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ABSTRACT

Radial velocity planet search surveys of nearby solar-type stars have shown a strong scarcity of brown dwarf companions within
∼5 AU. There is presently no comprehensive explanation for this lack of brown dwarf companions; therefore, increasing the sample
of such objects is crucial to understand their formation and evolution. Based on precise radial velocities obtained using the SOPHIE
spectrograph at Observatoire de Haute-Provence we characterise the orbital parameters of 15 companions to solar-type stars and
constrain their true mass using astrometric data from the H space mission. The nine companions not shown to be stellar
in nature have minimum masses ranging from ∼13 to 70 MJup, and are well distributed across the planet/brown dwarf mass regime,
making them an important contribution to the known population of massive companions around solar-type stars. We characterise six
companions as stellar in nature with masses ranging from a minimum mass of 76 ± 4 MJup to a mass of 0.35 ± 0.03 M�. The orbital
parameters of two previously known substellar candidates are improved.

Key words. techniques: radial velocities – stars: general – brown dwarfs

1. Introduction

The upper mass boundary separating brown dwarfs from stars
is well defined at the hydrogen burning limit whereby an object
with a central temperature insufficient for sustained hydrogen fu-
sion in its core is considered a brown dwarf (Chabrier & Baraffe
1997; Burrows et al. 2001). Without hydrogen fusion in the
core, thermal equilibrium is never reached and the brown dwarf
steadily cools with time. The boundary between brown dwarfs
and planets is currently unclear and is still a subject of much de-
bate. Numerous studies have used the deuterium burning limit as
a lower brown dwarf limit whereby an object is no longer able
to fuse deuterium in its core. For a solar metallicity object, the
lower limit for deuterium burning is ∼13 MJup (Burrows et al.
2001). The deuterium burning limit, however, is dependant on
a number of different factors such as the helium abundance, the

? Based on observations collected with the SOPHIE spectrograph
on the 1.93 m telescope at Observatoire de Haute-Provence (CNRS),
France, by the SOPHIE Consortium.
?? The radial velocity measurements are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/588/A144

initial deuterium abundance, as well as the metallicity of the ob-
ject (Spiegel et al. 2011). More importantly, there is no robust
physical justification for this limit. It has been suggested that the
overlapping brown dwarf and planet regimes should be distin-
guished by their formation mechanisms (Chabrier et al. 2014),
with planets forming via core accretion in protostellar discs and
brown dwarfs similar to stars which form in molecular clouds.

Differentiating observationally between the two formation
scenarios is a challenge owing to the lack of clear observational
diagnostics. There are, however, ways of differentiating between
the two formation mechanisms such as mean density measure-
ments and the composition of the object (Chabrier et al. 2014).
A measured radius which is significantly smaller than expected
for a near solar metallicity object can indicate an enhanced abun-
dance of heavy elements in favour of the core accretion scenario.
The opposite is not necessarily true as a larger than expected
radii does not necessarily mean there is an underabundance of
heavy materials (Leconte et al. 2009), but could instead be due
to a radius inflation which is observed in many hot-Jupiter at-
mospheres (Charbonneau et al. 2000; Bodenheimer et al. 2003;
Burrows et al. 2007). A larger than expected radius could also
be the result of a high-metallicity atmosphere with thick clouds
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(Burrows et al. 2011). If the object has formed through disk in-
stabilities we expect to have a chemical composition similar to
the original star forming material, whereas if it formed via core
accretion it may be enhanced or depleted in some elements. The
limiting factor for spectroscopically differentiating between the
two scenarios are spectral resolution and signal-to-noise (S/N),
which are ultimately governed by the brightness of the object.
The high-resolution observations are further limited to young
self-luminous objects with wide enough separations from their
host star to allow for spectroscopic observations.

The brown dwarf desert is a term used to describe the ab-
sence of brown dwarf companions on tight orbits (.5 AU, P ≤
11 yr) around solar-mass stars compared to both planetary and
stellar mass companions (Marcy & Butler 2000; Marcy et al.
2005; Grether & Lineweaver 2006). The lack of such close-in
brown dwarf companions is well established as these objects are
readily detected by planet search RV surveys which are most
sensitive to massive objects on close-in orbits (Ma & Ge 2014).
Within the mass domain that is dominated by planets, the occur-
rence rate increases with decreasing mass (e.g. Howard et al.
2010; Mayor et al. 2011), whereas for low-mass stellar com-
panions, on the other side of the desert, the occurrence rate in-
creases with increasing mass (Grether & Lineweaver 2006). The
sparse number of companions in the brown dwarf mass regime
compared to planetary mass companions, free floating brown
dwarfs, and the initial mass function of individual stars indicates
a separate formation mechanism between the planetary and stel-
lar companions (Chabrier et al. 2014). To test this hypothesis a
larger number of objects in the brown dwarf desert are needed.

In this paper we present the detection of 15 companions to
solar-type stars straddling the brown dwarf desert. The host star
magnitudes range from 7.56 to 9.76 in V-band and they are
located at a distance of 31.46 to 94.16 pc from Earth. The ob-
servations are part of the SOPHIE search for northern extraso-
lar planets sub-programme 2 (Bouchy et al. 2009) that covers a
volume-limited sample of ∼2000 stars orbiting main-sequence
stars of F, G, and K spectral type. The work presented in this
paper is a continuation of work by Díaz et al. (2012) who
characterised seven new objects with minimum masses between
∼10 MJup and ∼90 MJup.

In Sect. 2 we discuss the observations and the data reduction.
In Sect. 3 we present the analysis techniques used and the results
are presented in Sect. 4. We summarise the results in Sect. 5.

