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ABSTRACT

Context. The frequency of brown-dwarf companions in close orbit around Sun-like stars is low compared to the frequency of plane-
tary and stellar companions. There is presently no comprehensive explanation of this lack of brown-dwarf companions.
Aims. By combining the orbital solutions obtained from stellar radial-velocity curves and Hipparcos astrometric measurements, we
attempt to determine the orbit inclinations and therefore the masses of the orbiting companions. By determining the masses of poten-
tial brown-dwarf companions, we improve our knowledge of the companion mass-function.
Methods. The radial-velocity solutions revealing potential brown-dwarf companions are obtained for stars from the CORALIE and
HARPS planet-search surveys or from the literature. The best Keplerian fit to our radial-velocity measurements is found using the
Levenberg-Marquardt method. The spectroscopic elements of the radial-velocity solution constrain the fit to the intermediate astromet-
ric data of the new Hipparcos reduction. The astrometric solution and the orbit inclination are found using non-linear χ2-minimisation
on a two-parameter search grid. The statistical confidence of the adopted orbital solution is evaluated based on the distribution-free
permutation test.
Results. The discovery of nine new brown-dwarf candidates orbiting stars in the CORALIE and HARPS radial-velocity surveys is re-
ported. New CORALIE radial velocities yielding accurate orbits of six previously-known hosts of potential brown-dwarf companions
are presented. Including the literature targets, 33 hosts of potential brown-dwarf companions are examined. Employing innovative
methods, we use the new reduction of the Hipparcos data to fully characterise the astrometric orbits of six objects, revealing M-dwarf
companions of masses between 90 MJ and 0.52 M�. In addition, the masses of two companions can be restricted to the stellar domain.
The companion to HD 137510 is found to be a brown dwarf. At 95% confidence, the companion of HD 190228 is also a brown dwarf.
Twenty-three companions remain brown-dwarf candidates. On the basis of the CORALIE planet-search sample, we obtain an upper
limit of 0.6% for the frequency of brown-dwarf companions around Sun-like stars. We find that the companion-mass distribution
function increases toward the lower end of the brown-dwarf mass range, suggesting that we detect the high-mass tail of the planetary
distribution.
Conclusions. Our findings agree with the results of previous similar studies and confirm the pronounced paucity of brown-dwarf
companions around Sun-like stars. They are affected by the Hipparcos astrometric precision and mission duration, which limits the
minimum detectable companion mass, and some of the remaining candidates are probably brown-dwarf companions.
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1. Introduction

The mass distribution of close companions to Sun-like stars ex-
hibits a clear deficit of brown dwarfs compared to planets and
stellar binaries (Grether & Lineweaver 2006). With a frequency
of less than 1% (Marcy & Butler 2000), brown-dwarf compan-
ions to solar-type stars at separations below 10 AU are much less
common than planetary companions with a frequency of ∼7%

� Based on observations made with the CORALIE spectrograph
on the Swiss telescope at the European Southern Observatory in La
Silla, Chile, with the ESA Hipparcos astrometry satellite, and with
the HARPS instrument on the ESO 3.6-m telescope (GTO programme
072.C-0488).
�� The CORALIE and HARPS radial-velocity measurements dis-
cussed in this paper are only available in electronic form 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?J/A+A/vol/pge

(e.g. Udry & Santos 2007) and stellar binaries with a frequency
of ∼13% (Duquennoy & Mayor 1991; Halbwachs et al. 2003)
at similar separations. Brown dwarfs are substellar objects, mas-
sive enough to burn deuterium but too light to permit hydrogen
burning, which places them in the mass range of approximately
13–80 Jupiter masses (Burrows et al. 1997; Chabrier & Baraffe
2000; Spiegel et al. 2010). They therefore constitute intermedi-
ate objects between planets and stars, though the lower end of
the brown-dwarf mass range overlaps with the one of massive
planets (e.g., Luhman et al. 2009), and distinguishing planets
and brown dwarfs may require us to trace the individual forma-
tion processes. A comprehensive description of the formation
of low-mass objects, covering the range of planets to very low-
mass stars, remains undefined, although the progress in this di-
rection is formidable as reported in the reviews of Whitworth
et al. (2007), Luhman et al. (2007), and Burgasser et al. (2007).
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A few companions with masses of 18–60 Jupiter masses
(MJ) have been identified by astrometry (e.g., Martioli et al.
2010; Benedict et al. 2010) or discovered in transiting systems
(e.g., Deleuil et al. 2008; Bouchy et al. 2010; Anderson et al., in
preparation). Yet, most potential brown dwarf companions are
discovered in radial velocity surveys (e.g. Nidever et al. 2002).
In these high-precision programs, designed to achieve planet
detection, they are easily spotted and characterised because of
their large signatures, by far exceeding the radial velocity mea-
surement precision (e.g., Patel et al. 2007; Bouchy et al. 2009).
However, radial-velocity measurements alone do not constrain
the orbit inclination. Therefore, they cannot reveal the compan-
ion mass, but determine its lower limit. Observations of com-
plementary effects such as the transit light-curve (Deleuil et al.
2008) or the astrometric motion of the host star are required to
solve this ambiguity and determine the companion mass.

High-precision astrometry with the Hubble Space Telescope
(HST) has been used to find the masses of planetary compan-
ions discovered by radial velocity (Benedict et al. 2010, and
references therein) and has demonstrated the capability of as-
trometry to distinguish between planetary, brown-dwarf, or stel-
lar companions. Ground-based optical interferometers achieve
the necessary precision to detect orbital motions of binary and
multiple systems and to determine the orbital parameters in
combination with radial-velocity measurements (Hummel et al.
1993; Muterspaugh et al. 2006; Lane et al. 2007). The astromet-
ric detection of planetary orbits using IR-interferometry is the
aim of the extrasolar-planet search with PRIMA project (ESPRI,
Launhardt et al. 2008). On a larger scale, the GAIA satellite (e.g.
Lindegren 2010) will advance the field of astrometric detection
and characterisation of planetary systems, because of its out-
standing measurement precision (Casertano et al. 2008).

Hipparcos astrometry has been extensively used to constrain
the masses of sub-stellar and stellar companions in multiple sys-
tems (Perryman et al. 1996; Pourbaix & Jorissen 2000; Zucker
& Mazeh 2001; Torres 2007). Han et al. (2001) used Hipparcos
astrometry to analyse 30 extrasolar-planet candidates and con-
cluded that half of these companions were rather brown or M
dwarfs. With the consequent rectification by Pourbaix & Arenou
(2001), showing that the results of Han et al. (2001) had been
biased by the fitting procedure, it became clear that the fitting of
astrometric data has to be performed very carefully, especially
when the size of the orbital signature approaches the measure-
ment precision of the instrument (Pourbaix 2001). All of these
past works used the original Hipparcos data (Perryman et al.
1997).

In 2007, the new reduction of the raw Hipparcos data
(van Leeuwen 2007) was released, which represents a signif-
icant improvement in quality compared to the original data
(van Leeuwen 2007). It also includes a revised version of the
intermediate astrometric data in a new format that facilitates
the search for the signature of orbital motion. We use the
new Hipparcos reduction for our study, which aims to deter-
mine the masses of companions to stars detected using high-
precision radial-velocity measurements and found to have min-
imum masses in the brown-dwarf domain. Our target sample is
composed of stars from the CORALIE and HARPS planet surveys.
In addition, we included a list of targets selected from the litera-
ture. To validate our method of astrometric orbit determination,
we also analysed a few comparison targets with published astro-
metric orbits. This study explores the brown dwarf desert and is
in line with the foregoing works by Halbwachs et al. (2000) and
Zucker & Mazeh (2001).

Table 1. Hipparcos parameters of the surveyed stars.

Nr. Object Sp. T. V B − V �
HD HIP (mas)

1 3277 2790 G8V 7.59 0.73 34.7 ± 0.7
2 4747 3850 G8 7.30 0.77 53.5 ± 0.5
3 17289 12726 G0V 7.56 0.59 20.8 ± 1.2
4 30501 22122 K0V 7.73 0.88 47.9 ± 0.5
5 43848 29804 K1IV 8.80 0.93 26.4 ± 0.8
6 52756 34052 K1V 8.80 1.18 57.4 ± 1.2
7 53680 33736 K5V 8.61 0.90 30.1 ± 0.6
8 74014 42634 K0 7.73 0.76 29.6 ± 0.7
9 89707 50671 G1V 7.29 0.55 30.6 ± 0.6
10 154697 83770 G5 7.97 0.73 30.6 ± 1.0
11 164427A 88531 G4IV 7.01 0.62 26.3 ± 0.7
12 167665 89620 F8V 6.48 0.54 32.8 ± 0.5
13 189310 99634 K2V 8.61 0.90 31.0 ± 0.6
14 211847 110340 G5V 8.78 0.66 19.8 ± 1.3
15 · · · 103019 K5 10.45 1.33 28.3 ± 2.3

The paper is organised as follows. The brown-dwarf can-
didates from the CORALIE and HARPS surveys are presented
in Sect. 2 with an additional 18 candidates selected from the
literature. The method of combining radial-velocity orbits and
Hipparcos astrometry is described in Sect. 3. The results are
summarised in Sect. 4 and discussed in Sect. 5. We conclude
in Sect. 6.

2. Brown dwarf candidates

Our target sample consists of 33 stars that exhibit radial velocity
variations caused by a companion with minimum mass M2 sin i
in the brown-dwarf mass range of 13–80 MJ. It contains 14 stars
from the CORALIE survey (Udry et al. 2000) and one star from
the HARPS planet search program (Mayor et al. 2003). To date,
the CORALIE planet survey has contributed to the discovery of
more than 50 extrasolar planets (e.g. Naef et al. 2001; Mayor
et al. 2004; Tamuz et al. 2008). CORALIE is an optical echelle
spectrograph mounted on the 1.2 m Swiss Telescope located at
the European Southern Observatory in La Silla, Chile. A descrip-
tion of the instrument can be found in Queloz et al. (2000) and
the references therein. With its unmatched precision, the HARPS
instrument permitted the discovery of more than 70 planetary
companions to date, including earth-mass planets (e.g. Pepe
et al. 2007; Santos et al. 2007; Mayor et al. 2009; Forveille et al.
2009). The characteristics, radial velocities, and orbital solutions
of the 15 CORALIE and HARPS stars are presented and discussed
in Sects. 2.1–2.3. In addition, 18 potential brown-dwarf host
stars with radial-velocity orbits were selected from the literature
and are listed in Sect. 2.4. These include HD 190228, initially a
planet-host star (Sivan et al. 2004), whose importance we recog-
nised during the analysis.

2.1. Stellar characteristics

The identifiers and basic stellar characteristics of the CORALIE
stars and HIP 103019 from the HARPS survey are listed in
Table 1. The apparent visual magnitude V , the colour B − V ,
and the parallax � are from the new Hipparcos reduction
(van Leeuwen 2007), whereas the spectral type is from the origi-
nal Hipparcos catalogue (Perryman et al. 1997). Table 2 displays
the derived stellar parameters. The uncertainty in V is smaller
than 0.002 mag. The absolute magnitude MV is derived from
the Hipparcos magnitude and parallax. The effective tempera-
ture Teff, the surface gravity log g, and the metallicity [Fe/H] are
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Table 2. Derived stellar parameters of the surveyed stars.

Object Instr.b MV Teff log g [Fe/H] ν sin i M1 Age
(K) (cgs) (dex) (km s−1) (M�) (Gyr)

HD 3277 C 5.30 5539 ± 50 4.36 ± 0.10 −0.06 ± 0.08 <2.0 0.91 ± 0.03 0.4–8.0
HD 4747 C 5.94 5316 ± 50a 4.48 ± 0.10a −0.21 ± 0.05a 0.79 ± 0.06a 0.81 ± 0.02 0.1–7.3
HD 17289 C 4.15 5924 ± 50 4.37 ± 0.10 −0.11 ± 0.06 <2.0 1.01 ± 0.03 6.0–9.3
HD 30501 C 6.13 5223 ± 50 4.56 ± 0.10 −0.06 ± 0.06 <2.0 0.81 ± 0.02 0.8–7.0
HD 43848 C 5.91 5334 ± 92 4.56 ± 0.15 0.22 ± 0.06 <2.0 0.89 ± 0.02 0.0–5.1
HD 52756 C 7.60 5216 ± 65 4.47 ± 0.11 0.13 ± 0.05 <2.0 0.83 ± 0.01 0.2–2.7
HD 53680 C 6.00 5167 ± 94 5.37 ± 0.29 −0.29 ± 0.08 2.08 ± 0.31 0.79 ± 0.02 0.7–9.4
HD 74014 C 5.08 5662 ± 55 4.39 ± 0.10 0.26 ± 0.08 <2.0 1.00 ± 0.03 0.1–3.8
HD 89707 C 4.71 6047 ± 50 4.52 ± 0.10 −0.33 ± 0.06 <2.0 0.96 ± 0.04 0.5–6.0
HD 154697 C 5.40 5648 ± 50 4.42 ± 0.10 0.13 ± 0.06 <2.0 0.96 ± 0.02 0.0–3.3
HD 164427A C 4.11 6003 ± 50 4.35 ± 0.10 0.19 ± 0.06 <2.0 1.15 ± 0.03 1.2–4.1
HD 167665 C 4.06 6224 ± 50 4.44 ± 0.10 −0.05 ± 0.06 <2.0 1.14 ± 0.03 0.7–3.6
HD 189310 C 6.07 5188 ± 50 4.49 ± 0.10 −0.01 ± 0.06 <2.0 0.83 ± 0.02 0.0–7.5
HD 211847 C 5.26 5715 ± 50 4.49 ± 0.10 −0.08 ± 0.06 <2.0 0.94 ± 0.04 0.1–6.0
HIP 103019 H 7.61 4913 ± 115 4.45 ± 0.28 −0.30 ± 0.06 · · · 0.70 ± 0.01 0.0–7.9

Notes. (a) Data from Santos et al. (2005). (b) C and H stand for CORALIE and HARPS, respectively.

derived from the spectroscopic analysis of high signal-to-noise
ratio (S/N) spectra with the method presented in Santos et al.
(2004) using the FeIand FeII lines listed in Sousa et al. (2008).
The stellar rotation parameter ν sin i is derived from the cal-
ibration of the CORALIE or HARPS cross-correlation function
by Santos et al. (2002). Finally, the stellar mass of the primary
M1 and the age are estimated from the theoretical isochrones of
Girardi et al. (2000) and a Bayesian estimation method described
in da Silva et al. (2006)1. Stellar ages of main-sequence dwarfs
are usually not well constrained and we quote the 1-σ confi-
dence interval. The spectroscopic analysis was problematic for
HIP 103019, possibly because of its faintness and late spectral
type. Errors in the parameters of this star are possibly underes-
timated. The stellar characteristics of the targets from the litera-
ture can be found in the respective references given in Sect. 2.4.

