28
HD 168137 167

CPD-47 2963 61

profile of the third component, and thus to model it ade-
quately in most blended spectra.

4.5. Perspectives for accurate SB2 velocities

The limiting factor for mass determination of these long-period
binaries is the accuracy of the SB2 radial velocity amplitudes
(Sect. 4.4), and especially their sensitivity to the adopted line
profiles. A possible mitigation is to directly fit the entire set of
spectra by a combination of stellar line profiles, shifted accord-
ingly to the known orbital parameters. The three remaining free
parameters, namely K,, K;, and g, can be estimated without ex-
tracting radial velocities for each phase (note that g may have
to be be left free for each individual line). This approach makes
optimal use of the information included in the blended spectra.
Varying the stellar line profile parameters allows to investigate
the final mass accuracies, including systematics.

To reduce this uncertainty, one should input the best pos-
sible individual line profiles. Future spectroscopic observations
should focus on the predicted phases of maximal velocity, to pro-
vide the best possible disentangled spectra. Table 2 summarises
the expected maximal velocity shifts. Five binaries have pre-
dicted shifts of the order of 100kms~! or larger, thus enabling
decent disentangling and model-independent masses. Disentan-
gling will be much more difficult for the five other systems.

4.6. Perspectives with Gaia

At the considered range of distances, Gaia will deliver exquisite
parallax accuracy (<2%), especially because the binary effect
can be adequately subtracted thanks to the knowledge of the as-
trometric orbital parameters presented in this study. Combined
with the size of the apparent orbits and the periods, we expect the
total masses to be measured with an uncertainty of 5%, follow-
ing Eq. (1). For most systems, the error budget will be equally
shared between the interferometric resolved astrometry and the
Gaia distance. These measurements of the total masses will be
completely independent from radial velocities.

Gaia will also constrain the orbital photocentre displace-
ment ug. This quantity can be extracted even if the orbital pe-
riod is poorly sampled by Gaia because of the knowledge of all
orbital parameters. It permits calculating the mass ratio g:
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Fig. 2. Predicted photocentre displacement versus the flux ratio for the
ten binaries of the sample. The mass ratios were estimated either from
the flux ratio (assuming main sequence stars, filled symbols), or derived
from the individual spectral types when available (open symbols). The
dashed red line is for the expected Gaia performances.

where a is the (known) size of the apparent orbit and f the flux
ratio in the Gaia G band. Interestingly, f; is well approximated
by the (known) flux ratio in the H band fy because hot stars
have their optical and near-infrared spectra in the Rayleigh-Jeans
regime.

In order to test feasibility, we computed the expected pho-
tocentre displacement yg from the orbits derived in this study.
This was done by inverting Eq. (5), guessing the expected mass
ratio. We used two approaches, both relying on the calibrations
from Martins et al. (2005). We first converted the observed flux
ratio fy into mass ratio. For a pair of main-sequence stars, the
calibration is well approximated by g = fgj. The exponent is
even lowered for a massive, evolved primary with a less-massive
main sequence secondary. In a second approach, we simply use
the expected mass ratio from the individual spectral types when
available (see Table 1). The computed p are reported in Fig. 2.
The predicted displacements range from 0.1 mas to 1 mas. This
is a factor ten to a hundred larger than the Gaia performances
(assuming the orbital photocentre shift is measured with a simi-
lar accuracy than the parallaxes).

Accounting for 5% uncertainty on the total mass (shared
between the interferometric resolved astrometry and the Gaia
distance, see Eq. (1)), and for 1 to 10% uncertainty on the mass-
ratio (shared between the interferometric flux ratio and the pho-
tocentre shift amplitude from Gaia, see Eq. (5)), we expect to
measure the individual masses with an uncertainty of 5-15%,
independently of radial velocities.

5. Conclusion

In this paper we report ~130 observations of spatially resolved
astrometry on ten massive O-type binaries, using OLBI. This
dataset is used to derive the elements of the apparent orbits.
Combined with the distance, it provides the total mass of the sys-
tem. We also compute preliminary individual component masses
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for the four systems with available SB2 radial velocities. The
conclusions are the following:

— Nine over ten binaries have their three-dimensional orbits
well constrained. One requires additional OLBI observations
to lift remaining degeneracies.