2. SOPHIE radial velocities

2.1. Observations

The observations were conducted using the 1.93 m telescope
at the Haute-Provence Observatory (OHP) together with the
SOPHIE cross-dispersed échelle spectrograph. The spectro-
graph, which is kept in a thermally controlled chamber with
the dispersive elements kept at a constant pressure in a nitro-
gen filled chamber, covers the 3872−6943 Å wavelength range,
spanning 39 orders (Perruchot et al. 2008). Observations were
performed in a high-resolution mode with λ/∆λ ∼ 75 000 at
550 nm. ThAr calibrations were obtained approximately every
two hours during the night and were used to calculate the wave-
length calibration drift. Two fibers were used during the ob-
servations, a target fiber and a sky fiber. The sky fiber obser-
vations were used to remove the sky background contribution
for those situations where the observations are contaminated by
moonlight being scattered in Earth’s atmosphere. The sky back-
ground was removed when deemed significant by a detectable

Table 1. Observations.

Name Timespan of observations [days] No. of observations
HD 6664 1577 25
HD 283668 2751 16
BD+73 0275 3282 25
HD 39392 804 15
HD 50761 1472 16
HD 51813 2301 14
HD 56709 2971 25
HD 77065 10 388 106
BD+26 1888 1476 19
HD 122562 2962 29
HD 132032 735 18
HD 134113 10 127 103
HD 134169 382 12
HD 160508 1236 26
BD+24 4697 497 17

cross correlation function (CCF) peak in the sky background
fiber data (e.g. Bonomo et al. 2010). A list of the timespan and
number of the observations are listed in Table 1.

2.2. Data reduction

The data were reduced using the SOPHIE pipeline (Bouchy
et al. 2009) which processes the raw images into wavelength-
calibrated two-dimensional spectra. It includes the localisation
of the 39 orders followed by an optimal order extraction, cosmic-
ray rejection, wavelength correction and spectral flat field cor-
rections. The spectra were subsequently crosscorrelated with nu-
merical cross correlation masks which included the F0, G2 and
K5 spectral types. Orders 5 to 38 were used as they produced the
smallest scatter on average. The radial velocities, contrast rela-
tive to the baseline, the full width at half maximum (FWHM)
and the bisector velocity span of the CCF were all calculated
using a Gaussian fit to the CCF. The bisector velocity span was
calculated using the method described by Queloz et al. (2001).
The radial velocity observations obtained after the 17th of June
2011 instrument upgrade (Perruchot et al. 2011), are known as
the SOPHIE+ measurements (Bouchy et al. 2013). Courcol et al.
(2015) reported on a long-term systematic instrumental drift of
the order of a few m/s. This drift was not removed from the data
as it has a negligible impact on the RV variations reported in this
paper. The radial velocity models presented here take into ac-
count any offset between the two observational epochs (before
and after the instrument upgrade) by letting the radial velocity
offset between each epoch of observations vary independently.
This is to account for a systematic offsets which may have been
introduce during the instrument upgrade. The average signal-
to-noise for all objects is 49 with observations spanning 399 to
2936 days.

3. Analysis

3.1. Stellar parameters

The stellar parameters, temperature, gravity, microturbulence
and metallicity where all obtained using the spectroscopic anal-
ysis methods described in Santos et al. (2013), and references
therein. The method makes use of the equivalent widths of a
list of Fe I and Fe II lines, as measured in the SOPHIE spec-
tra. All the analysis is done in LTE using the 2010 version
of the MOOG software (Sneden 1973) and one-dimensional
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Table 2. Stellar properties.

Name π V Temperature log g νmicro log R′HK [Fe/H] v sin i Mass
[mas] [K] [cgs] [km s−1] [dex] [dex] [km s−1] M�

HD 6664 27.29u 7.78 5854 ± 22 4.53 ± 0.04 0.96 ± 0.03 −4.50 ± 0.10 −0.20 ± 0.02 2.5 ± 1.0 0.92 ± 0.07
HD 283668 23.66 9.44 4845 ± 66 4.35 ± 0.12 0.02 ± 0.30 −5.01 ± 0.10 −0.75 ± 0.12 1.3 ± 1.0 0.68 ± 0.06
BD+73 0275 26.18u 8.98 5260 ± 25 4.43 ± 0.04 – −4.82 ± 0.10 −0.42 ± 0.02 2.8 ± 1.0 0.77 ± 0.05
HD 39392 10.62 8.38 5951 ± 42 4.08 ± 0.03 1.28 ± 0.06 −5.11 ± 0.16 −0.32 ± 0.03 1.9 ± 1.0 1.08 ± 0.08
HD 50761 11.52 8.13 6450 ± 70 4.47 ± 0.17 1.93 ± 0.12 −5.06 ± 0.18 −0.02 ± 0.05 8.2 ± 1.0 1.19 ± 0.10
HD 51813 15.13u 8.67 6012 ± 32 4.53 ± 0.05 1.24 ± 0.04 −4.60 ± 0.11 0.13 ± 0.02 4.9 ± 1.0 1.06 ± 0.07
HD 56709 14.99 7.56 6926 ± 73 4.63 ± 0.09 1.80 ± 0.11 – 0.03 ± 0.04 5.1 ± 1.0 1.33 ± 0.09
HD 77065 31.52 8.82 4990 ± 100 4.28 ± 0.20 – −5.01 ± 0.10 −0.51 ± 0.10 2.8 ± 1.0 0.75 ± 0.06
BD+26 1888 26.30 9.76 4748 ± 87 4.3 ± 0.2 0.74 ± 0.24 – 0.02 ± 0.04 2.8 ± 1.0 0.76 ± 0.08
HD 122562 18.60 7.69 4958 ± 67 3.74 ± 0.14 1.05 ± 0.09 −5.27 ± 0.16 0.31 ± 0.04 3.4 ± 1.0 1.13 ± 0.13
HD 132032 17.86 8.11 6035 ± 33 4.45 ± 0.05 1.2 ± 0.04 −5.13 ± 0.22 0.22 ± 0.03 3.2 ± 1.0 1.12 ± 0.08
HD 134113† 13.91 8.26 5782 ± 22 4.25 ± 0.03 1.27 ± 0.04 −5.09 ± 0.23 −0.74 ± 0.02 1.5 ± 1.0 0.81 ± 0.01
HD 134169 17.27 7.70 5940 ± 40 4.33 ± 0.03 – −5.09 ± 0.14 −0.51 ± 0.10 1.0 ± 1.0 0.91 ± 0.05
HD 160508 10.83 8.11 6212 ± 30 4.16 ± 0.03 1.5 ± 0.04 −5.25 ± 0.13 0.01 ± 0.02 3.7 ± 1.0 1.25 ± 0.08
BD+24 4697 20.51 9.74 5077 ± 32 4.67 ± 0.07 1.04 ± 0.05 −4.69 ± 0.10 −0.11 ± 0.02 1.5 ± 1.0 0.75 ± 0.05