2.2. Radial-velocity measurements and orbital solutions

Optical high-resolution spectra of the stars in Table 2 were col-
lected with the CORALIE and HARPS spectrographs over time
intervals extending to 11 years. Radial velocities were estimated
by means of the cross-correlations of the extracted stellar spectra
with numerical templates, which depend on the target’s spectral
type. During CORALIE observations, a reference thorium-argon
spectrum is recorded simultaneously with the stellar spectrum
and used to measure and correct for residual zero-point drifts
(Baranne et al. 1996). Photon noise limits the obtained preci-
sion to typically 2–4 m s−1 per epoch. To account for system-
atic drifts, an external error of 5 m s−1 is quadratically added
to CORALIE radial-velocity uncertainties before performing the
period search and the model adjustment. The abbreviations C98
and C07 refer to the CORALIE instrument before and after its
upgrade in 2007, respectively (Ségransan et al. 2010). The two
parameters γC98 and γC07 are introduced to account for the possi-
bly different velocity offsets of these instrument configurations.

Because of the stability of the HARPS instrument and the
targeted precision of 2 m s−1 per epoch for the volume-limited
programme, HIP 103019 was observed without thorium-argon
reference (cf. Naef et al. 2010). To account for possible drifts,

1 The web interface is http://stev.oapd.inaf.it/cgi-bin/
param

an additional error of 0.5 m s−1 is quadratically added to the
HARPS radial-velocity uncertainties.

The Keplerian-orbit solution is found by imposing the model
function Eq. (11) with 6 parameters (K1, e, ω, T , P, and γ) to the
radial velocities of a given star. The fit determines the values of
the period P, the eccentricity e, the time of periastron passage T0,
the longitude of periastronω, the radial-velocity semi-amplitude
K1, and the systemic velocity γ. In general, measurements with
uncertainties larger than 15 m s−1 are not used in the model ad-
justments.

A single-companion model closely reproduces the data of
11 stars with reduced-chi values of χr = 0.7–1.3. For 4 stars,
HD 17289, HD 89707, HD 211847, and HIP 103019, the fit is
not as good with χr = 1.7–2.0 and produces residuals of unusu-
ally large amplitude, without contesting the presence of a large
orbital motion. Introducing additional model parameters, corre-
sponding to a linear or quadratic drift or a second companion
does not significantly improve the fit. Therefore, the moderate fit
quality has to be attributed to either underestimated radial veloc-
ity errors or to additional noise sources, such as stellar activity.
This is discussed for the individual targets in the next section.

The orbital periods of HD 4747 and HD 211847 are very
long and not covered by the measurement time-span. Hence, the
best-fit period is poorly constrained and realistic confidence in-
tervals have to be derived by a different method. We chose a
criterion based on the fit-quality metric χr and its error σχ ob-
tained for the best fit. During a second fit, we fix the period dur-
ing the adjustment, such that the resulting χ-value increases to
χr + 3σχ. In this way, we obtain upper and lower limits to the
orbital parameters, which are listed at the bottom of Tables 3
and 4. The method that searches for the astrometric signature
in the Hipparcos data presented in Sect. 3 relies on the precise
knowledge of the radial-velocity parameters. Because the peri-
ods of HD 4747 and HD 211847 are poorly constrained and the
orbital coverage of Hipparcos is very short, we do not perform
the combined astrometric analysis for these targets. They are
presented as part of the brown-dwarf candidates characterised
with CORALIE.

Table 3 displays the orbital elements of the best-fit solutions
and Table 4 lists the basic statistics and the derived orbit pa-
rameters (see also Fig. 1). The parameter T0 is given as reduced
barycentric Julian date (BJD), that is JD� = BJD − 2 400 000.
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Fig. 1. Orbital characteristics of the 15 brown-dwarf candidates ob-
served with CORALIE and HARPS. Filled symbols indicate the com-
panions with stellar mass identified by this study. The error bars are
often smaller than the symbol size, though the orbits of HD 4747 and
HD 211847 are not covered and therefore less constrained, see the text
for details. Top: minimum companion mass and separation. Bottom: ec-
centricity and orbital period.

In addition, NRV is the total number of measurements, ΔT is
the observation time-span, S/N is the median S/N per pixel at
550 nm, 〈σRV〉 is the mean measurement uncertainty, χr is the
reduced-chi value of the fit, G.o.F. is the goodness of fit, σ(O−C)
gives the root-mean-square dispersion of the fit residuals, a1 sin i
is the minimum astrometric semimajor axis expressed in unit of
length, f (m) is the mass function, arel is the semimajor axis of
the relative orbit, and finally M2 sin i is the minimum companion
mass. The quoted errors correspond to 1-σ confidence intervals
derived from 5000 Monte Carlo simulations. Figures 4 and 5
show the phase-folded radial velocities and the adopted orbital
solution. All measurements are available in electronic form at
the CDS as indicated on the title page.
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Fig. 2. Radial velocities (top) and residuals (bottom) to the best fit,
represented by the solid line, of HD 4747 measured with HIRES (or-
ange diamonds), CORALIE C98 (red circles), and CORALIE C07 (blue
squares).

2.3. Details of the surveyed stars

We now present the 15 stars observed with CORALIE and
HARPS, and discuss details about their respective radial-velocity
solutions:

– HD 3277 (HIP 2790) is found to host a potential brown-
dwarf companion. The star was listed as an uncertain
spectroscopic binary in Tokovinin et al. (2006), who did not
have sufficient radial-velocity measurements to constrain the
orbit.

– HD 4747 (HIP 3850) has a potential brown-dwarf compan-
ion discovered with radial velocities by Nidever et al. (2002).
We combine CORALIE observations with the KECK HIRES
radial velocities of Nidever et al. (2002) retrieved from the
SB9-catalogue (Pourbaix et al. 2004). However, the orbital
period is very long and not covered by the measurements
(see Fig. 2). Tables 3 and 4 show the best-fit solution and the
solutions with fixed period such that the χ-value increases to
χr + 3σχ = 1.56. The resulting period range is P = 7900–
29 000 days with corresponding minimum companion-mass
M2 sin i = 39.6–58.1 MJ.

– HD 17289 (HIP 12726) is found to host a potential brown-
dwarf companion. Goldin & Makarov (2007) independently
found an orbital signature from Hipparcos astrometry alone
with a period of 536±12 days, which is close to our solution
(562.1 ± 0.3 days). However, the orbital parameters derived
by Goldin & Makarov (2007) are less precise and less accu-
rate than the radial-velocity solution.
The dispersion in the fit residuals is abnormally large for
CORALIE. The detailed analysis of the cross-correlation
function (CCF) indicates that its bisector velocity span and
full-width-at-half-maximum (FWHM) are correlated with
the orbital phase (Fig. 6). As we show in Sect. 4, the com-
panion of HD 17289 is a star with mass of 0.52 M�. The
two stars are very close (<50 mas, Sect. 4.1) and their esti-
mated intensity ratio in the visible is about 1:180. Therefore,
the companion’s light is also injected in the science fibre of
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Table 3. Single-companion Keplerian orbital solutions of the surveyed stars.

Object γC98 γC07 P e K1 T0 ω

(km s−1) (km s−1) (day) (m s−1) (JD�) (deg)

HD 3277 −13.792+0.006
−0.006 −13.796+0.004

−0.004 46.1512+0.0002
−0.0002 0.285+0.001

−0.001 4076.4+3.5
−3.4 54324.14+0.03

−0.03 −39.4+0.3
−0.3

HD 17289 35.400+0.009
−0.009 35.420+0.017

−0.017 562.1+0.4
−0.4 0.532+0.004

−0.004 1414.5+10.0
−10.0 53762.5+0.9

−0.9 52.4+0.6
−0.6

HD 30501 23.725+0.026
−0.026 23.710+0.028

−0.028 2073.6+3.0
−2.9 0.741+0.004

−0.004 1703.1+26.0
−26.0 53851.5+3.0

−3.0 70.4+0.7
−0.7

HD 43848g 68.130+0.045
−0.046 68.118+0.042

−0.045 2354.3+8.9
−8.9 0.703+0.020

−0.019 570.1+48.1
−45.7 55585.8+13.4

−13.2 −131.7+1.3
−1.4

HD 43848h 66.845+0.492
−0.577 66.837+0.496

−0.575 2349.5+8.8
−8.5 0.885+0.030

−0.027 1859.3+570.1
−492.4 55634.6+10.8

−10.8 −151.5+4.0
−4.4

HD 52756 56.907+0.003
−0.003 56.904+0.005

−0.005 52.8657+0.0001
−0.0001 0.6780+0.0003

−0.0003 4948.8+3.0
−3.1 52828.617+0.003

−0.003 139.9+0.1
−0.1

HD 53680 89.065+0.005
−0.005 89.048+0.004

−0.004 1688.6+1.1
−1.1 0.475+0.002

−0.002 1239.8+4.1
−4.0 54182.9+1.4

−1.4 −133.2+0.3
−0.3

HD 74014 −16.371+0.002
−0.002 −16.387+0.008

−0.008 6936.3+134.9
−134.5 0.532+0.006

−0.006 617.5+2.3
−2.3 53431.9+5.1

−5.2 −34.7+0.6
−0.6

HD 89707 84.360+1.686
−1.581 84.390+1.699

−1.591 298.5+0.1
−0.1 0.900+0.039

−0.035 4189.5+1476.7
−1246.3 53296.4+5.4

−5.5 74.8+18.7
−19.7

HD 154697 −34.870+0.007
−0.007 −34.858+0.011

−0.011 1835.9+2.0
−2.0 0.165+0.002

−0.002 1230.1+8.1
−8.1 52579.7+9.5

−9.5 179.1+1.6
−1.6

HD 164427A 5.506+0.015
−0.014 5.512+0.015

−0.015 108.537+0.001
−0.001 0.551+0.002

−0.002 2231.1+12.6
−12.5 53026.8+0.1

−0.1 −3.3+0.4
−0.4

HD 167665 7.984+0.004
−0.004 8.003+0.008

−0.009 4451.8+27.6
−27.3 0.340+0.005

−0.005 609.5+3.3
−3.3 56987.6+29.7

−29.0 −134.3+0.9
−0.9

HD 189310 −10.258+0.003
−0.003 −10.250+0.005

−0.005 14.18643+0.00002
−0.00002 0.359+0.001

−0.001 2606.0+2.8
−2.8 53542.399+0.004

−0.004 50.1+0.1
−0.1

HIP 103019 −4.296+0.002
−0.002

b · · · 917.3+1.1
−1.1 0.502+0.001

−0.001 1614.2+1.8
−1.7 54681.5+0.2

−0.2 74.2+0.1
−0.1

HD 4747d 9.949+0.007
−0.007 10.018+0.008

−0.008 7900a 0.676+0.003
−0.003 641.9+7.1

−7.3 58361.8+3.9
−4.0 −101.3+0.6

−0.6

HD 4747e 9.893+0.016
−0.016

c 9.904+0.024
−0.025 11593.2+1118.6

−1117.6 0.723+0.013
−0.013 703.3+16.7

−16.4 62059.1+1120.2
−1118.3 −94.2+1.6

−1.6

HD 4747 f 9.793+0.014
−0.014 9.757+0.011

−0.011 29000a 0.831+0.002
−0.002 807.9+14.3

−14.1 79470.8+5.7
−5.7 −84.9+0.6

−0.5

HD 211847d 6.689a 6.689a 3750a 0.493+0.010
−0.010 267.2+6.5

−6.5 57830.9+15.5
−15.9 152.3+1.9

−1.9

HD 211847e 6.689a 6.689a 7929.4+1999.1
−2500.2 0.685+0.068

−0.067 291.4+12.2
−12.0 62030.1+2010.4

−2501.4 159.2+2.0
−2.0

HD 211847 f 6.689a 6.689a 100000a 0.949+0.001
−0.001 338.1+7.1

−7.2 154108.7+7.8
−8.1 164.5+0.8

−0.8

Notes. (a) Fixed. (b) HARPS systemic velocity. (c) KECK HIRES systemic velocity is 9.823+0.016
−0.016 km s−1. (d) Lower period limit. (e) Best-fit solution.