— We provide orbital elements for four colliding wind, non-
thermal radio emitters. They constitute valuable targets for
future high-angular resolution radio imaging.

— The large range of eccentricity suggests that the current lack
of long-period systems with low (¢ < 0.25) or high (e >
0.75) eccentricities results from observational biases.

— For the most-studied systems, we find a clear conflict be-
tween the astrometric orbit and the SB2 radial velocity am-
plitudes. We speculate that the SB2 amplitudes are affected
by systematic biases, that could represent an intrinsic limi-
tation for estimating dynamical masses from OLBI+SB2 or
Gaia+SB2.

— Our results can be combined with future Gaia parallaxes and
orbital photocentre displacements to measure the masses of
the individual components with an accuracy of 5 to 15%,
independently of the radial velocities.

Acknowledgements. PIONIER is funded by the Université Joseph Fourier
(now Université Grenoble Alpes, UGA), the Institut de Planétologie et
d’ Astrophysique de Grenoble (IPAG), the Agence Nationale pour la Recherche
(ANR-06-BLAN-0421, ANR-10-BLAN-0505, ANR-10-LABX56, ANR-11-
LABX-13), and the Institut National des Sciences de 1’Univers (INSU PNP and
PNPS). Its integrated optics beam combiner is the result of a collaboration be-
tween IPAG and CEA-LETI based on CNES R&T funding. This work is based
on observations made with the ESO telescopes. It made use of the Smithso-
nian/NASA Astrophysics Data System (ADS) and of the Centre de Données as-
tronomiques de Strasbourg (CDS). All calculations and graphics were performed
with the freeware Yorick. Some of the observations were acquired in the frame-
work of the Belgium Guaranteed Time of VLTI (VISA project). The authors
warmly thank everyone involved in the VLTI project. The authors warmly thank
the entire GRAVITY consortium. GRAVITY is developed in a collaboration by
the Max Planck Institute for Extraterrestrial Physics, LESIA of Paris Observa-
tory and IPAG of Université Grenoble Alpes/CNRS, Max Planck Institute for As-
tronomy, the University of Cologne, the Centro Multidisciplinar de Astrofisica
Lisbon and Porto, and the European Southern Observatory.

References

Almeida, L. A., Sana, H., de Mink, S. E., et al. 2015, ApJ, 812, 102

Benaglia, P., Koribalski, B., & Albacete Colombo, J. F. 2006, PASA, 23, 50

Blomme, R., De Becker, M., Runacres, M. C., van Loo, S., & Setia Gunawan,
D. Y. A. 2007, A&A, 464, 701

Bonneau, D., Delfosse, X., Mourard, D., et al. 2011, A&A, 535, A53

Boyajian, T. S., Gies, D. R., Dunn, J. P., et al. 2007, ApJ, 664, 1121

Chelli, A., Utrera, O. H., & Duvert, G. 2009, A&A, 502, 705

De Becker, M. 2007, A&ARy, 14, 171

De Becker, M., & Raucq, F. 2013, A&A, 558, A28

De Becker, M., Sana, H., Absil, O., Le Bouquin, J.-B., & Blomme, R. 2012,
MNRAS, 423, 2711

Dufton, P. L., Smartt, S. J., Lee, J. K., et al. 2006, A&A, 457, 265

Eisenhauer, F,, Perrin, G., Brandner, W., et al. 2011, The Messenger, 143, 16

Gies, D. R. 2003, in A Massive Star Odyssey: From Main Sequence to
Supernova, eds. K. van der Hucht, A. Herrero, & C. Esteban, IAU Symp.,
212,91

Gies, D. R. 2012, in Proceedings of a Scientific Meeting in Honor of Anthony
F. J. Moffat, ed. L. Drissen, C. Robert, N. St-Louis, & A. F. J. Moffat, ASP
Conf. Ser., 465, 275