Notes. (u) Parallaxes have been updated following the astrometric analysis presented in this paper. (†) Values are adopted from (Sousa et al. 2011).
Alternate values computed in this study: Teff = 5940 ± 40 K, log g = 4.32 ± 0.05, [Fe/H] = −0.70 ± 0.03 and m = 0.89 ± 0.05 M�.

Kurucz (1993) model atmospheres. The stellar parameters where
determined by using excitation and ionisation equilibrium prin-
ciples, and minimising the correlation between log ε(Fe I) and χl
(excitation potential) as well as log ε(Fe I) and log(Wλ/λ) mak-
ing sure the mean abundance between the Fe I and Fe II lines
were equivalent.

The aforementioned stellar parameters were subsequently
compared to interpolated isochrones by Girardi et al. (2000) us-
ing the method described in da Silva et al. (2006). The metal-
licities were computed using two methods, through the analysis
of the spectra and from the CCF using the Boisse et al. (2010)
calibration. The metallicities from the spectral analysis were ob-
tained from a detailed analysis of carefully selected lines, which
resulted in an typical accuracy of ∼0.04 dex. The metallicities
from the CCF were obtained from a global, empirical calibra-
tion and provide a typical accuracy of ∼0.1 dex. We found that
the two methods give consistent results but use the spectral anal-
yses technique for all the targets as the obtained values are more
accurate. The largest metallicity difference derived from the two
methods was for HD 77065 where there was a 2.6σ discrepancy.
For this object we used the spectral analyses method for con-
sitency with the other results. The stellar parameters, including
metallicities, are presented in Table 2.

Intrinsic phenomena caused by photospheric features associ-
ated with chromospheric activity such as starspots and convec-
tive inhomogeneities are known to influence RV measurements
up to a few tens of m s−1 (e.g. Campbell et al. 1991; Saar &
Donahue 1997; Saar et al. 1998; Santos et al. 2000; Boisse et al.
2011). The impact of stellar activity can affect the derived or-
bital parameters if the RV semi-amplitudes are similar in size
to that introduced by stellar noise or when the orbital period is
comparable to the rotational period of the host star. Objects with
periods longer than ∼2 years could also be affected by activ-
ity cycles or long term variation of the activity level of the star.
The objects presented here all have RV amplitudes outside the
domain where they might be mistaken for planets when they in-
stead are caused by intrinsic phenomena (e.g. Saar & Donahue
1997). The individual stellar activity values (log R′HK), reported
in Table 2, were obtained following the method of Boisse et al.
(2010). The majority of stars in the sample show low activity
with only three stars showing an log R′HK value larger than −4.7,
namely HD 6664, HD 51813, and BD+24 4697.

3.2. Companion parameters

The parameters of the companions were derived by fitting a sin-
gle Keplerian orbit model to the radial velocity data. The free
parameters were the orbital period P, the eccentricity e, the ar-
gument of periapsis ω, the semi-amplitude K, the periastron
time T0 and the RV shift between the pre (γSOPHIE) and post
(γ+

SOPHIE) instrument upgrade. As the radial velocity variations
are large compared to the uncertainties on individual radial ve-
locity points, no periodogram analysis was done. The best fit
Keplerian orbit model was obtained by using a genetic algo-
rithm to find the starting point for a Levenberg-Marquardt fit.
The uncertainties of the individual parameters were calculated
using a one million step Markov chain Monte Carlo (MCMC).
The MCMC method obtains samples from the posterior distri-
bution of the model parameters.

The 17th of June 2011 instrument upgrade introduced a sys-
tematic shift of ∆RV = 0.03 ± 0.02 km s−1. This value was cal-
culated by taking the weighted mean of the individual RV shifts
(γ-values) available for six of the objects with observations done
before and after the instrument upgrade (see γ values in Table 3).
The observed shifts measured are likely influenced by the air-
mass of the observations, the spectral type of the star, choice of
cross correlation mask and the spectral orders used. The ∆RV
value has a negligible impact on the fits, as it is only marginally
different from 0. HD 51813 which also has observations before
and after the upgrade was not included in the weighted mean as
this object exhibited a shift of ∆RV = −1.5 ± 0.35 km s−1 which
was inconsistent compared to the weighted mean of the other
six objects. This shift is thought to be due to the lack of pre-
upgrade measurements which all occurred within 4 days, a short
amount of time when compared to a much longer orbital period
of 1437+11

−15 days. To account for such a large shift, we fix the
pre-upgrade γ value for HD 51813 to a new value consistent with
the six targets and recalculate the Keplerian parameters. To avoid
underestimating the uncertainties for HD 51813 by fixing the RV
shift γ, we adopt the global γ uncertainty of 0.02 km s−1, calcu-
lated as the standard deviation of individual RV shifts and use
this to inflate the uncertainties on the Keplerian parameters for
this object. We find that despite having to adjust the pre-upgrade
RV shift, a negligible shift in the derived Keplerian parameters
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Table 4. Parameters of the H astrometric observations.