( f ) Upper period limit. (g) Final solution at lower eccentricity. The MIKE systemic velocity is −0.046+0.044
−0.046 km s−1. (h) Formal solution at higher

eccentricity. The MIKE systemic velocity is −1.331+0.493
−0.575 km s−1.

CORALIE and its signature appears in the collected spec-
tra. The spectral lines of the companion distort the CCF
depending on the orbital phase. As expected, the CCF width
is minimal when the radial-velocity curves of both compo-
nents cross and equal the systemic velocity. The detailed
modelling of this double-lined spectroscopic binary is be-
yond the scope of this paper, but we have identified the bi-
nary as the cause of a phase-dependent radial-velocity bias,
which explains the excess noise in our measurements.

– HD 30501 (HIP 22122) is found to host a potential brown-
dwarf companion.

– HD 43848 (HIP 29804) has a potential brown-
dwarf companion discovered with radial velocity by
Minniti et al. (2009). An astrometric analysis using
Hipparcos and the solution of Minniti et al. (2009)
was performed by Sozzetti & Desidera (2010). We com-
bined the published measurements2 with the CORALIE
velocities to adjust the Keplerian model. While the orbital
period is well defined, the distributions of e, K1, T0, and ω
obtained from the Monte Carlo simulations are bimodal.

2 By comparing the published radial velocities to our CORALIE mea-
surements, we discovered that the published Julian dates corresponding
to the radial velocities of Minniti et al. (2009) are misprinted and offset
by –2000 days.

This is because the lower velocity turnover is not well
sampled by the measurements. The fit-quality in terms of χ2

is comparable for all Monte Carlo simulations and cannot be
used to identify the correct solution. In Fig. 7, we show the
eccentricity and semi-amplitude distributions. Because the
realisation of the lower-eccentricity orbit is more probable
(77%) than the high-eccentricity orbit (23%), we consider
only the orbits with e � 0.78 to find the final solution and
perform the astrometric analysis. For completeness, we also
list the less probable and higher-eccentricity solution in
Tables 3 and 4.

– HD 52756 (HIP 33736) is found to host a potential brown-
dwarf companion.

– HD 53680 (HIP 34052) is found to host a potential brown-
dwarf companion.

– HD 74014 (HIP 42634) has a potential brown-dwarf com-
panion discovered with radial velocities by Patel et al.
(2007). The original orbit is compatible with our solution ob-
tained from 118 CORALIE velocities covering the complete
orbit.

– HD 89707 (HIP 50671) has a potential brown-dwarf com-
panion announced by Duquennoy & Mayor (1991) and anal-
ysed by Halbwachs et al. (2000) based on radial velocities
collected with the CORAVEL and ELODIE instruments. The
original orbit is compatible with our solution obtained from
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Table 4. Companion parameters for the surveyed stars.

Object NRV ΔT S/N 〈σRV〉 χr G.o.F. σ(O−C) a1 sin i f (m) arel M2 sin i
(yr) (m s−1) (m s−1) (10−3 AU) (10−9 M�) (AU) (MJ)

HD 3277 14 10.4 35.4 8.4 1.10 ± 0.27 0.55 5.38 16.58+0.02
−0.02 285270+796

−791 0.249+0.004
−0.004 64.7+2.1

−2.2

HD 17289 29 11.3 46.9 6.6 2.02 ± 0.15 6.07 12.46 61.9+0.3
−0.3 100178+1619

−1631 1.357+0.023
−0.023 48.9+1.7

−1.7

HD 30501 46 11.3 32.5 6.6 0.91 ± 0.11 -0.73 6.33 217.9+2.0
−2.0 320923+8957

−9070 3.036+0.048
−0.049 62.3+2.1

−2.1

HD 43848 f 38e 9.2 30.1 5.6 1.31 ± 0.13 2.40 7.29 87.5+4.8
−4.7 16285+2711

−2638 3.360+0.057
−0.056 24.5+1.6

−1.6

HD 43848g 38e 9.2 30.1 5.6 1.31 ± 0.13 2.40 7.29 179.1+32.4
−28.1 150526+78452

−67284 3.385+0.057
−0.056 50.2+9.1

−8.1

HD 52756 33 10.1 28.8 6.1 1.15 ± 0.14 1.17 7.72 17.68+0.01
−0.01 263682+483

−483 0.265+0.004
−0.004 59.3+2.0

−1.9

HD 53680 48 9.1 30.5 7.1 1.03 ± 0.11 0.30 7.77 169.4+0.5
−0.5 227414+2125

−2059 2.620+0.043
−0.042 54.7+1.8

−1.8

HD 74014 118 11.3 41.8 5.3 0.96 ± 0.07 -0.61 6.29 333.2+4.7
−4.8 102583+955

−947 7.222+0.147
−0.153 49.0+1.7

−1.7

HD 89707 37 9.0 57.5 6.1 1.70 ± 0.13 5.03 11.63 46.0+6.8
−5.8 158142+62033

−60856 0.877+0.015
−0.014 53.6+7.8

−6.9

HD 154697 49 10.8 31.6 7.2 1.09 ± 0.11 0.85 7.82 204.7+1.3
−1.3 339722+6646

−6630 2.960+0.048
−0.048 71.1+2.4

−2.4

HD 164427A 21 10.7 43.1 6.7 1.25 ± 0.19 1.39 7.12 18.6+0.1
−0.1 72658+994

−991 0.472+0.007
−0.008 48.0+1.6

−1.6

HD 167665 38 10.9 76.3 5.0 1.30 ± 0.13 2.36 8.28 234.6+2.3
−2.3 86931+1800

−1802 5.608+0.097
−0.096 50.6+1.7

−1.7

HD 189310 19 8.3 22.2 7.6 0.70 ± 0.20 -1.43 4.39 3.172+0.003
−0.003 21156+56

−57 0.109+0.002
−0.002 25.6+0.9

−0.8

HIP 103019 26 2.3 44.0 2.3 1.92 ± 0.16 5.28 3.57 117.7+0.1
−0.1 258370+999

−1019 1.678+0.027
−0.027 52.5+1.7

−1.7

HD4747b 56a 13.1 34.9 4.7 1.56 ± 0.10 5.19 8.40 343.4+4.7
−4.7 86625+3520

−3588 7.286+0.119
−0.120 39.6+1.4

−1.4

HD4747c 56a 13.1 34.9 4.7 1.26 ± 0.10 2.50 6.47 517.2+52.2
−50.8 137430+15376

−14928 9.425+0.636
−0.639 46.1+2.3

−2.3

HD4747d 56a 13.1 34.9 4.7 1.56 ± 0.10 5.15 7.38 1199.3+25.2
−25.2 274046+17203

−17299 17.465+0.287
−0.288 58.1+2.4

−2.3

HD 211847b 28 7.2 41.2 5.9 2.32 ± 0.14 7.94 13.58 80.1+2.0
−2.0 4885+358

−360 4.652+0.076
−0.075 17.0+0.7

−0.7

HD 211847c 28 7.2 41.2 5.9 1.87 ± 0.15 5.39 11.44 148.2+33.3
−38.2 7073+1079

−1084 7.536+1.367
−1.587 19.2+1.2

−1.2

HD 211847d 28 7.2 41.2 5.9 2.02 ± 0.14 6.29 12.99 977.8+23.1
−23.2 12494+883

−888 41.624+0.695
−0.700 23.3+1.0

−1.0

Notes. (a) 21 velocity measurements are from Nidever et al. (2002). (b) Lower period limit. (c) Best-fit solution. (d) Upper period limit. (e) 10 velocity
measurements are from Minniti et al. (2009). ( f ) Final solution at lower eccentricity. (g) Formal solution at higher eccentricity.

37 CORALIE velocities. A combined astrometric analysis us-
ing Hipparcos was performed by Zucker & Mazeh (2001).
We find slight evidence of re-emission at the bottom of the
CaII Habsorption line (Fig. 8) and derive an activity in-
dex of log R′HK = −4.66 ± 0.03 from a high S/N CORALIE
spectrum. Using the relation of Santos et al. (2000), we ex-
pect an additional activity-induced radial-velocity noise of
12 m s−1, which explains the unusually-large fit residuals
encountered for HD 89707. Accounting for the additional
noise during the adjustment yields an acceptable fit quality
with χr = 0.91 ± 0.13.

– HD 154697 (HIP 83770) is found to host a potential brown-
dwarf companion.

– HD 164427A (HIP 88531) has a potential brown-dwarf com-
panion announced by Tinney et al. (2001), whose original or-
bit is compatible with our solution. A combined astrometric
analysis using Hipparcos was performed by Zucker & Mazeh
(2001).

– HD 189310 (HIP 99634) is found to host a potential brown-
dwarf companion in a short-period orbit of 14.2 days.

– HD 167665 (HIP 89620) has a potential brown-dwarf com-
panion announced by Patel et al. (2007), whose original orbit
is compatible with our solution.

– HD 211847 (HIP 110340) is found to host a potential brown-
dwarf companion. The long-period orbit is not completely
covered by our measurements (Fig. 3) and the CORALIE
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Fig. 3. Radial velocities (top) and residuals (bottom) to the best fit, rep-
resented by the solid line, of HD 211847 measured with CORALIE C98
(red circles) and CORALIE C07 (blue squares).

upgrade occurred at minimum radial velocity. To obtain a
reasonable solution, we therefore fix the offset between the

A95, page 6 of 24

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015427&pdf_id=3


J. Sahlmann et al.: Search for brown-dwarf companions of stars

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−2000

 0

 2000

 4000

HD3277 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−1000

−500

 0

 500

 1000

 1500

 2000
HD17289 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−1000

−500

 0

 500

 1000

 1500

 2000

HD30501 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−800

−600

−400

−200

 0

 200

HD43848 CORALIE+MIKE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−8000

−6000

−4000

−2000

 0

 2000

HD52756 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−1500

−1000

−500

 0

 500

HD53680 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−400

−200

 0

 200

 400

 600

 800

HD74014 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−2000

−1000

 0

 1000

 2000

 3000

 4000
HD89707 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .Fig. 4. Phase-folded radial velocities of 8 stars with potential brown-dwarf companions. Red circles and blue squares indicate measurements with
CORALIE C98 and C07, respectively. For HD 43848, the orange diamonds show the MIKE measurements. The solid lines correspond to the
best-fit solutions. The error bars are smaller than the symbol size.

A95, page 7 of 24

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015427&pdf_id=4


A&A 525, A95 (2011)

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−1500

−1000

−500

 0

 500

 1000

HD154697 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−1000

 0

 1000

 2000

 3000

EILAROCA724461DH

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−800

−600

−400

−200

 0

 200

 400

HD167665 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−2000

−1000

 0

 1000

 2000

 3000

HD189310 CORALIE

φ

R
V

 [m
/s

]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−1500

−1000

−500

 0

 500

 1000

 1500

HIP103019 HARPS

φ

R
V

 [m
/s

]

 .  .

 . .Fig. 5. Phase-folded radial velocities of 5 stars with potential brown-dwarf companions. Error bars are smaller than the symbol size.

parameters γC98 and γC07 to zero, which is the mean offset
value found for three other stars of the same spectral type.
As for HD 4747, we derive realistic confidence intervals
by fixing the period during the adjustment, such that the
resulting χ-value increases to χr + 3σχ = 2.32. The pe-
riod lower limit is P = 3750 days and we set the up-
per limit to P = 100 000 days, because we cannot derive
an upper limit using the defined criterion. The correspond-
ing minimum companion mass is M2 = 17.0–23.3 MJ. The
dispersion in the best-fit residuals is abnormally large for
CORALIE. We find evidence of re-emission at the bottom of
CaII Hand CaII K (see Fig. 9) and derive an activity index
of log R′HK = −4.74 ± 0.04 from a high S/N CORALIE spec-
trum. Using the relation of Santos et al. (2000), we expect an

additional activity-induced radial-velocity noise of 11 m s−1,
which explains the fit residuals encountered for HD 211847.
Accounting for the additional noise during the adjustment
yields an acceptable fit quality with χr = 1.15 ± 0.15.

– HIP 103019 is discovered to host a potential brown-dwarf
companion using HARPS. The star is included in the search
for planets in a volume-limited sample (e.g. Naef et al.
2010). Twenty-six radial velocities were collected with
HARPS with a mean uncertainty of 2.3 m s−1. The dis-
persion in the fit residuals is abnormally large for HARPS
(σO−C = 3.57 m s−1). Because of its faintness, we were
not able to measure the activity level of HIP 103019. We
therefore cannot exclude an additional radial-velocity jitter
induced by the presence of spots on the surface of the star.
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Fig. 6. Bisector velocity span (top) and FWHM of the cross-correlation
function (bottom) as a function of orbital phase for HD 17289. The
corresponding radial velocities are shown in Fig. 4. Both observables
clearly show a phase-dependent modulation, which is likely to be
caused by the companion.

Table 5. List of targets selected from the literature.

Nr. Object Nr. Object
HD HIP HD HIP

1 13189 10085 10 GJ 595 76901
2 30339 22429 11 140913 77152
3 38529 27253 12 162020 87330
4 65430 39064 13 168443 89844
5 91669 51789 14 174457 92418
6 107383 60202 15 180777 94083
7 119445 66892 16 190228 98714
8 131664 73408 17 191760 99661
9 137510 75535 18 202206 104903

The fit is satisfactory (χr = 1.04) if we include additional
noise of 3.5 m s−1.