Haguenauer, P., Alonso, J., Bourget, P., et al. 2010, in SPIE Conf. Ser., 7734

Herbst, W., & Havlen, R. J. 1977, A&AS, 30, 279

Ibanoglu, C., Cakirh, O., & Sipahi, E. 2013, MNRAS, 436, 750

Kaltcheva, N. T., & Hilditch, R. W. 2000, MNRAS, 312, 753

Kharchenko, N. V., Piskunov, A. E., Roser, S., Schilbach, E., & Scholz, R.-D.
2005, A&A, 438, 1163

Kraus, S., Weigelt, G., Balega, Y. Y., et al. 2009, A&A, 497, 195

Lapeyrere, V., Kervella, P., Lacour, S., et al. 2014, in Optical and Infrared
Interferometry IV, Proc. SPIE, 9146, 91462


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629260&pdf_id=2
http://linker.aanda.org/10.1051/0004-6361/201629260/1
http://linker.aanda.org/10.1051/0004-6361/201629260/2
http://linker.aanda.org/10.1051/0004-6361/201629260/3
http://linker.aanda.org/10.1051/0004-6361/201629260/4
http://linker.aanda.org/10.1051/0004-6361/201629260/5
http://linker.aanda.org/10.1051/0004-6361/201629260/6
http://linker.aanda.org/10.1051/0004-6361/201629260/7
http://linker.aanda.org/10.1051/0004-6361/201629260/8
http://linker.aanda.org/10.1051/0004-6361/201629260/9
http://linker.aanda.org/10.1051/0004-6361/201629260/10
http://linker.aanda.org/10.1051/0004-6361/201629260/11
http://linker.aanda.org/10.1051/0004-6361/201629260/12
http://linker.aanda.org/10.1051/0004-6361/201629260/12
http://linker.aanda.org/10.1051/0004-6361/201629260/13
http://linker.aanda.org/10.1051/0004-6361/201629260/13
http://linker.aanda.org/10.1051/0004-6361/201629260/14
http://linker.aanda.org/10.1051/0004-6361/201629260/15
http://linker.aanda.org/10.1051/0004-6361/201629260/16
http://linker.aanda.org/10.1051/0004-6361/201629260/17
http://linker.aanda.org/10.1051/0004-6361/201629260/18
http://linker.aanda.org/10.1051/0004-6361/201629260/19
http://linker.aanda.org/10.1051/0004-6361/201629260/20

J.-B. Le Bouquin et al.: Resolved astrometric orbits of ten O-type binaries

Le Bouquin, J.-B., Berger, J.-P., Lazareff, B., et al. 2011, A&A, 535, A67

Le Bouquin, J.-B., Beust, H., Duvert, G., et al. 2013, A&A, 551, A121

Linder, N., Rauw, G., Sana, H., De Becker, M., & Gosset, E. 2007, A&A, 474,
193

Mahy, L., Gosset, E., Sana, H., et al. 2012, A&A, 540, A97

Maiz-Apelldniz, J., Walborn, N. R., Galué, H. A., & Wei, L. H. 2004, ApJS, 151,
103

Martins, F., Schaerer, D., & Hillier, D. J. 2005, A&A, 436, 1049

Mason, B. D., Gies, D. R., Hartkopf, W. L., et al. 1998, AJ, 115, 821

Millour, E., Driebe, T., Chesneau, O., et al. 2009, A&A, 506, L49

Palate, M., & Rauw, G. 2012, A&A, 537, A119

Peri, C. S., Benaglia, P, Brookes, D. P, Stevens, 1. R., & Isequilla, N. L. 2012,
A&A, 538, A108

Prisinzano, L., Damiani, F., Micela, G., & Sciortino, S. 2005, A&A, 430, 941

Rauw, G., Nazé, Y., Fernandez Lajus, E., et al. 2009, MNRAS, 398, 1582

Rauw, G., Sana, H., Spano, M., et al. 2012, A&A, 542, A95

Rauw, G., Blomme, R., Naze, Y., et al. 2016, A&A, 589, A121

Sana, H., & Evans, C. J. 2011, in Active OB Stars: Structure, Evolution, Mass
Loss, and Critical Limits, eds. C. Neiner, G. Wade, G. Meynet, & G. Peters,
IAU Symp., 272, 474

Sana, H., & Le Bouquin, J.-B. 2010, in Rev. Mex. Astron. Astrofis. Conf. Ser.,
38,27