Name HIP S n Norb σΛ NHip m2,max
(mas) (M�)

HD 6664 005313 1 0.7 5.2 115 0.46
HD 283668 020834 5 0.4 4.5 44 · · ·

BD+73 0275 024329 5 0.8 7.5 184 0.29
HD 39392 027828 5 2.7 3.7 114 0.37
HD 50761 033542 7 0.7 2.8 91 0.80
HD 51813 033608 5 0.8 3.4 125 0.55
HD 56709 035697 7 0.4 3.4 106 1.08
HD 77065 044259 5 8.1 3.6 49 0.68

BD+26 1888 044387 5 1.4 6.9 49 0.25
HD 122562 068578 5 0.4 4.0 70 · · ·

HD 132032 073128 5 3.2 4.4 84 0.34
HD 134113 074033 5 5.4 3.7 39 16.13
HD 134169 074079 5 13.4 2.9 41 1.03
HD 160508 086394 5 6.3 5.5 163 1.58

BD+24 4697 113698 5 7.7 6.3 196 0.51

Notes. The columns of this table are defined in Sect. 3.4.

is observed (consistent to within 1σ), even for this object which
has the largest shift.

The results of the Keplerian fits of the SOPHIE radial veloc-
ities are reported in Table 3. The data and their Keplerian fits are
plotted in Fig. A.1.

3.3. Bisector analysis

Variations in the bisector velocity span can be caused by two or
more stars blended together or stellar activity. Stellar activity, as
discussed in Sect. 3.1, is unlikely to be responsible for any large
radial velocity variations since the semi-amplitudes measured
are much larger than what variation caused by stellar activity.
To look for possible blends we looked for trends in bisector ve-
locity span as a function of radial velocity to see if any of the ob-
jects could be accompanied by an additional star blended in the
CCF (for more details on this technique see Santerne et al. 2015).
We calculated the Kendall rank correlation coefficient for all the
objects and found no significant correlations with all p-values
being greater than 0.10. However, the object which shows the
largest amount of scatter, HD 50761 (see Fig. 1), also shows a
tentative detection of being a low-mass binary. We looked for
secondary peaks in the CCF using a M4 cross correlation mask
(Bouchy et al. 2016) but found no clear detections. The lack of
clear detections could in part be due to the low S/N (∼50) of
the individual spectra. Furthermore, HD 56709 and HD 50761
are the fastest rotating stars in the sample with v sin i > 5 km s−1

which may have broadened the CCF’s to an extent where a clear
detection is not possible.

3.4. Analysis of the HIPPARCOS astrometry

All stars listed in Table 4 were observed by the H satel-
lite (Perryman et al. 1997). We used the new H re-
duction (van Leeuwen 2007) to search for signatures of orbital
motion in the Intermediate Astrometric Data (IAD). The analy-
sis was performed following Sahlmann et al. (2011b), where a
detailed description of the method can be found. Using the pa-
rameters of the radial velocity orbit of a given star (Table 3),
the IAD was fitted with a seven-parameter model, where the
free parameters are the inclination i, the longitude of the as-
cending node Ω, the parallax $, and offsets to the coordinates

(∆α?, ∆δ) and proper motions (∆µα? , ∆µδ). A two-dimensional
grid in i and Ω was searched for its global χ2-minimum. The
statistical significance of the derived astrometric orbit was de-
termined with a permutation test employing 1000 pseudo orbits.
Uncertainties in the solution parameters were derived by Monte
Carlo simulations, which also propagate the uncertainties in the
RV parameters. This method has proven to be reliable in detect-
ing orbital signatures in the H IAD (Sahlmann et al.
2011b,a; Díaz et al. 2012; Sahlmann & Fekel 2013).

Table 4 lists the target names and the basic parameters of the
H observations relevant for the astrometric analysis.
The solution type S n indicates the astrometric model adopted by
the new reduction. For the standard five-parameter solution it is
“5”, whereas it is “7” when the model included proper-motion
derivatives of first order to obtain a reasonable fit, which is the
case for HD 56709 and HD 50761. The parameter Norb repre-
sents the number of orbital periods covered by the H
observation timespan and NHip is the number of astrometric
measurements with a median precision of σΛ. The last column
in Table 4 shows the maximum companion mass (m2,max) that
would be compatible with a non-detection in the H as-
trometry. Outliers in the IAD have to be removed because they
can substantially alter the outcome of the astrometric analysis.
We eliminated one outlier for both HD 160508 and HD 77065.

Even if the astrometric signal is not detected in the astro-
metric data, i.e. the derived significance is low, we can use the
H observations to set an upper limit to the companion
mass by determining the minimum detectable astrometric signal
amin of the individual target. When the data cover at least one
complete orbit, Sahlmann et al. (2011b,a) have shown that an
astrometric signal-to-noise of S/N & 6−7 is required to obtain
a detection at the 3σ level, where S/N = a

√
NHip/σΛ and a is

the semi-major axis of the detected orbit. Using a conservative
S/N-limit of 8, we derive the upper companion mass limit m2,max
as the companion mass which introduces the astrometric signal

amin = 8
σΛ√
NHip

(
1 − e2

)
, (1)

where the factor 1 − e2 accounts for the most unfavourable case
of i = 90◦ and Ω = 90◦ in which the astrometric signal is given
by the semi-minor axis of the orbit. The last column in Table 4
lists this upper companion mass limit.