2.4. Brown-dwarf candidates from the literature

In addition to the stars from the CORALIE and HARPS sur-
veys, we selected 18 stars from the literature using the following
criteria. They have announced radial-velocity companions with
minimum mass of 13–80 MJ, were published after 2002, and are
not flagged as binary stars in the new Hipparcos reduction. The
selected stars are listed in Table 5 and details are given below:

– HD 13189 is a K2 II star with a very uncertain mass of 2–
7 M� and a companion announced by Hatzes et al. (2005)
with M2 sin i = 8–20 MJ.

– HD 30339 (F8, 1.1 M�), HD 65430 (K0V, 0.78 M�),
HD 140913 (G0V, 0.98 M�), and HD 174457 (F8, 1.19 M�)
have companions announced by Nidever et al. (2002) with
M2 sin i ranging between 42–78 MJ.

– HD 38529 is a G4 IV star of mass 1.48 M�. Companion an-
nounced by Fischer et al. (2003) with M2 sin i = 12.7 MJ.
Refined orbits are given by Wright et al. (2009) and Benedict
et al. (2010). We use the latest orbital elements for analysis.

– HD 91669 is a K0 dwarf of mass 0.88±0.04 M�. Companion
announced by Wittenmyer et al. (2009) with M2 sin i =
30.6 MJ.

– HD 107383 is a G8 III giant star of mass 2.7 ± 0.3 M� and
a companion announced by Liu et al. (2008) with M2 sin i =
19.4 MJ.

– HD 119445 is a G6 III giant star of mass 3.9 ± 0.4 M�
and a companion announced by Omiya et al. (2009) with
M2 sin i = 37.6 MJ.

– HD 131664 is a G3V star of mass 1.10 ± 0.03 M�.
Companion announced by Moutou et al. (2009) with
M2 sin i = 18.15 MJ.

– HD 137510 is a G0 IV star of mass 1.42 M� and a companion
announced by Endl et al. (2004). The updated data by Butler
et al. (2006) lists M2 sin i = 22.7 MJ.

– GJ 595 is a M3 dwarf of mass 0.28 M�. Companion an-
nounced by Nidever et al. (2002) with M2 sin i = 60 MJ.

– HD 162020 is a K3 V star of mass 0.75 M� and a companion
announced by Udry et al. (2002) with M2 sin i = 14.4 MJ.

– HD 168443 has two companions with minimum masses
in the planetary (HD 168443b) and brown dwarf domain
(HD 168443c, M2 sin i = 18 MJ) discovered by Marcy et al.
(2001) and Udry et al. (2004; see also Udry et al. 2002).
Updated orbital elements are given by Wright et al. (2009),
which we use for the astrometric analysis for the outer com-
panion HD 168443c.

– HD 180777 is a A9V star of mass 1.7 ± 0.1 M� and a com-
panion announced by Galland et al. (2006) with M2 sin i =
25 MJ.

– HD 190228 is a G5 IV star of mass 0.83 M� and a planetary-
mass companion with M2 sin i = 3.58 MJ (Perrier et al.
2003). Zucker & Mazeh (2001) performed an astrometric
analysis using Hipparcos and derived M2 = 67 ± 29 MJ
at 95% confidence based on the spectroscopic elements of
Sivan et al. (2004; see also Sect. 3.8.2).

– HD 191760 is a G3 IV star of mass 1.26 ± 0.06 M�.
Companion announced by Jenkins et al. (2009) with
M2 sin i = 38.17 MJ.

– HD 202206 is a G6 V star of mass 1.15 M� and has
two companions with minimum masses in the planetary
(HD 202206c) and brown dwarf domain (HD 202206b,
M2 sin i = 17.4 MJ) discovered by Udry et al. (2002) and
Correia et al. (2005).

We identified our target sample of stars with potential brown-
dwarf companions and obtained the orbital parameters acces-
sible from radial-velocity measurements. As the next step, we
search the intermediate astrometric data of the new Hipparcos
reduction for signatures of the orbital motion corresponding to
the radial-velocity orbit.

3. Combined astrometric analysis

We describe a method to search the intermediate astrometric data
(IAD) of the new Hipparcos reduction for the orbital signatures
of stars, whose spectroscopic elements are known from a reliable
radial-velocity solution. The significance of the derived orbit is
inferred from the distribution-free permutation test (Good 1994;
Zucker & Mazeh 2001).
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Fig. 7. Eccentricities (left) and velocity semi-
amplitudes (right) of 10 000 Monte Carlo sim-
ulations performed to find the radial-velocity
orbit of HD 43848. The bi-modal structure is
clearly seen in both histograms. The final so-
lution is found by considering only the lower
eccentricity realisations, which is done by sep-
arating the distributions at K̂1 = 910 m s−1

and correspondingly at ê ∼ 0.78. The proba-
bility of obtaining a high- or low-eccentricity
solution is calculated by counting the number
of realisations above and below this threshold
value and equals 77% and 23%, respectively.
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Fig. 8. CaII H emission region for HD 89707 showing slight re-
emission at the bottom of this absorption line.
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Fig. 9. CaII H emission region for HD 211847 showing re-emission at
the bottom of the absorption line.

Techniques to perform the simultaneous fitting to radial-
velocity and Hipparcos astrometry data for substellar com-
panions and verify the statistical confidence of the solution
have been developed by Zucker & Mazeh (2000), Pourbaix
(2001), Halbwachs et al. (2000), and Zucker & Mazeh (2001).
Reffert & Quirrenbach (2006) and Sozzetti & Desidera (2010)
used similar approaches to claim the detection of three brown-
dwarf companions, although with a significance not exceed-
ing 2-σ. Independently, successful detections of the astrometric

signature of exoplanet candidates using the HST fine guidance
sensor (HST FGS) optical interferometer are reported for a few
stars with spectroscopic elements known from radial velocity
(e.g. Bean et al. 2007; Martioli et al. 2010). Even though the
orbital phase is not always fully covered by HST observations,
for instance the orbital coverage for HD 33636 is 20% (Bean
et al. 2007), their superior precision makes detection possible.

Our analysis is applied to stars with an orbital solution ob-
tained from radial velocities that provides the spectroscopic el-
ements P, e, T0, ω, and K1. The system is modelled as a pri-
mary mass M1 orbited by one invisible companion of mass M2.
Using Hipparcos astrometric measurements, we seek to deter-
mine the two remaining unknown parameters that characterise
the orbit, which are the inclination i and the longitude of the as-
cending node Ω. The analysis is performed in three steps. First,
the Hipparcos abscissa, possibly containing the companion sig-
nature, is constructed from the catalogue data. This is important,
because the IAD contains only abscissa residuals, which are the
astrometric residuals after subtraction of the model adopted by
the new Hipparcos reduction. Second, the best-fit values for i
and Ω are found by determining the global χ2 minimum on a
two-dimensional search grid. Finally, the significance of the ob-
tained solution is evaluated.

3.1. Constructing the Hipparcos abscissa

On the basis of the Hipparcos identifier of a given star, the as-
trometric data is retrieved from the new reduction catalogue. It
includes the astrometric parameters of the solution, the solution
type, and the goodness of fit. The IAD is read from the resrec
folder in the catalogue DVD of van Leeuwen (2007) and con-
tains the satellite orbit number, the epoch t, the parallax factor
Π, the scan angle orientation ψ, the abscissa residual δΛ, and the
abscissa error σΛ for every satellite scan.

For the stars in our sample, we encounter the solution types
“1”, “5”, “7”, and “9”. The solution type “5” indicates that the
five standard astrometric parameters fit the data reasonably well,
whereas a solution type “1” is termed a stochastic solution and
is adopted when the five-parameter fit is not satisfactory and
neither orbital nor acceleration models improve the solution in
terms of χ2. The solution types “7” and “9” are given, when the
solution has to include acceleration parameters (proper-motion
derivatives of first and second order) to obtain a reasonable fit.
The solution types “1”, “7”, and “9” may be the first indications
of a possible astrometric perturbation by an unseen companion.
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The Hipparcos abscissa ΛHIP is then given by:

ΛHIP = (α� + μα� t + Δ7α
� + Δ9α

�) cosψ

+ (δ + μδ t + Δ7δ + Δ9δ) sinψ +�Π + δΛ, (1)

where the modified right ascension is given by α� = α cos δ,
the declination δ, the associated proper motions μα� and μδ, and
the parallax �. The epoch t is given as time in years since tHIP =
1991.25 A.D. = 2 448 348.8125 JD and the correction factors for
solution types “7” and “9” are given by

Δ7 p = μ̇p

(
t2 − 0.81

)
/2 (2)

Δ9 p = μ̈p

(
t2 − 1.69

)
t/6, (3)

where p is either α� or δ (van Leeuwen 2007), and μ̇p and μ̈p are
the acceleration and the change in acceleration in the coordinate
direction p, respectively. For solution types “1” and “5”, Δ7 p and
Δ9 p vanish and the five parameter model holds.

Because of the linear nature of Eq. (1), it is usually conve-
nient to decompose each of the five standard parameters into a
constant term and an offset, e.g. α� = α�0 + Δα

�, and to set
the constant terms to zero to compute the abscissa. As explained
in Sect. 3.4, however, our formalism requires the value of the
parallax � to be present in Eq. (1), whereas we can safely set
α�0 = δ0 = μα�,0 = μδ,0 = 0 for the calculation of the abscissa.

3.2. Model function

The model function describes the astrometric signature along the
scan axis ψ of an isolated star, orbited by one invisible compan-
ion. To develop our approach, we list the standard formulae (e.g.
Hilditch 2001) applicable to this system. The astrometric motion
of the star is characterised by P, e, T0, i, ω, Ω, and the astromet-
ric semimajor axis a, expressed in angular units. We write the
Thiele-Innes constants as

A = a cA cA = cosΩ cosω − sinΩ sinω cos i,

B = a cB cB = sinΩ cosω + cosΩ sinω cos i,

F = a cF cF = − cosΩ sinω − sinΩ cosω cos i,

G = a cG cG = − sinΩ sinω + cosΩ cosω cos i, (4)

where cA,B,F,G are functions of i, Ω, and ω and a is expressed in
milli-arcseconds (mas). The elliptical rectangular coordinates X
and Y are functions of eccentric anomaly E and eccentricity

E − e sin E =
2π
P

(t − T0), (5)

X = cos E − e, (6)

Y =
√

1 − e2 sin E. (7)

If the single-companion assumption is true, the Hipparcos ab-
scissa is described by a linear equation with 9 parameters, which
are the 5 standard astrometric parameters plus the 4 Thiele-Innes
constants

ΛHIP = (α� + μα� t) cosψ + (δ + μδ t) sinψ +�Π

+(B X +G Y) cosψ + (A X + F Y) sinψ. (8)

The relationship between astrometrically and spectroscopically
derived parameters is (Pourbaix 2001)

a sin i = cP K1 P
√

1 − e2 � cP = 3.35729138× 10−5, (9)

where K1, P, and � are expressed in m s−1, years, and mas,
respectively. Hence, the astrometric model function can also be
written as a non-linear function of 12 independent parameters

ΛHIP = ΛHIP

(
α�, δ,�, μα� , μδ, e, P, T0, ω,Ω, i,K1

)
. (10)

The observed radial velocity vrad of this orbit is given by

vrad = K1[cos(θ + ω) + e cosω] + γ, (11)

where γ is the systemic velocity. The true anomaly θ and the
semi-amplitude K1 are constrained by

tan
θ

2
=
√

(1 + e)/(1 − e) tan
E
2
, (12)

K1 = (2π a1 sin i)/
[
P(1 − e)1/2

]
. (13)

3.3. Definition of the search grid

One technique to find a possible orbital signature consists of
defining a two-dimensional search grid in inclination i and as-
cending node Ω to solve for the remaining parameters of the
model function (Zucker & Mazeh 2000; Reffert & Quirrenbach
2006). In this way, the goodness-of-fit is obtained for each point
on the grid and the optimal solution can be identified as the
global χ2 minimum. The search grid is defined by i = 0–180◦
and Ω = 0–360◦, to avoid negative semimajor axes and sample
the complete range of values of the cosine function (cf. Eqs. (4)
and (9)). We use a grid size of 30× 30, which provides a reason-
able compromise between computation time and grid resolution.

3.4. Joint confidence intervals

For each point on the i-Ω-grid, we find the least squares solution
by solving a linear equation using matrix inversion, where e, P,
T0, ω, K1, i, and Ω are fixed. The χ2 value hence obtained for
each grid-point allows us to derive joint confidence intervals on
the i-Ω-grid. The parallax dependence of the Thiele-Innes con-
stants is removed by writing

a = a1 �, a1 = cPK1P
√

1 − e2 1
sin i

(14)

and defining the new constant

Υ = a1
[
(cBX + cGY) cosψ + (cAX + cFY) sinψ

]
. (15)

We note that a1 is expressed in AU and corresponds to the angu-
lar semimajor axis a of the astrometric orbit. We can now rewrite
Eq. (8) as

ΛHIP = (α� + μα� t) cosψ + (δ + μδ t) sinψ +� (Π + Υ) . (16)

This relation is linear in the five remaining free parameters (α�,
δ, �, μα� , μδ) and can easily be solved analytically. The com-
panion signature is solely contained in an additive modulation
Υ(i,Ω, e, P, T0, ω,K1) of the parallax factor. It is important to re-
alise that the presence ofΥ forces the parallax (instead of a paral-
lax offset) to be present in the model function, which originates
in the abscissa reconstruction from Eq. (1). For the remaining
parameters, it is sufficient to consider the offsets Δα�, Δδ, Δμα� ,
and Δμδ to the catalogue values because the abscissa was con-
structed with α�0 = δ0 = μα�,0 = μδ,0 = 0.