Sana, H., Antokhina, E., Royer, P, et al. 2005, A&A, 441, 213

Sana, H., Gosset, E., Nazé, Y., Rauw, G., & Linder, N. 2008, MNRAS, 386,
447

Sana, H., Gosset, E., & Evans, C. J. 2009, MNRAS, 400, 1479

Sana, H., Le Bouquin, J.-B., De Becker, M., et al. 2011, ApJ, 740, L43

Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Science, 337, 444

Sana, H., Le Bouquin, J.-B., Mahy, L., et al. 2013, A&A, 553, A131

Sana, H., Le Bouquin, J.-B., Lacour, S., et al. 2014, ApJS, 215, 15

Sanchez-Bermudez, J., Schodel, R., Alberdi, A., et al. 2013, A&A, 554, L4

Sanchez-Bermudez, J., Alberdi, A., Schidel, R., et al. 2014, A&A, 572, L1

Schneider, F. R. N., Langer, N., de Koter, A., et al. 2014, A&A, 570, A66

Smith, N. 2006, ApJ, 644, 1151

Sota, A., Maiz Apellaniz, J., Morrell, N. L, et al. 2014, ApJS, 211, 10

Sung, H., Chun, M.-Y., & Bessell, M. S. 2000, AJ, 120, 333

Sung, H., Sana, H., & Bessell, M. S. 2013, AJ, 145, 37

Tatulli, E., Millour, F., Chelli, A., et al. 2007, A&A, 464, 29

Ten Brummelaar, T. A., McAlister, H. A., Ridgway, S., et al. 2008, in SPIE Conf.
Ser., 7013

Ten Brummelaar, T., Che, X., McAlister, H. A., et al. 2016, in AAS Meeting
Abstracts, 227, 427.02

Tokovinin, A. 2004, in Rev. Mex. Astron. Astrofis. Conf. Ser. 21, eds. C. Allen,
& C. Scarfe, 7

A34, page 9 of 21


http://linker.aanda.org/10.1051/0004-6361/201629260/21
http://linker.aanda.org/10.1051/0004-6361/201629260/22
http://linker.aanda.org/10.1051/0004-6361/201629260/23
http://linker.aanda.org/10.1051/0004-6361/201629260/23
http://linker.aanda.org/10.1051/0004-6361/201629260/24
http://linker.aanda.org/10.1051/0004-6361/201629260/25
http://linker.aanda.org/10.1051/0004-6361/201629260/25
http://linker.aanda.org/10.1051/0004-6361/201629260/26
http://linker.aanda.org/10.1051/0004-6361/201629260/27
http://linker.aanda.org/10.1051/0004-6361/201629260/28
http://linker.aanda.org/10.1051/0004-6361/201629260/29
http://linker.aanda.org/10.1051/0004-6361/201629260/30
http://linker.aanda.org/10.1051/0004-6361/201629260/31
http://linker.aanda.org/10.1051/0004-6361/201629260/32
http://linker.aanda.org/10.1051/0004-6361/201629260/33
http://linker.aanda.org/10.1051/0004-6361/201629260/34
http://linker.aanda.org/10.1051/0004-6361/201629260/35
http://linker.aanda.org/10.1051/0004-6361/201629260/36
http://linker.aanda.org/10.1051/0004-6361/201629260/36
http://linker.aanda.org/10.1051/0004-6361/201629260/37
http://linker.aanda.org/10.1051/0004-6361/201629260/38
http://linker.aanda.org/10.1051/0004-6361/201629260/38
http://linker.aanda.org/10.1051/0004-6361/201629260/39
http://linker.aanda.org/10.1051/0004-6361/201629260/40
http://linker.aanda.org/10.1051/0004-6361/201629260/41
http://linker.aanda.org/10.1051/0004-6361/201629260/42
http://linker.aanda.org/10.1051/0004-6361/201629260/43
http://linker.aanda.org/10.1051/0004-6361/201629260/44
http://linker.aanda.org/10.1051/0004-6361/201629260/45
http://linker.aanda.org/10.1051/0004-6361/201629260/46
http://linker.aanda.org/10.1051/0004-6361/201629260/47
http://linker.aanda.org/10.1051/0004-6361/201629260/48
http://linker.aanda.org/10.1051/0004-6361/201629260/49
http://linker.aanda.org/10.1051/0004-6361/201629260/50
http://linker.aanda.org/10.1051/0004-6361/201629260/51
http://linker.aanda.org/10.1051/0004-6361/201629260/52
http://linker.aanda.org/10.1051/0004-6361/201629260/52
http://linker.aanda.org/10.1051/0004-6361/201629260/53
http://linker.aanda.org/10.1051/0004-6361/201629260/53