4. Results

We characterise the orbital parameters of 15 companions of
solar-type stars, 13 of which are newly discovered compan-
ions. Their minimum masses m2 sin i range from 13.2 MJup
(HD 39392b) to 145 MJup (HD 50761B). We further improve the
parameters of HD 134113 and HD 77065 by combining our new
observations with previous observations by Latham et al. (2002).
For three stars, we found significant (>3σ) orbit signatures in the
H IAD. Tentative detections (1.5 . σ ≤ 3) were seen
for an additional two objects. The largest residual dispersion is
found for the most active stars in the sample such as HD 6664
and HD 51813 with the less active stars such as HD 122562,
HD 132032 and HD 134169 showing the smallest dispersion.

We divide the objects in this study into low-mass binary
stars, low-mass binary stars candidates and brown dwarf can-
didates and present information concerning each object in the
subsections below. The numerical results from astrometry are
presented in Tables 5, 6 with the Keplerian fit parameters pre-
sented in Table 3. Objects we regard as likely to be stellar in
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Fig. 1. Bisector span as a function of radial velocity for all the targets in the sample. The dashed line represents a zero bisector span and is shown
as a reference.

nature are designated with the stellar name followed by the suffix
“B”. Objects with minimum masses below the hydrogen burning
limit are designated as brown dwarf candidates with the suffix
“b” added to the name of the star. As the parameters improve
through continued observations, especially for astrometric ob-
servations, these suffixes are likely to change for at least some of
the companions which later might turn out to be low-mass stars
as their inclination is determined.

4.1. Low-mass binary stars

The mass limit which divides brown dwarfs and stars is
∼0.075 M� (Burrows et al. 1997; Chabrier & Baraffe 2000) (de-
pending on metallicity). We detect the astrometric orbital solu-
tion for three low-mass stellar companions with a statistical sig-
nificance greater than 3σ orbiting HD 6664, BD+730275 and
HD 51813. Two additional tentative astrometric detections are
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Table 5. Astrometric parameters determined for systems with a significant or tentative astrometric signal in the H data.

Source ∆α? ∆δ $ ∆$ ∆µα? ∆µδ i Ω

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

HD 6664 −4.3+1.8
−1.8 −16.9+1.5

−1.5 27.29+0.90
−0.91 −4.50 22.6+1.8

−1.8 −2.9+1.5
−1.5 165.1+1.0

−1.2 319.0+8.1
−8.1

HD 56709T 1.0+3.6
−3.6 15.6+2.6

−2.6 15.32+1.02
−1.02 0.34 −13.7+2.0

−2.0 0.6+3.2
−3.2 170.6+1.5

−2.1 177.4+17.7
−11.0

BD+730275 7.3+5.7
−6.2 14.0+3.3

−3.1 26.18+1.06
−1.06 2.11 0.4+1.4

−1.4 −7.8+1.8
−1.8 14.1+2.3

−1.7 259.3+20.9
−23.3

HD 51813 8.9+2.1
−2.1 7.1+4.2

−4.0 15.13+1.03
−1.03 −1.00 −4.8+1.3

−1.3 −1.9+1.0
−1.0 169.2+2.0

−3.2 5.3+22.6
−23.9

HD 50761T −5.5+3.3
−3.1 0.3+2.2

−2.0 12.06+0.77
−0.77 0.53 2.3+1.8

−1.8 7.5+1.5
−1.5 13.2+4.8

−2.8 13.9+43.6
−43.3

Notes. (T ) These objects are regarded as systems with a tentative astrometric signal in the H data.

Table 6. Solution parameters determined for systems with a significant or tentative astrometric signal in the H data.

Source a sin i a M2 M2 (3σ) arel O−C5 O−C7 χ2
7,red p-value Significance

(mas) (mas) (M�) (M�) (mas)/(AU) (mas) (mas) (%) (%)

HD 6664 6.81 22.8+1.4
−1.4 0.35+0.03

−0.03 (0.26, 0.46) 83.0/3.0 7.00 4.03 0.53 1.7 × 10−30 >99.9
HD 56709T,a 3.13 19.4+2.8

−2.8 0.54+0.12
−0.12 (0.25, 1.08) 68.4/4.5 4.97 4.27 1.39 1.9 × 10−11 86.8

BD+730275 2.90 12.9+1.7
−1.8 0.20+0.03

−0.03 (0.11, 0.29) 63.7/2.4 8.04 6.81 0.75 2.2 × 10−11 >99.9
HD 51813 1.66 8.3+1.7

−1.7 0.27+0.07
−0.07 (0.10, 0.55) 41.5/2.7 4.28 3.67 0.89 1.1 × 10−5 >99.9

HD 50761T 1.99 9.1+2.0
−2.0 0.38+0.11

−0.11 (0.16, 0.80) 38.5/3.2 3.74 3.00 1.15 2.7 × 10−7 99.4

Notes. (T ) These objects are regarded as systems with a tentative astrometric signal in the H data. (a) These parameters correspond to the
tentative orbit detection discussed in the text.

made for HD 56709 ('1.5σ) and HD 50761 (2.7σ). The astro-
metric analysis yields masses which range from 0.20 to 0.54 M�
(see Table 6). Each companion is described in more detail in
the subsections below, which includes the tentative detections.
We categorise HD 50761, HD 56709 and HD 134169 as low-
mass binaries. In the case of HD 50761 it is because we derive
a minimum mass of m2 sin i = 145 ± 4 MJup. For HD 56709
and HD 134169 it is because their large minimum masses of
m2 sin i = 72 ± 4 MJup and m2 sin i = 83 ± 4 MJup respectively,
make them much more likely to be low-mass stars rather than
brown dwarfs.