For every combination of i and Ω, the linear equation
Eq. (16) is solved, yielding the five astrometric parameters and
the corresponding χ2. The best-fit parameters are identified by
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the minimum χ2 value on the i-Ω-grid. The results of the lin-
ear adjustment are not directly used in the quoted final solution,
but they serve as a consistency check of the results from the
non-linear fitting and are used for graphical illustration of the
joint confidence intervals shown in Fig. 12. Low-significance or-
bits can show several local χ2-minima corresponding to approxi-
mately opposite orbit orientations (see also e.g. Zucker & Mazeh
2001; Reffert & Quirrenbach 2006). We find that moderate- and
high-significance orbits have one global χ2-minimum and the
confidence contours cover a small area of the i-Ω-space (simi-
larly to HD 53680 in Fig. 12). The solution parameters corre-
sponding to an opposite-orientation orbit are always beyond the
4-σ contour, i.e. all orbital parameters of significant solutions
are unambiguously determined.

3.5. Determining the final solution

While the solution method discussed in the previous section is
favourable because the model function is linear, its accuracy is
limited by the resolution of the i-Ω-grid. For instance, the res-
olution of a square grid with 900 points is 6◦ and 12◦ in i and
Ω, respectively. To avoid this limitation, we determine the opti-
mal solution by means of χ2-minimisation of a model function,
where i and Ω are free parameters and thus can adopt continu-
ous values. For this purpose, the i-Ω-grid is used to define the
starting values of a non-linear least squares fit by the Levenberg-
Marquardt method. The model function is given by Eq. (10), but
is limited to seven free parameters: the five astrometric param-
eters α�, δ, �, μα� , μδ, plus i and Ω. We select the non-linear
solution yielding the smallest χ2 and perform 1000 Monte Carlo
simulations. Every Monte Carlo realisation consists of generat-
ing a set of Hipparcos abscissa measurements and consequent
χ2-minimisation of the non-linear model and therefore provides
1000 sets of solution elements.

To incorporate the uncertainties in the spectroscopic param-
eters, we perform the complete analysis of 100 sets of spectro-
scopic parameters, where each set is randomly drawn from a
Gaussian distributions with mean and standard deviation given
by the radial-velocity solution and its error, respectively (as in
Sozzetti & Desidera 2010). The final solution accounts for all
1000 Monte Carlo solutions, which are obtained for each of the
100 sets of spectroscopic parameters. To achieve this, we com-
bine all solutions to yield distributions of 100 000 values for each
parameter in Eq. (10). The final parameter value and its error is
derived from the mean and the 1-σ confidence interval of the as-
sociated distribution, respectively. The values and errors of de-
rived quantities, such as the companion mass, are obtained in the
same way, thus take into account possible correlations between
individual parameters.

3.6. Outliers in the astrometric data

Outlying astrometric measurements are examined if they devi-
ate by more than 4-σ from the orbital solution. Here, σ is calcu-
lated as the root-mean-square of the fit residuals. The datapoint
is discarded if there are at least three measurements of the same
satellite orbit number and if it is more than 3-σ away from these
datapoints. If fewer than three datapoints of the same orbit num-
ber are present, they are all removed. The analysis is then iter-
ated. This procedure is similar to the one applied by Pourbaix
& Jorissen (2000) and in some cases also agrees with the out-
lier rejection, which is applied by the new Hipparcos reduction
itself. Outliers are removed for the objects GJ 595, HD 3277,

HD 43848, HD 74842, HD 154697, HD 164427A, HD 167665,
HD 191760, and HIP 103019. This never requires more than one
iteration.

3.7. Statistical significance of the orbit

Orbital solutions can be found for any set of astrometric data and
the crucial step in the analysis is to determine the credibility of
the derived orbits. We accomplish this by applying two statis-
tical tests: the F-test for its simplicity and the permutation test
because of its lack of underlying assumptions.

The F-test is extensively used for the statistical analysis
of astrometric orbit signatures in Hipparcos data (Pourbaix &
Jorissen 2000; Pourbaix & Arenou 2001; Pourbaix 2001; Reffert
& Quirrenbach 2006), although it relies on the assumption that
the measurement errors are Gaussian. That this assumption is not
necessarily fulfilled for Hipparcos data is mentioned by Zucker
& Mazeh (2001), who do not apply the F-test to their analysis.
The F-test yields the probability that the null assumption that
no orbital motion present is true, by comparing the χ2-values of
two models with differing number of parameters. In our case, we
consider the χ2

7-value of the 7-parameter solution by non-linear
minimisation for each of the 100 draws from the spectroscopic
elements. The F-test is applied to the median χ2

7-value with re-
spect to the χ2

5 value, obtained from the standard 5-parameter
solution, and results in the null probability, which is tabulated in
Table 8 and gives the probability that the simpler model is valid.
We use the F-test as an additional indicator of the statistical con-
fidence of our solution, but the conclusive argument is derived
from the permutation test.

The permutation test has the important advantage of being
part of the distribution-free tests (Zucker & Mazeh 2001) and
therefore does not rely on the assumption of Gaussian error dis-
tribution. For our purpose, it can be summarised by the idea that
a periodic signal present in a given data set will be destroyed by a
random permutation of the individual datapoints in all but a few
cases. In the present analysis, the periodicity is defined by the
radial velocity solution. To derive a significance, the semimajor
axis of the solution orbit, derived with the original astrometric
data, is compared to the semimajor axes of pseudo-orbits, which
are derived from randomly permuted astrometric data. If a sig-
nal is present in the astrometric data, it will be destroyed by the
random permutations and the solution orbit will be easily distin-
guishable in the pseudo-orbits because of its large amplitude.

Because of the pre-reduction present in the original
Hipparcos IAD (ESA 1997), its permutation had to be per-
formed with great care (Zucker & Mazeh 2001). Fortunately,
this became considerably easier with the availability of the new
Hipparcos reduction IAD. The permutation is applied only to
the list of abscissa residuals δΛ, while taking the possible con-
tribution of the 7- and 9-parameter solution into account. The
remaining data, i.e. epochs, parallax factors, and scan angle ori-
entations are left unchanged. To obtain the pseudo-orbits, 1000
permutations are performed and the analysis is run on the syn-
thesised data, using the nominal spectroscopic elements. The sta-
tistical significance of the solution orbit is equal to the percent-
age of pseudo-orbits, which have a smaller semimajor axis than
the solution orbit (Zucker & Mazeh 2001). Examples of high-
and low-significance orbits are shown in Fig. 13. In contrast to
Halbwachs et al. (2000), the analysis of the pseudo-orbits is per-
formed with spectroscopic parameters identical to the nominal
ones, hence the method of comparing the distribution of a/σa to
the expected Rayleigh-Rice law is not applicable.
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3.8. Validation of the method

The combined analysis of radial-velocity and astrometric data
can lead to erroneous conclusions, if the results are not carefully
checked (Han et al. 2001; Pourbaix & Arenou 2001). In partic-
ular, the relationship between the inclination and the semimajor
axis has to be investigated during the interpretation, since over-
and underestimation of these parameters during the fitting pro-
cess affects the derived companion masses. To permit us to have
high confidence in our results, we validate our method by both
simulation and comparison with published work.

3.8.1. Simulation

Simulations are employed to investigate the effect of Hipparcos
measurement precision on the derived orbital parameters and the
orbit significance. Of particular interest is the behaviour of the
occurring biases as a function of S/N given by the ratio of orbital
semimajor axis to measurement precision.

Instead of modelling a complete dataset, we chose the case
of HD 17289, whose orbit is discussed in Sect. 4 and for which
the Hipparcos observations cover twice the orbital period. To in-
ject the astrometric signature of a companion, we use the satel-
lite configuration for this star, i.e. the scan angles, the parallax
factors, and the measurement precision. Noise is generated by
adding a random bias term to each measurement, which is drawn
from a Gaussian distribution with a standard deviation given
by the satellite measurement precision. Configurations with dif-
ferent S/N are generated by altering the radial-velocity semi-
amplitude K1 of the simulated orbit, while keeping all other pa-
rameters fixed. The emulated Hipparcos errors in this simulation
are consequently Gaussian, which is a simplifying assumption
and may not be fulfilled in reality. However, the simulation is
valid for investigating the biases of the method.

The results are illustrated in Figs. 10 and 11, where the ac-
curacy of the determined values for inclination and semimajor
axis are displayed as a function of statistical significance, de-
rived from the permutation test. The accuracy is expressed in
terms of the difference between determined and true value, i.e.
for the inclination it is computed as iderived − itrue. In general, the
accuracy of the derived a and i increases with S/N and signifi-
cance. For significances above 2-σ, the accuracy is comparable
to the precision. However, the semimajor axis retains a small bias
even at high S/N, whose magnitude and sign is influenced by the
satellite configuration concerning orbit orientation and period.
The determination of the orbit inclination greatly improves with
significance. To investigate whether our analysis is biased even
when exceeding the 3-σ significance, we repeated the simulation
for 3 different satellite configuration, i.e. three different stars.
We find no sign of a systematic bias, favouring large or small
inclinations and semimajor axes. Above a 3-σ significance, de-
rived and true values always agree within the error bars. This
simulation shows that a large bias can be introduced in the so-
lution, if an orbit significance of 1-σ is used to qualify a de-
tection. In contrast, the biases are small if higher significance is
requested.

We find that an orbit is detected at greater than 3-σ signif-
icance, when its semimajor axis amounts to ∼70% of the mea-
surement uncertainty. This result may depend on the assumption
of Gaussian errors and the specific satellite configuration, but it
confirms the warning of Pourbaix (2001) that derived orbits with
sizes comparable to the instrument precision have to be evalu-
ated very carefully.
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Fig. 10. Simulated difference between the derived semimajor axis
aderived and its true value atrue. Top: aderived as function of atrue. Filled
circles, open circles, and diamonds designate orbits of 1–2σ, 2–3σ, and
>3σ significance, respectively. The solid line has unity slope and the
dashed line shows the single-measurement precision of σΛ = 7.2 mas.
Bottom: the relative deviation calculated as (aderived − atrue)/atrue as a
function of significance. The accuracy and relative precision of the so-
lution improve with significance. At the detection limit of 3-σ, the de-
viation from the true value is smaller than 0.5 mas.
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Fig. 11. Simulated difference between the derived inclination i and its
true value. The accuracy and the precision of the solution improve with
significance. At the detection limit of 3-σ, the deviation from the true
value is smaller than 0.02◦.

3.8.2. Comparison sample

For independent validation of our method and to investigate
the impact of the new reduction, we screened the literature
for objects for which a similar analysis was performed. We
chose the three stars HR 6046, GJ 1069, and HD 190228 with
companions found by Torres (2007), Halbwachs et al. (2000),
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Fig. 12. Joint confidence contours on the
i-Ω-grid for the low-significance orbit of
HD 167665 (left) and the high-significance or-
bit of HD 53680 (right). The contour lines cor-
respond to confidences at the 1-σ (solid), 2-σ
(dashed), 3-σ (dotted), and 4-σ (dash-dotted)
levels. The crosses indicate the position of the
best non-linear adjustment solution for each of
the 100 draws and the star corresponds to the
adopted orbit.
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Fig. 13. Histogram showing the semimajor
axes of the 1000 pseudo-orbits for the low-
significance orbit of HD 167665 (left) and the
high-significance orbit of HD 53680 (right).
The vertical solid line indicates the semimajor
axis of the non-permuted, best-fit solution and
the dotted line indicates the median Hipparcos
single-measurement precision σΛ for the re-
spective star.

Table 6. Results for the comparison sample.

Object HIP a M2 Significance Ref.
(mas) (MJ) (%)

HD 190228 98714 1.8+0.5
−0.5 [1.8 ± 0.8] 65.7+20.4

−20.4
a [67.1+30.4

−28.3] 96.3 [95] 1

GJ 1069 19832 17.7+0.8
−0.8 [17.1 ± 0.8] 263.2+18.7

−18.7 [253.5+14.7
−15.7] >99.9 [99.9] 1

GJ 1069 19832 17.7+0.8
−0.8 [17.2 ± 0.8] 263.2+18.7

−18.7 [256.7 ± 14.7] >99.9 [· · ·] 2

HD 145849 79358 11.1+0.7
−0.7 [9.69 ± 0.85] 1443.5+18.5

−20.0 [1424.8+73.3
−31.4] >99.9 [· · ·] 3

Notes. The values in square brackets are the corresponding values from the reference paper. Our error in the companion mass does not include the
uncertainty in the primary mass. (a) Primary mass from Sivan et al. (2004).

References. (1) Zucker & Mazeh (2001); (2) Halbwachs et al. (2000); (3) Torres (2007).

and Zucker & Mazeh (2001)3, respectively, that exhibit diverse
orbit inclinations and companion masses. All these works use
the original IAD, whereas we use the new reduction IAD.

For all three stars, good agreement is found between our re-
sults and the published works, both in terms of value and 1-σ
uncertainty in semimajor axis and companion mass, as shown
in Table 6. The orbit significances derived from pseudo-orbits
given by Zucker & Mazeh (2001) for two objects match our
results. For HD 190228, we find the same solution as Zucker
& Mazeh (2001) and a 2-σ significance (see Sect. 4.2 for fur-
ther discussion of this object). We confirm the detection of the
GJ 1069 orbit, caused by a low mass star (Zucker & Mazeh 2001;

3 HD 190228 has also been analysed by Pourbaix & Arenou (2001).

Halbwachs et al. 2000), and the binary orbit of HR 6046 (Torres
2007) at greater than 3-σ significance. In particular, the case
of GJ 1069, which is now analysed by three independent teams
finding essentially identical results, attests that our analysis is ro-
bust.Both the simulation results and the analysis of a sample of
comparison stars confirm that our method for the combined anal-
ysis of radial-velocity orbits and Hipparcos astrometry is correct.
The consideration of the orbit significance ensures that the de-
rived result is bias-free to a reasonable extent.