A&A 601, A34 (2017)

Appendix A: Individual results
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Fig. A.1. Best fit orbital solution to the astrometric and velocimetric observations of HD 54662. Top-left: motion of the secondary around the

primary. The periastron of the secondary is represented by a filled symbol and the line of nodes by a dashed line. Top-right: radial velocities of the
primary (blue) and the secondary (red). Botfom: best fit parameters with random noise on the dataset.
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Fig. A.2. Best fit orbital solution to the astrometric observations of HD 93250. Top: motion of the secondary around the primary. The periastron
of the secondary is represented by a filled symbol and the line of nodes by a dashed line. Bottom: best fit parameters with random noise on the
dataset.
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Fig. A.3. Best fit orbital solution to the astrometric and velocimetric observations of HD 150136. Top-left: motion of the secondary around the

primary. The periastron of the secondary is represented by an open symbol and the line of nodes by a dashed line. Top-right: radial velocities of
the primary (blue) and the secondary (red). Bottom: best fit parameters with random noise on the dataset.
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Fig. A.4. Best fit orbital solution to the astrometric and velocimetric observations of HD 152233. Top-left: motion of the secondary around the
primary. The line of nodes is represented by a dashed line. Top-right: radial velocities of the primary (blue) and the secondary (red). Bottom: best
fit parameters with random noise on the dataset.
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Fig. A.7. Best fit orbital solution to the astrometric and velocimetric observations of HD 164794. Top-left: motion of the secondary around the
primary. The periastron of the secondary is represented by an open symbol and the line of nodes by a dashed line. Top-right: radial velocities of
the primary (blue) and the secondary (red). Bottom: best fit parameters with random noise on the dataset.
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Fig. A.8. Best fit orbital solution to the astrometric observations of HD 167971. Top: motion of the secondary around the primary. The periastron
of the secondary is represented by a filled symbol and the line of nodes by a dashed line. Bottom: best fit parameters with random noise on the
dataset.
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Fig. A.9. Best fit orbital solution to the astrometric and velocimetric observations of HD 168137. Top-left: motion of the secondary around the
primary. The periastron of the secondary is represented by an open symbol and the line of nodes by a dashed line. Top-right: radial velocities of
the primary (blue) and the secondary (red). Bottom: best fit parameters with random noise on the dataset.
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Fig. A.10. Best fit orbital solution to the astrometric observations of CPD-47 2963. Top: motion of the secondary around the primary. The periastron
of the secondary is represented by a filled symbol and the line of nodes by a dashed line. Bottom: best fit parameters with random noise on the
dataset.
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Appendix B: Additional tables

Table B.1. Best fit orbital solution to the astrometric and velocimetric

observations of HD 54662.

Element  Unit Value  Uncertainty

T MID 54045 32

P days  2103.3 4.3

a mas 10.383 0.065

e 0.060 0.010
Q deg 23.36 0.39

w deg 72.4 5.5

i deg 74.87 043
fu 0.78 0.02
K, kms™! 17.97 0.79
K, kms~! 98 18

g kms™'  46.05 0.28

From apparent orbit and distance
d pc 1100 100
M, M, 45 12
From apparent orbit and radial velocities

d pc 2229 345
M, M 316 168
M, M, 58 19

Table B.2. Best fit orbital solution to the astrometric observations of

HD 93250.
Element  Unit Value Uncertainty
T MJD 54857.7 54
P days  194.31 0.39
a mas 1.224 0.028
e 0.217 0.011
Q deg 59 20
w deg 171 24
i deg 22 41
Su 0.86 0.02
From apparent orbit and distance
d pc 2350 200
Mt M@ 84 22
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Table B.3. Best fit orbital solution to the astrometric and velocimetric

observations of HD 150136.