4.1.1. HD 6664

HD 6664 is a G1V star with a mass of 0.92 ± 0.07 M�. RV mea-
surements show the presence of a companion with an orbital pe-
riod of 1718±11 days and with a minimum mass of 80±5 MJup,
which by itself would indicate a companion which is stellar in
nature. According to Riddle et al. (2015) HD 6664 is a triple
system. The astrometric analysis was done on the inner pair. The
outer companion at >26′′ has no influence on the detectabil-
ity of the inner orbit with H astrometry and is out-
side the SOPHIE aperture. We detected the astrometric signal
in the H data with high significance >3.3σ (>99.9%)
and measured a semi-major axis of a = 22.8±1.4 mas. HD 6664
is the only source in this study with solution type of “1”, which
already indicated non-standard astrometric motion. The system’s
effective inclination is small (15 ◦ out of the sky plane) with
an orbital inclination of i = 165.1+1.0

−1.2
◦ and we measure the

longitude of the ascending node of Ω = 319.0 ± 8.1◦. Based
on the orbit’s inclination, we determine a companion mass of
M2 = 0.35 ± 0.03 M�, i.e. HD 6664 B is indeed a low-mass star.

There is a significant offset in the updated proper motion
in RA of ∆µα? = 22.6 ± 1.8 mas yr−1. More importantly, the
new parallax $ = 27.29+0.90

−0.91 mas is significantly smaller (by

−4.5 mas) than the catalogue value of $HIP2 = 31.8 ± 1.7 mas
(van Leeuwen 2007), and the revised distance to HD 6664 is
36.6 ± 1.2 pc. The sky-projected orbit of HD 6664 and the
H measurements are shown in Fig. 2.

4.1.2. BD+73 0275

BD+73 0275 is a G5 star with a mass of 0.77 ± 0.05 M�.
RV measurements show the presence of a m2 sin i = 44 ± 3 MJup
companion on a 1423.20 ± 0.14 day orbit. We detected the
H astrometric orbit of BD+730275 with a significance
>3.3σ (>99.9%). The orbit’s size and orientation is determined
by i = 14.1+2.3

−1.7
◦, Ω = 259.3+20.9

−23.3 deg, and a = 12.9+1.7
−1.8 mas. The

sky-projected orbit of BD+730275 and the Hmeasure-
ments are shown in Fig. 3. Consequently, we determined the sec-
ondary mass to be M2 = 0.20 ± 0.03 M�, i.e. the companion of
BD+730275 is a low-mass star. This low-mass star is the only
one found within our sample (and that of Díaz et al. 2012) to
orbit a star with an effective temperature (5260± 25 K) less than
the Sun. The companion to BD+73 0275, similar to HD 51813,
has a minimum mass within the driest part of the brown dwarf
desert before astrometry revealed the companion to be stellar in
nature.

4.1.3. HD 50761

HD 50761 is a F8 star with a mass of 1.19 ± 0.10 M�, the sec-
ond most massive target in the sample. RV measurements show
a companion with an orbital period of 2092 ± 11 days and with
a minimum mass of m2 sin i = 145+36

−29 MJup. HD 50761 is the
only object which does not have RV observations spanning an
entire orbital period of their companion. This makes the mini-
mum mass estimate difficult to constrain. HD 50761 is the ob-
ject which shows the largest amount of scatter in the bisector
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Fig. 2. Top: astrometric orbit of HD 6664 projected on the sky. North is
up and east is left. The solid red line shows the orbital solution, which is
orientated clockwise, and open circles mark the individual H
measurements. The dashed lines represents the scan angle which con-
nects these one-dimensional position measurements. The blue filled cir-
cles are the mean of the Hmeasurements obtained during one
orbit. Bottom: O−C residuals for the normal points of the orbital solu-
tion (filled blue circles) and of the five-parameter model without com-
panion (open squares).

span (see Fig. 1). No clear secondary peaks in the CCF were de-
tected using a M4 cross correlation mask. This may be caused
by the fast rotation of the star (8.2 ± 1.0 km s−1).

We detected the astrometric orbit with H at 2.7σ
significance (99.4%). However, the orbit orientation in the sky
given by the angle Ω is poorly constrained by the astrometry. As
a consequence, the best-fit astrometric parameters are strongly
correlated with parameters derived from RV measurements, e.g.
the period P and the periastron time T0. In our analysis, we
vary those within the quoted uncertainties by randomly drawing
100 sets of RV parameters, thus we obtain 100 clearly differ-
ent solutions in terms of inclination and Ω. This is illustrated in
Fig. 4, where a large variation in the best-fit Ω can be seen. A
large range of Ω values is acceptable for different sets of RV pa-
rameters, thus the final global distribution is particularly broad
and its average value is ill-defined (Ω = 13.9+43.6

−43.3
◦)1.