3.9. Companion mass limits

The combination of astrometric and spectroscopic data makes it
possible to find a complete orbital solution. However, the result
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Table 7. Astrometric solution elements for targets with orbits that have significances above 1-σ.

Object Δα� Δδ � Δ� Δμα� Δμδ i Ω

(mas) (mas) (mas) (mas) (mas yr−1) (mas yr−1) (deg) (deg)

HD 17289 −6.7+0.8
−0.8 6.0+0.8

−0.8 20.7+0.6
−0.6 −0.1 1.2+0.6

−0.6 −2.2+0.7
−0.7 173.2+0.4

−0.5 2.5+3.9
−3.9

HD 30501 9.1+3.0
−3.0 −12.6+3.5

−3.5 48.1+0.4
−0.4 0.2 −3.0+0.8

−0.8 −4.0+1.8
−1.8 49.1+10.1

−7.8 99.7+12.0
−12.4

HD 43848a 2.7+1.3
−1.3 4.0+1.3

−1.3 26.4+0.7
−0.7 −0.1 −0.2+1.0

−1.0 −5.6+1.1
−1.1 165.0+2.2

−3.0 279.3+12.9
−13.0

HD 43848b 3.7+1.9
−1.9 7.9+2.0

−2.0 26.5+0.7
−0.7 0.1 −0.7+0.9

−0.9 −4.4+1.1
−1.1 155.7+6.6

−14.7 237.9+11.7
−11.7

HD 53680 6.2+2.1
−2.1 41.3+4.0

−4.0 58.2+0.8
−0.8 0.8 −21.5+2.2

−2.2 2.0+1.7
−1.7 163.6+1.4

−1.7 238.9+2.9
−2.9

HD 164427A 0.4+0.7
−0.7 1.5+0.5

−0.5 25.8+0.6
−0.6 −0.5 0.1+0.6

−0.6 0.2+0.4
−0.4 11.8+3.1

−2.1 338.9+12.3
−12.3

HIP 103019 5.6+1.6
−1.6 4.2+1.3

−1.3 30.2+1.8
−1.8 1.9 0.7+1.9

−1.9 0.2+1.6
−1.6 160.9+2.2

−2.7 143.1+8.6
−8.6

HD 3277 −1.0+0.5
−0.5 0.3+0.5

−0.5 34.9+0.6
−0.6 0.1 −0.8+0.6

−0.6 −0.6+0.5
−0.5 166.5+2.1

−3.1 270.2+11.2
−11.2

HD 131664 −0.3+1.6
−1.6 −1.9+0.8

−0.8 18.6+0.7
−0.7 0.9 −1.6+1.1

−1.1 −2.3+0.9
−0.9 167.7+1.9

−2.8 321.0+31.6
−30.7

HD 154697 4.2+1.7
−1.9 5.9+2.8

−3.2 29.4+1.0
−1.0 −1.1 −7.7+1.8

−1.9 2.3+1.8
−1.8 148.8+4.6

−6.1 293.9+65.5
−78.6

HD 174457 −0.7+0.7
−0.7 1.3+0.6

−0.6 18.5+0.7
−0.7 −0.2 −0.3+0.8

−0.9 −0.8+0.9
−0.9 137.0+11.9

−14.1 133.0+17.2
−11.0

HD 190228 0.6+0.6
−0.6 −1.3+0.7

−0.7 16.0+0.6
−0.6 −0.2 −1.2+0.5

−0.5 0.3+0.5
−0.5 4.3+1.8

−1.0 61.0+22.7
−22.9

HD 74014 −57.4+33.6
−33.5 49.4+39.6

−39.3 29.5+0.7
−0.7 −0.0 −13.3+8.6

−8.6 −4.9+5.2
−5.3 171.1+3.0

−10.6 248.7+16.7
−27.2

HD 168443c −0.7+0.7
−0.7 0.5+0.6

−0.6 26.3+0.7
−0.7 −0.4 1.2+1.0

−0.9 −0.1+1.0
−1.0 35.7+14.5

−11.2 139.1+33.4
−34.8

HD 191760 −0.5+1.0
−1.0 1.0+0.8

−0.8 11.5+1.1
−1.1 −0.8 0.7+1.4

−1.4 −0.4+1.0
−1.0 15.4+21.0

−6.8 85.8+46.6
−16.0

Notes. The top 6 targets have high-significance orbits (�99.7%). The bottom 3 targets have low-significance orbits (1-σ–2-σ) and the parameters
represent the formal solution. The remaining 5 orbits have moderate significances (2-σ–3-σ). (a) Final solution at lower eccentricity. (b) Formal
solution at higher eccentricity.

can be misleading or wrong, if the significance of the solution
is not verified. For significant orbits, the derived parameters,
e.g., the companion mass, and their errors are valid. For low-
significance orbits, the derived parameters and their errors are
very probably false. Therefore, the distribution function for the
companion mass of a low-significance orbit cannot be used to
derive upper and lower mass limits.

The question is then turned to the definition of a significant
orbit. In the literature, various significance estimators (e.g. F-test
or permutation test) and detection limits are employed. We use
a 3-σ detection limit based on the permutation test and deem
orbits at less than 2-σ unreliable. For a 2-σ orbit, we adopt a
reduced validity and expect that the mass limits do hold.

In principle, it is possible to derive the upper mass limit for
any companion by employing simulations similar to the one de-
scribed in Sect. 3.8.1. This simulation is extremely elaborate
and its application to the list of host stars with undetected as-
trometric motion is beyond the scope of this paper. However,
we have demonstrated that an orbit is detected at greater than
3-σ significance when its semimajor axis amounts to ∼70% of
the measurement precision, if the Hipparcos observations cover
one complete orbit. Including an additional confidence margin,
we thus claim that the signature of a fully covered orbit would
have been detected, if its semimajor axis equalled the single-
measurement precision. Hence, an upper limit to the companion
mass can be set by enforcing the equation a = σΛ for orbits with
significances smaller than 2-σ and Norb > 1.

4. Results

For all objects in our sample, we are able to obtain an orbital
solution from the combination of the radial-velocity orbit and
the Hipparcos astrometric data, but not all of these orbits are
credible. To distinguish a real orbit from meaningless output of
the fitting procedure, we use the permutation test to evaluate the

orbit significance. This results in the detection of 6 orbits having
high significance above 3-σ (Tables 7 and 8). The orbits of 5
objects have moderate significance between 2-σ and 3-σ. Three
orbits have low significance between 1-σ and 2-σ and the orbits
of 17 objects have very-low significance (<1-σ, Table 10)4.

The Tables 3, 9, and 10 list the spectroscopic and astromet-
ric elements of the adopted orbital solution together with the
orbit significance and additional information: Norb is the num-
ber of orbits covered by the Hipparcos observations, σΛ is the
median Hipparcos single-measurement precision, a sin i is the
minimum astrometric semimajor axis, M2 (3-σ) are upper and
lower companion-mass limits at 3-σ, arel is the semimajor axis
of the relative orbit, χ2

7,red is the reduced chi-square value of the
adopted 7-parameter solution, and the null probability gives the
result of the F-test. The quoted errors correspond to Monte Carlo
based 1-σ confidence intervals.

For orbits with significances below 2-σ and where the orbital
period is fully covered by Hipparcos observations, we derived
the upper limit to the companion mass M2,up−lim by enforcing
the equation a = σΛ (cf. Sect. 3.9).

4.1. Orbits with high significance exceeding 3-σ

Clear orbital signatures are detected for six target stars. The or-
bit significances exceed 99.7%, which we adopt as a criterion for
undoubtful detection. The orbits show a large variety in size (a =
2.3–35 mas) and inclination (i = 12–173◦) and reveal compan-
ion masses ranging from 90 MJ to 0.52 M�. The obtained relative
precision of the companion mass is typically of the order of 10%
and does not include any contribution by the primary-mass un-
certainty. The visualisation of Hipparcos astrometric data is not
very intuitive, because positions are measured in one dimension

4 As motivated in Sect. 2.3, we do not present an astrometric analysis
for HD 4747 and HD 211847 and therefore the number of objects listed
here adds up to 31 instead of 33.
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Table 8. Solution parameters and companion masses for stars with orbits that have significances above 1-σ.

Object Sol. Norb σΛ a sin i a M2 M2 (3-σ) arel χ2
7,red Null prob. Significance

type (mas) (mas) (mas) (MJ) (MJ) (mas) (%) (%)

HD 17289 1 2.1 7.2 1.29 10.8+0.7
−0.7 547.4+47.7

−47.3 (386, 700) 32.0 0.32 7e-29 >99.9

HD 30501 5 0.6 3.3 10.44 14.0+1.8
−1.9 89.6+12.3

−12.5 (65, 132) 147.7 0.79 0.005 99.9

HD 43848a 9 0.5 4.2 2.32 8.9+1.2
−1.2 101.8+15.0

−15.0 (59, 150) 90.8 1.09 4e-8 >99.9

HD 43848b 9 0.5 4.2 4.93 10.5+1.3
−1.3 120.2+17.1

−17.2 (73, 179) 91.7 1.07 1e-8 >99.9

HD 53680 1 0.7 5.7 9.73 34.9+3.2
−3.2 226.7+24.0

−23.9 (159, 301) 160.7 0.82 3e-16 >99.9

HD 164427A 5 11.1 2.4 0.49 2.3+0.5
−0.5 269.9+63.2

−63.2 (101, 482) 12.8 1.15 0.003 99.7

HIP 103019 5 1.2 7.1 3.33 10.8+1.3
−1.3 188.1+26.5

−26.4 (118, 280) 53.4 1.13 4e-10 >99.9

HD 3277 5 24.8 3.6 0.58 2.5+0.5
−0.5 344.2+76.1

−76.1 (143, 600) 9.4 1.00 5e-4 97.7

HD 131664 5 0.6 4.7 0.88 4.3+0.8
−0.8 89.6+16.4

−16.6 (44, 153) 60.3 0.77 2e-5 97.9

HD 154697 7 0.6 3.1 6.26 11.7+1.7
−1.7 151.9+24.9

−25.0 (81, 235) 89.2 1.60 1e-6 96.0

HD 174457 5 1.3 3.2 1.77 2.8+0.6
−0.6 107.8+23.8

−24.1 (65, 190) 35.2 1.22 12.3 95.9

HD 190228 5 1.0 3.5 0.13 1.8+0.5
−0.5 49.4+14.8

−14.8 (10, 99) 32.9 1.08 0.3 95.4

HD 74014 5 0.1 2.5 9.84 64.0+32.3
−33.4 421.3+243.8

−252.1 (51, 1568) 235.4 1.34 19.9 80.6

HD 168443 5 0.6 1.9 1.25 2.4+0.6
−0.6 34.3+9.0

−9.1 (18, 67) 75.9 1.53 3.6 75.0

HD 191760 5 1.6 3.3 0.46 1.9+0.8
−0.8 185.3+94.1

−93.4 (39, 659) 16.0 1.39 27.6 77.5

Notes. The top 6 orbits have high significance �99.7% and are therefore fully characterised. The bottom 3 orbits are of low significance (1-σ–2-σ)
and represent the formal solution. The remaining 5 orbits have moderate significance (2-σ–3-σ) and provide lower and upper mass-limits for the
companions. (a) Final solution at lower eccentricity. (b) Formal solution at higher eccentricity.

Table 9. Spectroscopic elements of literature targets with orbits of greater than 1-σ significance.

Object HIP M1 M2 sin i P e K1 T0 ω Ref.
(M�) (MJ) (day) (m s−1) (JD�) (deg)

HD 131664 73408 1.1 18.2 1951.0 ± 41.0 0.64 ± 0.02 359.5 ± 22.3 52 060.0 ± 41.0 149.7 ± 1.0 1
HD 174457 92418 1.2 65.8 840.8 ± 0.1 0.23 ± 0.01 1250.0 ± 10.0 52 020.0 ± 4.0 139.0 ± 1.0 2
HD 190228 98714 0.8 3.6 1146.0 ± 16.0 0.50 ± 0.04 91.0 ± 5.0 51 236.0 ± 25.0 100.7 ± 3.2 3
HD 168443c 89844 1.0 18.1 1748.2 ± 1.0 0.212 ± 0.001 298.1 ± 0.6 53 769.8 ± 0.0 64.7 ± 0.5 4
HD 191760 99661 1.2 38.0 505.6 ± 0.4 0.63 ± 0.01 1047.8 ± 38.7 54 835.7 ± 2.1 200.4 ± 0.3 5

References. (1) Minniti et al. (2009); (2) Nidever et al. (2002); (3) Perrier et al. (2003); (4) Wright et al. (2009); (5) Jenkins et al. (2009).

Table 10. Parameters for targets with very-low significance orbits (<1-σ).