Element  Unit Value  Uncertainty

T MID 51183 33

P days 3067 16

a mas 16.891 0.095

e 0.6777 0.0024
Q deg 293.75 0.18

w deg 249.15 0.22

i deg 106.14 0.14
Sfu 0.24 0.02
K, kms™! 222 3.6
K, kms™! 70.8 3.4

g kms™! -20.7 1.1

From apparent orbit and distance
d pc 1320 120
M, M, 157 43
From apparent orbit and radial velocities

d pc 1188 65
M, M, 87 13
M, M, 27.3 7.0

Table B.4. Best fit orbital solution to the astrometric and velocimetric

observations of HD 152233.

Element  Unit Value  Uncertainty
T MID 56276 11
P days 871.3 4.6
a mas 4.150 0.090
e 0.543 0.011
Q deg 494 1.0
w deg 192.0 5.1
i deg 84.7 1.5
Sfu 0.15 0.02
K, kms™! 28.7 1.7
Ky kms™! 12.6 9.6
g kms™! —24.20 0.81
From apparent orbit and distance
d pc 1523 100
M, M, 44.4 9.5
From apparent orbit and radial velocities
d pc 672 152
M, M, 1.2 2.0
M, M, 2.6 1.3
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Table B.5. Best fit orbital solution to the astrometric observations of  Table B.8. Best fit orbital solution to the astrometric observations of

HD 152247. HD 167971.
Element  Unit Value  Uncertainty Element Unit Value Uncertainty
T MID 71266 19 T MID 54736 59
P days  581.71 0.70 P days 7806 540
a mas 2.871 0.065 a mas  18.15 0.90
e 0.593 0.015 e 0.443 0.020
Q deg 47.4 2.6 Q deg 1977 8.8
w deg 144.6 24 w deg  108.5 4.7
i deg 76.8 2.8 i deg 145.2 32
fu 0.27 0.02 fu 0.78 0.07
-1
I;“ tz :_1 _:i 34; 5 01 '863 From apparent orbit and distance
: : pc 1750 200
From apparent orbit and distance M, Mo 70 25
d pc 1523 100
M, M, 32.9 6.8

Table B.9. Best fit orbital solution to the astrometric and velocimetric
observations of HD 168137.

Table B.6. Best fit orbital solution to the astrometric observations of

HD 152314. Element  Unit  Value Uncertainty
Element  Unit Value  Uncertainty r MID 53525 14
T MID 56886 12 P days lf %6 32%
P days 3749 13 . T om 0,058
a mas 9.365 0.091 - .
Q deg 231.2 5.0
e 0.4948 0.0081 w deg 246.7 9.0
Q deg 98.23 0.76 d 1 '2 4'
w deg 3105 1.8 f’ °8 003'7 0 602
i deg  105.55 0.66 KH ksl 55 35
fu 0.36 0.02 “ _1
K, kms' 1885 0.86 Ky ks o 71 43
g kms! 2117 045 g  kms™ 263 92
From apparent orbit and distance From apparent orbit and distance
d pc 1523 100 d pc 1800 100
M, M, 275 54 M, M, 79 1004
From apparent orbit and radial velocities
pp
Table B.7. Best fit orbital solution to the astrometric and velocimetric I\Z Ap; 1?85 52663
observations of HD 164794. a 9
M, M, 15 17
Element Unit Value  Uncertainty
T MIJD 46613 21 Table B.10. Best fit orbital solution to the astrometric observations of
P days 33104 7.0 CPD-472963.
a mas 14.78 0.13
e 0.6508 0.0039 Element  Unit Value Uncertainty
Q d 67.21 0.51
» d§§ 104 3 T MID 560668 2.9
a 1 : : Q deg 92.3 6.4
K, kms 35.14 0.74 w deg 377 60
,1 . .
g kms 14.79 0.29 i deg 1422 46
From apparent orbit and distance Ju 0.27 0.02
A(; AI}C 1%?0 11080 From apparent orbit and distance
! © d pc 1300 200
From apparent orbit and radial velocities M, Mo 28 13
d pc 881 22
M, M, 16.77 0.99
M, M, 10.07 0.89
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