This does not affect the significance of the astrometric orbit
and the parameters listed in Tables 5 and 6 which naturally ac-
count for the correlations, i.e. the uncertainty of the orbital incli-
nation i = 13.2+4.8

−2.8
◦ reflects the variation seen in Fig. 4. However,

1 The global distribution contains 100 000 data points because for each
of the 100 RV parameter sets, we run the astrometric analysis 1000
times, see Sahlmann et al. (2011b).
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Fig. 3. Astrometric orbit of BD+730275 projected on the sky, cf.
Fig. 2, corresponding to one set of RV parameters. The star’s motion
is counter-clockwise.
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Fig. 4. Joint confidence contours on the i-Ω-grid for one set of spectro-
scopic parameters of HD 50761. The contour lines correspond to con-
fidences at 1σ (solid), 2σ (dashed), 3σ (dotted), and 4σ (dash-dotted)
level. The crosses indicate the position of the best non-linear adjustment
solution for each of the 100 Monte Carlo samples of spectroscopic pa-
rameters and the star corresponds to the orbit shown in Fig. 5.

it forces us to choose one single set of RV parameters to show
one realisation of the astrometric orbit in Fig. 5.

The measured semi-major axis of HD 50761 is a = 9.1 ±
2.0 mas and we determine a companion mass of M2 =
0.38 ± 0.11 M�, i.e. HD 50761 B is a low-mass star. The large
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Fig. 5. Astrometric orbit of HD 50761 projected on the sky, cf. Fig. 2,
corresponding to one set of RV parameters. The star’s motion is
counter-clockwise.

uncertainty in companion mass reflects the parameter correla-
tions and the ill-defined orbit orientation Ω of the astrometric
analysis.

4.1.4. HD 51813

HD 51813 is an active (log R′HK = −4.60 ± 0.10) G-type star
with a mass of 1.06 ± 0.07 M�. The stellar activity is likely
the cause of the large dispersion seen in the residuals (see
Fig. A.1). This is evident when looking at the SOPHIE obser-
vations done after the instrument upgrade which typically show
a residual dispersion 4−6 times smaller. RV measurements re-
veal a m2 sin i = 46 ± 4 MJup companion on a 1437+11

−15 day
orbit. With only three pre instrument upgrade observations of
HD 51813 taken in close succession, the gamma value was ad-
justed as described in Sect. 3.2. We detected the astrometric orbit
with H with a significance >3.3σ (>99.9%) and mea-
sured Ω = 5.3+22.6

−23.9
◦and i = 169.2+2.0

−3.2
◦. The corresponding semi-

major axis of HD 51813 is a = 8.3± 1.7 mas and we determined
a companion mass of M2 = 0.27 ± 0.07 M�, i.e. HD 51813 B
is a low-mass star. The astrometric orbit is shown in Fig. 6.
HD 51813, similar to BD+73 0275, has a minimum mass within
the driest part of the brown dwarf desert before astrometry re-
vealed the companion to be stellar in nature.

4.1.5. HD 56709

HD 56709 is a F5 star with a mass of 1.33 ± 0.09 M�, the most
massive target in the sample. RV measurements show a com-
panion with an orbital period of 2499.0 ± 5.6 days and with

HD51813
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Fig. 6. Astrometric orbit of HD 51813 projected on the sky, cf. Fig. 2.
The star’s motion is clockwise.

a minimum mass of m2 sin i = 72 ± 4 MJup. No clear sec-
ondary peaks in the CCF were detected using a M4 cross cor-
relation mask. Astrometry shows a tentative detection of a stel-
lar companion with a permutation significance of only 86.8%
('1.5σ), which is below our detection threshold. There are how-
ever, several indications that the orbit is well constrained by
H astrometry. First, significant acceleration was de-
tected by H alone, assigning this source a solution
type of “7” (van Leeuwen 2007). Second, our F-test asserts at
high confidence that the orbital solution of HD 56709 is a much
better fit than the standard model (the p-value for the simpler
model to be true given in Table 6 is 1.9× 10−11%), which is sup-
ported by a decrease in residual r.m.s. from O−C5 = 4.97 mas
to O−C7 = 4.27 mas when including the orbital motion. On the
other hand, only ∼40 % of the orbit is covered by H
measurements.

We thus claim a tentative detection of the orbit and determine
the system parameters, keeping in mind that these may have to
be revised when better astrometry becomes available. The semi-
major axis is 19.4 ± 2.8 mas. The orbital inclination of i =
170.6+1.5

−2.1
◦ and the companion mass is M2 = 0.54±0.12 M�. The

sky-projected orbit of HD 56709 is shown in Fig. 7. Despite be-
ing fairly massive, the companion was not detected with speckle
interferometry (Mason et al. 2001).

4.1.6. HD 134169

HD 134169 is a F8 star with a mass of 1.19 ± 0.10 M�. RV mea-
surements show a companion with an orbital period of 67.8578±
0.0038 days which is the shortest orbital period amongst the
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Fig. 7. Astrometric orbit of HD 56709 projected on the sky, cf. Fig. 2.
The star’s motion is clockwise.

objects in our sample. The detected companion has a minimum
mass of 83±4 MJup shown by RV measurements and is therefore
likely a stellar companion. H measurements provide
an upper limit on the companion at 1.03 M�. This limit is likely
too conservative as a companion with this mass would likely be
detected by the bisector analysis described in Sect. 3.3.

4.2. Brown dwarf candidates

In the next subsections we describe the brown dwarf candidates
in more detail. A list of brown dwarf candidates to solar-type
stars with (projected) masses between 10 and 80 MJup and pe-
riods <105 days currently found in litterature is presented in
Table A.1. The brown dwarf candidates from this study together
with the objects from litterature are shown in Fig. 8.

4.2.1. HD 283668

HD 283668 is a K3V star which has both got the lowest mass
(0.68 ± 0.06 M�) as well as the lowest metallicity ([Fe/H] =
−0.75±0.12) amongst the star in our sample. The detected com-
panion has a minimum mass of 53 ± 4 MJup and a period of
2558 ± 8 days.