2mm

Object HIP Sol. Norb σΛ M1 M2 sin i a sin i Ref. Null prob. Significance M2,up−lim

type (mas) (M�) (MJ) (mas) (%) (%) (M�)

HD 52756 33736 5 22.5 4.2 0.8 59.0 0.53 1 26.1 54.0 0.72
HD 89707 50671 5 3.5 2.7 1.0 53.0 1.54 1 19.5 52.0 0.11
HD 167665 89620 5 0.2 1.8 1.1 50.6 7.70 1 25.1 54.0 · · ·
HD 189310 99634 5 82.0 4.2 0.8 26.0 0.10 1 2.6 58.3 2.93
GJ 595 76901 1 12.2 19.9 0.3 60.0 3.50 2 89.5 8.0 0.63
HD 13189 10085 5 1.9 3.5 4.5 14.0 0.01 3 71.3 11.0 9.62
HD 30339 22429 5 60.0 3.8 1.1 77.8 0.12 2 35.6 23.0 10.46
HD 38529 27253 5 0.4 1.6 1.5 13.4 0.80 4 55.9 9.0 · · ·
HD 65430 39064 5 0.3 3.1 0.8 67.8 12.79 2 21.0 61.0 · · ·
HD 91669 51789 5 2.1 6.0 0.9 30.6 0.44 5 17.9 52.0 0.53
HD 107383 60202 5 3.5 1.1 2.7 19.4 0.10 6 64.2 9.0 0.22
HD 119445 66892 5 2.7 2.2 3.9 37.6 0.06 7 77.3 0.0 1.86
HD 137510 75535 5 1.4 1.9 1.4 22.7 0.70 8 45.7 34.0 0.061
HD 140913 77152 5 7.3 5.1 1.0 43.2 0.49 2 20.7 20.0 0.56
HD 162020 87330 5 92.7 5.0 0.8 14.4 0.05 9 20.8 50.0 7.32
HD 180777 94083 5 40.8 1.2 1.7 25.0 0.11 10 51.9 7.0 0.27
HD 202206b 104903 5 3.9 3.8 1.1 17.4 0.26 11 48.7 10.0 0.27

References. (1) This work; (2) Nidever et al. (2002); (3) Hatzes et al. (2005); (4) Benedict et al. (2010); (5) Wittenmyer et al. (2009); (6) Liu et al.
(2008); (7) Omiya et al. (2009); (8) Butler et al. (2006); (9) Udry et al. (2002); (10) Galland et al. (2006); (11) Correia et al. (2005).
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only, i.e. along the scan-angle orientation ψ. We choose a repre-
sentation similar to Torres (2007) and the resulting stellar astro-
metric orbits are shown in Fig. 20. For a clearer representation,
we compute normal points for each satellite orbit number. Their
values and errors are given by the mean and standard deviation
of the Hipparcos abscissae obtained during one given satellite
orbit, respectively. Normal points are used only for the visuali-
sation and not during the orbit adjustment. We prove that orbit
detections are also possible in apparently difficult conditions,
such as incomplete orbit coverage by the satellite (Norb = 0.5 for
HD 43848) and an instrument precision comparable to the the or-
bit size (HD 164427A). The final 7-parameter fit for the detected
orbits has an acceptable reduced chi-square value (χ2

7,red = 0.8–
1.2) in all but one case. For HD 17289, this value is very small
at 0.3 and the Hipparcos precision is unusually large at 7.2 mas,
which may indicate that the astrometric errors for this star are
overestimated. As for the radial-velocity measurements, the light
emitted by the stellar companion of this star may have disturbed
the Hipparcos observations.

Three out of these six stars have non-standard Hipparcos
solutions. Thus, first indications for the astrometric disturbance
induced by the companion were already detected during the stan-
dard Hipparcos data analysis. An additional outcome of the com-
panion solution are refined positions, distances, and proper mo-
tions of the objects (Table 7). For five stars, the parallax estimate
becomes more precise, whereas its value is compatible within
the error bars. Only the parallax of HIP 103019 is 1.9 mas larger
than the value given by the new reduction. Changes in position
and proper motion are of the order of 1 mas and 1 mas yr−1,
respectively, with extrema of 41 mas and 22 mas yr−1, respec-
tively. Our results for the individual objects are described in the
following:

– HD 17289: The orbit inclination is 173.2±0.5◦ and the com-
panion mass is 0.52 ± 0.05 M�, which makes it the most
massive companion detected in this study. HD17289 is thus
identified as a binary star with mass ratio q = 2. Goldin &
Makarov (2007) used solely Hipparcos astrometry to find an
astrometric orbit with semimajor axis a = 11.7+3.8

−1.6, which is
compatible with our more precise value of a = 10.8 ± 0.7.
Because the orbit is completely characterised, we can cal-
culate the projected angular separation between the two
components. Along the orbit, their separation on the sky
ranges between 15–49 mas. The mass-luminosity relations
of Delfosse et al. (2000) estimate an apparent V-magnitude
of the secondary of V2 = 13.18. The primary magnitude ob-
tained from Hipparcos is V = 7.56 (Table 1) and the ex-
pected intensity contrast between the secondary and primary
is ∼1:180 in the visible. The combination of close separation
and moderate intensity contrast causes a small and periodic
bias in the radial-velocity measurement (see Sect. 2.3).

– HD 30501: The orbit inclination is 49+10
−8 deg and the com-

panion mass is 90 ± 12 MJ, which is the lightest companion
detected in this study. This companion is just at the threshold
between a very low-mass star and a brown dwarf.

– HD 43848: The orbit inclination is 165+2
−3 deg and the com-

panion is a very low mass star with mass 0.10 ± 0.01 M�.
This value is slightly lower and more precise than the
one derived by Sozzetti & Desidera (2010), who obtain
0.11+0.16

−0.04 M� based on the radial velocities of Minniti et al.
(2009). This solution is found with the lower-eccentricity
orbit (cf. Sect. 2.2). For completeness, we include the for-
mal astrometric solution for the less probable and higher-
eccentricity radial-velocity orbit in Tables 7 and 8. The

resulting companion mass obtained in this case would be
higher at M2 = 0.11 ± 0.02 M�. Hipparcos astrometry can-
not be used to determine the true eccentricity, because the fit
quality in terms of χ2 is comparable in both cases.

– HD 53680: The orbit inclination is 163.6+1.4
−1.7 deg and the

companion is a low mass star with mass 0.22 ± 0.02 M�.
– HD 164427A: The orbit inclination is 11.8+3.1

−2.1 deg and
the companion is a low mass star with mass 0.26 ±
0.06 M�. The stellar companion has also been detected by
Zucker & Mazeh (2001), who derived a slightly less inclined
orbit and therefore obtained the higher mass of 0.35 ±
0.09 M�.

– HIP 103019: The orbit inclination is 160.9+2.2
−2.7 deg and the

companion is a very low mass star with mass 0.18±0.03 M�.

4.2. Orbits with moderate significances between 2-σ and 3-σ

The orbits of 5 stars are found to have significances of
95.4–99.7%. Although we do not consider that these solutions
accurately characterise the stellar orbits, the moderate level of
significance indicates that the orbital motion is present in the as-
trometric data. The formal orbits are shown in Fig. 21 and allow
us to obtain a visual impression of the fit quality. Four out of five
orbits have sizes comparable to or smaller than the instrument
precision and the astrometric signal is therefore hidden. The per-
mutation test allows us to assess the credibility of the derived
orbit especially in this difficult regime. Since there is signal in
the astrometric data, the orbit inclination is constrained and we
expect the companion mass to be confined within the 3-σ limits
given in Table 8. The individual objects are discussed below:

– HD 3277: The companion is of stellar nature and its mass
is confined to within 0.14–0.57 M�. The formal companion
mass at moderate significance is 0.33 ± 0.07 M�. The upper
mass-limit that we independently derived from a = σΛ is
M2,up−lim = 0.51 M�, which is compatible with our solution.

– HD 131664: The companion is a very low-mass star or
a brown dwarf with a mass of 44–153 MJ. The available
data is not sufficient to distinguish between these two cases.
The formal companion mass at moderate significance is
90 ± 16 MJ. Although the orbit significance agrees with the
result of Sozzetti & Desidera (2010), who obtain a compan-
ion mass of 23+26

−5 MJ with 95% confidence, the mass range
derived from our analysis is significantly higher.

– HD 154697: The companion is a low-mass star with a mass
confined within 0.08–0.22 M�. The formal companion mass
at moderate significance is 0.15 ± 0.02 M�. The longitude
of the ascending node Ω of this orbit is hardly constrained
and is correlated with the position offsets Δα� and Δδ. The
Ω−Δα�-correlation is shown in Fig. 14. Because the adopted
solution is derived from the mean of the complete distribu-
tion, it does not represent a valid solution with a valid orbit,
as is also visible in Fig. 21, where the fit residuals are large.
However, this does not affect the validity of the derived com-
panion mass, because that is independent of Ω.

– HD 174457: The companion is a very low-mass star or a
brown dwarf. Its mass is confined to within 0.06–0.18 M�.
The formal companion mass at moderate significance is
0.10± 0.02 M�. The upper mass-limit that we independently
derived from a = σΛ is M2,up−lim = 0.12 M� and is compati-
ble with our solution.

– HD 190228: The companion is probably a brown dwarf, al-
though we cannot exclude a very low-mass star. Assuming
a primary mass of 0.83 M� (Perrier et al. 2003), we find the
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Fig. 14. Correlation between the adjusted position and longitude Ω
present in the distribution of the combined 100 000 Monte Carlo realisa-
tions for HD 154697. The adopted solution is marked with the diamond.

formal companion mass of 49 ± 15 MJ with lower and upper
limits of 10–99 MJ (cf. Table 6). The upper mass-limit de-
rived from a = σΛ independently reproduces this result and
yields M2,up−lim = 99 MJ.

4.3. Orbits with low significances between 1-σ and 2-σ

The orbits of three stars are found at low significance of 68.3–
95.4%, i.e. the astrometric data contains very little or no orbital
signal. As we have shown by simulation (cf. Sect. 3.8.1), or-
bital solutions at this significance level are prone to large biases.
Therefore, the solution parameters shall not be considered valid
in these cases. The formal solution of the fitting procedure is
given for completeness in Tables 7 and 8. We discuss the indi-
vidual objects below:

– HD 74014: The poor Hipparcos coverage of 10% of this
long-period orbit impedes the detection of the astrometric or-
bit. With a minimum semimajor axis of a sin i = 9.8 mas, the
orbit would have been detected on a longer timespan, given
the instrument precision of 2.5 mas. Because the orbit is not
fully covered, we cannot set an upper companion-mass limit
M2,up−lim.

– HD 168443: The formal solution for the companion mass
of 34 ± 9 MJ is in agreement with the result of Reffert &
Quirrenbach (2006), who derive 34 ± 12 MJ using the radial
velocities of Marcy et al. (2001) and the original Hipparcos
data. From our analysis, using the CORALIE radial velocities
and the new Hipparcos reduction IAD, we conclude that the
mass obtained for the outer companion HD 168443c is of
low confidence. Because the orbit is not fully covered, we
cannot set an upper companion-mass limit M2,up−lim.

– HD 191760: The minimum orbit size of this star is very small
(a sin i = 0.46 mas) and Hipparcos astrometry does not re-
veal the signature of the companion discovered by Jenkins
et al. (2009). However, we can set an upper mass-limit for
the companion of M2,up−lim = 0.28 M�.

4.4. Orbits with very-low significances and the detection
of one brown-dwarf companion

The analysis of 17 objects yields orbits with significances be-
low 1-σ. Because the astrometric data does not contain orbital

information, the derived result is physically meaningless and
only a mathematical solution. Therefore we do not list the so-
lution parameters. Table 10 shows the targets and their basic pa-
rameters. Two characteristics can be observed that impede the
astrometric orbit detection. In the one case, applicable to both
HD 65430 and HD 167665, the orbital coverage is poor and the
orbit is not detected, although the expected signal is large com-
pared to the instrument precision. In the other case, for instance
for GJ 595, HD 13189, and HD 140913, the minimum orbital
signature given by a sin i is very small compared to the instru-
ment precision.

The companions of six stars have maximum masses M2,up−lim
above 0.63 M�, which does not represent a considerable con-
straint of the system. Nine companions have upper mass-limits
of M2,up−lim = 0.11–0.63 M�, thus are in the M-dwarf mass
range. Finally, the mass of the companion of HD 137510 is con-
fined to be between M2 sin i = 22.7 MJ and M2,up−lim = 64.4 MJ.
Therefore, we find that HD 137510b has to be a brown dwarf.
This detection was possible because of the confidence we gained
in the capability of Hipparcos to detect astrometric orbital mo-
tion. Using a simpler argument, Endl et al. (2004) derived an
upper mass-limit of 94 MJ, which was not stringent enough to
prove the substellar nature of the companion.

This sample also contains HD 38529, for which Benedict
et al. (2010) found the orbit inclination of the outer compan-
ion HD 38529c and derived its mass of M2 = 17.6 MJ using
HST FGS astrometry. Our analysis made use of the radial ve-
locity orbit given by Benedict et al. (2010), but failed to detect
an orbit reliably, although the Hipparcos precision of 1.6 mas is
close to the HST orbit size (a = 1.05 ± 0.06 mas). However, the
Hipparcos orbit coverage is poor at 0.4, which may explain the
non-detection.

5. Discussion

The compilation of close companions to Sun-like stars with
minimum masses of 10–80 MJ of Sozzetti & Desidera (2010)
lists 39 objects. With the discovery of 9 new companions, we
have increased the known number of these objects by about
20%. Ten companions in the Sozzetti & Desidera (2010) list
are probably stars. We confirm the stellar nature in two cases
(HD 43848B and HD 164427B) and detect 6 new stellar com-
panions (HD 3277B, HD 17289B, HD 30501B, HD 53680B,
HD 154697B, and HIP 103019B) at the 3-σ significance level.
All of these companions are M dwarfs with masses between
90 MJ and 0.52 M�. For 3 companions, we derive mass limits
that enclose the boundary between low-mass stars and brown
dwarfs: HD 131664 (M2 = 44–153 MJ), HD 174457 (M2 = 65–
190 MJ), and HD 190228 (M2 = 10–99 MJ). HD 190228 was
initially a planet-host star discovered by Sivan et al. (2004). We
analysed it to validate our method and consequently recognised
its importance as a promising brown dwarf candidate.