4.2.2. HD 39392

HD 39392 is a F8 star with a mass of 1.08 ± 0.08 M�. The star
is host to the lowest minimum mass companion at m2 sin i =
13.2 ± 0.8 MJup which orbits the star every 394.3+1.4

1.2 days.
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Fig. 8. The minimum mass as a function of orbital period. The data
from this study are shown as orange points. The blue points represent
data from the literature and are presented in Table A.1. Objects with
known masses are indicated using square symbols and objects with min-
imum mass measurements are shown as round points. All objects have
10 MJup ≤ m sin i ≤ 80 MJup and a Period <105 days with a host star
mass 0.7 M� ≤ M ≤ 1.5 M�.

H measurements provide an upper limit on the com-
panion at 0.37 M�.

4.2.3. HD 77065

HD 77065 is a G star with a mass of 0.75 ± 0.06 M�. The de-
tected companion has a minimum mass of m2 sin i = 41±2 MJup

and an orbit lasting 119.1135+0.0026
0.0027 days. HD 77065 has the most

well constrained orbital parameters of all the objects in the sam-
ple due to the number of data points measured. HD 77065 was
first reported in Latham et al. (2002) as G9-42. Here we improve
the reported parameters with additional data thereby reducing P
by 1%, K by 14%, e by 16% and increasing the minimum mass
by 2%. H measurements provide an upper limit on the
companion at 0.68 M�. This limit is likely too conservative as a
companion with this mass would likely be detected by the bisec-
tor analysis described in Sect. 3.3.

4.2.4. BD+26 1888

BD+26 1888 is K7 star with a mass of 0.76± 0.08 M� and is the
coolest star in the sample with Teff = 4748 ± 87. The m2 sin i =
26 ± 2 MJup companion orbits the star with a period of 536.78 ±
0.25 days. H measurements provide an upper limit on
the companion at 0.25 M�.

4.2.5. HD 122562

HD 122562 is a G5 star with a mass of 1.13 ± 0.13 M�. The
companions is found to have a mass of m2 sin i = 24±2 MJup and
has the longest period orbit with P = 2777+104

−81 days. HD 122562
is also the least active star in the sample with log R′HK = −5.27±
0.16 dex and shows the smallest dispersion in the residuals from
the Keplerian fit.

4.2.6. HD 132032

HD 132032 is a G5 star with a mass of 1.12 ± 0.08 M�. The
companions is found to have a mass of m2 sin i = 70±4 MJup and
to orbit the host with a period of 274.33 ± 0.024 days. The high
companion mass results in a 50% chance that the true companion
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mass is in the stellar regime. H measurements provide
an upper limit on the companion at 0.34 M�.

4.2.7. HD 134113

HD 134113 is a F6/F7V-type star with a mass of 0.81±0.01 M�.
The companion is found to have a mass of m2 sin i = 47+2

−3 MJup
and to orbit the host with a period of 201.680 ± 0.004 days.
HD 134113 was first reported in Latham et al. (2002) as G66-65.
Here we improve the reported parameters by ∆P = −0.035 days,
∆K = −315 m/s, ∆e = −0.009. The minimum mass is found
to be the same as that of Latham et al. (2002) at 45 MJup.
H measurements provide an upper limit on the com-
panion at 16.13 M�. This upper mass limit can confidently be
ruled out by the bisector analysis described in Sect. 3.3.

4.2.8. HD 160508

HD 160508 is a F8V-type star with a mass of 1.25 ± 0.08 M�.
The detected companion has a minimum mass of m2 sin i =
48 ± 3 MJup and orbits the star every 178.9049 ± 0.0074 days.
H measurements provide an upper limit on the com-
panion at 1.58 M�. This limit is likely too conservative as a com-
panion with this mass would likely be detected by the bisector
analysis described in Sect. 3.3.

4.2.9. BD+24 4697

HD 160508 is a K2-type star with a mass of 0.75 ± 0.05 M�.
The detected companion has a minimum mass of m2 sin i =
53 ± 3 MJup and orbits the star every 145.081 ± 0.016 days.
H measurements provide an upper limit on the com-
panion at 0.51 M�.

5. Conclusions

We characterise the orbital parameters of 15 companions to
solar-type stars based on observations done with the SOPHIE
spectrograph at the Haute-Provence Observatory. Using data
from the H satellite we constrain the true masses of
all but two objects. Six companions are regarded as stellar in na-
ture with masses ranging from a minimum mass of 76 ± 4 MJup
to a mass of 0.35 ± 0.03 M�. The nine remaining companions
that are not shown to be stellar are well distributed across the
brown dwarf desert with minimum masses ranging from 13.2 to
70 MJup. Seven of the nine objects are reported for the first time
and mark a significant contribution to the number of objects in
the brown dwarf desert. The increase in the number of brown
dwarf desert objects is an important step required to form a sig-
nificant statistical sample, which is necessary to be able to un-
derstand the formation and subsequent evolution of such objects.

Future characterisation of larger bias-corrected samples of
high-mass planets and brown dwarf companions to solar-type
stars, confirmed through astrometric observations, are both wel-
come and required in order to draw sound conclusions on the re-
lationship between the orbital parameters in a quantifiable way.
Not until the completion of the SOPHIE search for northern ex-
trasolar planets sub-programme will we be able to derive the
fraction of brown dwarfs within the SOPHIE sample. Continued
observation will help constrain the different formation scenarios
which could provide a way to discern exoplanets from brown
dwarfs in the mass region where they overlap.
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Appendix A: Additional material
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Fig. A.1. Radial velocity measurements obtained with SOPHIE. The top panel shows the best fit to the data with the bottom panel showing the
best fit residuals. Blue points indicate data taken prior to the 17th of June 2011 instrument upgrade. The grey points represent data from Latham
et al. (2002).
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Fig. A.1. continued.
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