Furthermore, we set upper mass limits below 0.63 M� on the
companions of nine stars. These companions are therefore M-
dwarfs or brown dwarfs. The upper mass-limits of 12 compan-
ions within our sample remain unconstrained because either the
derived limit is very high (>0.63 M�) or the orbital period is not
covered by Hipparcos measurements. Finally, we found that the
companion of HD 137510 is a brown dwarf with a mass range
of 22.7–64.4 MJ.

Our results are summarised in Fig. 15, where we show the
companion-mass constraints obtained from Hipparcos astrome-
try for all targets in our analysis sample.
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Fig. 15. Constraints on the companion masses of the target sample.
Open squares show the minimum companion mass M2 sin i derived
from radial velocities. Blue filled circles indicate the formal companion
masses M2 derived from astrometry for orbits with >2σ-significance.
Grey-shaded areas show the companion mass interval constrained by as-
trometry. The vertical dashed line indicates the adopted threshold mass
of 80 MJ between brown dwarfs and stars. Twelve systems could not be
constrained by Hipparcos astrometry, either because the derived mass
limit was very high (>0.63 M�) or because the orbital period was not
covered by Hipparcos measurements.

5.1. Combining radial velocities and Hipparcos astrometry

We have used the astrometric data of the new Hipparcos reduc-
tion to place constraints on the masses of potential brown-dwarf
companions detected in radial-velocity surveys. Radial-velocity
measurements of a stellar orbit yield five of the seven Keplerian
elements but do not constrain the orbit’s inclination and longi-
tude of the ascending node. We have demonstrated how these
two remaining elements can be determined, if the orbital signa-
ture is present in the Hipparcos astrometry, and how to distin-
guish a significant orbit.

We used the permutation test to define the criterion for or-
bit detection. The implementation of this powerful test is sim-
plified considerably by the use of the new Hipparcos reduction,
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Fig. 16. Comparison of the orbit significance indicators derived from
the permutation test and from the F-test.
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Fig. 17. Inclinations and astrometric semimajor axes of the orbital solu-
tions presented in Tables 7 and 8. The inclination is displayed as angular
deviation from a face-on orbit (corresponding to i = 0◦ or i = 180◦).
Filled symbols indicate the orbits with high-significance above 3-σ,
while open circles stand for orbits with moderate significance between
2-σ and 3-σ.

because the individual measurements of the IAD are indepen-
dent. A source of possible errors and complications in the orig-
inal Hipparcos data is therefore avoided. We emphasize the im-
portance of eliminating outliers of the IAD, because otherwise
the final result can be falsified. On a couple of comparison tar-
gets drawn from the literature, we have verified that our analysis
method is robust. For these targets, the performance of the new
and the original Hipparcos IAD is comparable and no major dif-
ference in the results was observed.

In addition to the permutation test, we simultaneously per-
formed the F-test and can thus compare the performance of both
significance indicators, keeping in mind that the F-test is only
valid if Gaussian errors are assumed. Figure 16 displays the re-
spective values listed in Tables 8 and 10. We find a general agree-
ment between the two indicators, i.e. the null probability de-
creases with increasing permutation significance. However, the
permutation test is more stringent. If we had chosen to rely on
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the F-test and imposed a null probability of 0.3% as detection
limit, we would have detected 10 orbits. These orbits overlap
with the 6 orbits that we did detect with the criterion based on
the permutation test (cf. Table 8).

A problem of similar studies in the past was the appear-
ance of biases towards small orbit inclinations, thus towards
high companion masses (Han et al. 2001; Pourbaix 2001).
Using simulations, we showed that our method is not af-
fected by this bias when using an appropriate detection limit
in terms of orbit significance. Figure 17 shows the distribu-
tions of orbital inclination and semimajor axis for all orbits
with greater than 2-σ significance. No preference for very small
inclinations can be observed, as it would be expected from
biased solutions (Pourbaix 2001). However, we note that no
orbit is detected at inclinations above 50◦. This is explica-
ble because in this study, we have selected stars with mini-
mum companion masses of M2 sin i = 13–80 MJ. As shown
by Grether & Lineweaver (2006), the frequency of brown-dwarf
companions is very low compared to the stellar companions and
therefore small inclinations are more likely to be detected.

We showed that our analysis is ultimately limited by the
astrometric precision of the satellite and therefore cannot con-
strain orbits of size typically smaller than a = 2 mas, which
in most cases will impede the detection of a true brown dwarf
companion. In addition, the Hipparcos mission duration of about
1000 days limits the periods of detectable orbits to ∼2000 days.

In summary, we have developed a new method to combine
a radial velocity solution with Hipparcos astrometric data that
has several advantages compared to previous similar approaches:
it uses the new Hipparcos reduction, which simplifies both the
mathematical formulation and the performance of the permu-
tation test in contrast to the implementation of e.g. Zucker &
Mazeh (2001) for the original Hipparcos data. The new method
defines rigorous detection limits in terms of orbit significance
and yields companion mass limits for low-significance orbits,
provided they are covered by astrometric measurements. It is
stringent enough to avoid the output of biased results (an exam-
ple is the case of HD 38529, see Reffert & Quirrenbach 2006;
and Benedict et al. 2010). Because of the general format of the
new reduction IAD, our method is universal and applicable to
any astrometric data5.

5.2. Brown-dwarf companions in the CORALIE survey

The CORALIE planet-search sample contains about 1600 Sun-
like stars within 50 pc. After a duration of 12 years, 21 po-
tential brown companions have been observed in this survey.
Eighteen have been discussed in this work and three additional
hosts of potential brown-dwarf companions are listed by Sozzetti
& Desidera (2010)6 and contained in the CORALIE sample.
Assuming that most candidates contained in this survey have al-
ready been found, we can derive a typical frequency of 1.3%
for potential brown-dwarf candidates in close orbits (<10 AU)
around Sun-like stars. Seven of these candidates are identified as
stellar companions by this study. In addition, Zucker & Mazeh
(2001) showed that the companions of HD 18445, HD 112758,
and HD 217580 are of stellar nature. Thus, at least 10 out of 21
brown-dwarf candidates are low-mass stars, which corresponds
to a rate of 48%. Based on the uniform stellar sample surveyed

5 This is true provided that the implicit approximations are valid, i.e.
the astrometric precision is larger than about 1 mas, see e.g. Konacki
et al. (2002).
6 Three more stars from this list were not included because their mini-
mum mass is M2 sin i < 13 MJ.
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Fig. 18. Cumulative mass distribution of potential brown-dwarf com-
panions in the CORALIE survey. The blue dashed line shows the distri-
bution of all 21 candidates. The black solid line shows the distribution
for the 11 remaining candidates after removal of the 10 stellar compan-
ions. The companion of HD 38529 with M2 = 17.6 MJ (Benedict et al.
2010) is included. For comparison, the red dash-dotted line shows the
expected cumulative distribution if all companions had masses of 80 MJ

based on the assumption that the orbits are randomly oriented in space.
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Fig. 19. Histogram of minimum masses of potential brown-dwarf com-
panions in the CORALIE survey. The light-grey histogram shows the
distribution of all 21 candidates. The dark-grey histogram shows the
distribution of the 11 remaining candidates after removal of the 10 stel-
lar companions.

by the CORALIE planet search, we thus obtain an upper limit
of 0.6% for the frequency of close-in brown-dwarf companions
around Sun-like stars within 50 pc, which is close to the fre-
quency of <0.5% initially quoted by Marcy & Butler (2000).

Figure 18 shows the distribution of M2 sin i in the brown-
dwarf mass range for the CORALIE sample. While the cu-
mulative distribution (blue dashed line) of all 21 candidates
is reasonably compatible with a linear increase, i.e. a flat
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Fig. 20. Visualisation of the high-significance orbits. Top panels: astrometric stellar orbits projected on the sky. North is up and east is left. The
solid red line shows the orbital solution and open circles mark the individual Hipparcos measurements. Dashed lines with orientation along the
scan angle ψ and length given by the O–C residual of the orbital solution connect the measurements with the predicted location from our model.
The blue solid circles show the normal points for each satellite orbit number. The curl at the lower left corner indicates the orientation of orbital
motion. Bottom panels: O–C residuals for the normal points of the orbital solution (filled blue circles) and of the standard 5-parameter model
without companion (black crosses). The error bars of the normal points correspond to the dispersion of Hipparcos measurements if there are
several per satellite orbit and to the individual Hipparcos abscissa error if there is only one measurement.

distribution function, the situation changes significantly after re-
moval of the 10 stellar companions. As illustrated in Fig. 19,
most stellar companions have M2 sin i > 45 MJ, and after their

removal, a cumulative distribution with particular shape emerges
(black solid line in Fig. 18). It exhibits a steep ascent in the range
of 13–25 MJ, which contains one half of the objects, followed by
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Fig. 21. Visualisation of the formal solutions for the moderate-significance orbits. The panels are analogous to Fig. 20. The formal orbit of
HD 154697 is not valid and exhibits large residuals (see the text for explanation). It is shown here to illustrate the possible problems that can occur
when visualising astrometric orbits. Despite their moderate significance, the four remaining orbits visually appear well constrained.

a slower increase up to 60 MJ. Surprisingly, there is no compan-
ion left of minimum mass higher than 60 MJ.

In summary, the emerging cumulative distribution does not
support a uniform distribution function of companion masses.
The possibility of all companions in the 13–25 MJ range being
stellar companions seen at low inclination, is both statistically
unlikely and also inplausible because their astrometric signature

would be large and probably detectable. Instead, these compan-
ions supposedly have M2 ≈ M2 sin i and may represent the high-
mass tail of the planetary distribution.

We note that the distribution found here, which is based
on radial velocities, is compatible with the first brown-dwarf
companions found in transiting systems, such as CoRoT-3b
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(M2 = 21.7 MJ, Deleuil et al. 2008) and CoRoT-15b (M2 =
63.3 MJ, Bouchy et al. 2010).

5.3. Metallicities of the brown-dwarf host stars

We showed that the companion of HD 137510 is a brown dwarf.
In addition, the companion of HD 190228 can be considered to
be a brown dwarf at 95% confidence. The host stars have metal-
licities of [Fe/H] = 0.373 dex (Butler et al. 2006) and [Fe/H] =
−0.24 dex (Perrier et al. 2003), respectively. Compared to the
mean metallicity 〈[Fe/H]〉 = −0.09 dex with root-mean-square
σ〈[Fe/H]〉 = 0.24 dex derived for the uniform sample of 451
nearby Sun-like stars by Sousa et al. (2008), the two brown-
dwarf hosts are therefore metal-rich in one case and unremark-
able in the other. The question of whether the hosts of brown
dwarf companions have a particular metallicity distribution, as
the planet hosts do (Santos et al. 2001), cannot be answered with
this small sample, thus remains open.

6. Conclusions

We have presented the radial-velocity solutions of 15 stars
with potential brown dwarf companions, of which 9 are new
discoveries. At this point, the CORALIE and HARPS surveys have
increased the number of known potential brown-dwarf compan-
ions of Sun-like stars by 20%.

Eight companions in our search sample were identified as
being of stellar nature with masses of above 80 MJ. These in-
clude one companion with a mass of 90 MJ and thus very close
to the brown-dwarf mass boundary. The upper and lower mass
limits of three companions were derived, but enclose the star-
brown dwarf mass boundary and can therefore not be used to
identify the object’s nature. Yet, the companion of HD 190228
is a brown dwarf at 95% confidence. Upper mass limits were set
for the companions of nine stars and revealed a brown dwarf or-
biting HD 137510. The masses of 12 companions could not be
constrained.

Our findings are in accordance with the presence of the
brown-dwarf desert, because only three brown dwarfs are iden-
tified in our search sample of 33 companions: HD 190228b (at
95% confidence), HD 137510b, and HD 38529b (Benedict et al.
2010). In contrast, eight brown-dwarf candidates were identified
as M dwarfs. On the basis of the CORALIE planet-search sample,
we obtain an upper limit of 0.6% for the frequency of brown-
dwarf companions around Sun-like stars and confirm their pro-
nounced paucity. We find that the companion-mass distribution
function rises at the lower end of the brown-dwarf mass range,
suggesting that we detect the high-mass tail of the planetary dis-
tribution function.

We find good agreement with the previous similar studies
of Halbwachs et al. (2000) and Zucker & Mazeh (2001). Our
results are affected by the Hipparcos astrometric precision and
mission duration, which limits the minimum detectable mass of
the combined analysis. There are indications, that some of the
remaining potential brown-dwarf companions are indeed brown
dwarfs. Those could be identified in the future, when astrom-
etry of higher precision is available. An example is the case
of HD 38529c, whose mass we were unable to constrain with
Hipparcos data, but that was identified as a brown dwarf by
Benedict et al. (2010) using HST astrometry.

Higher-precision astrometry will be required to obtain an
accurate census of low-mass companions in close orbit around
Sun-like stars and derive the relative frequencies of planets,

brown dwarfs, and low-mass stars. The next major step in this
direction is the GAIA astrometry satellite, which is the successor
of Hipparcos and will make it possible to determine the masses
of many radial-velocity companions.
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