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range. Both plots contain the detected Doppler companions,
shown as the gray histogram, within our less biased sample of
companions (P < 5 yr and M2 > 10!3 M"; see x 2.2). The
hatched histograms at large mass show the subset of the stellar
companions that are not included in any of the exoplanet Doppler
surveys. A large bias against stellar companions would have been
present if we had only included companions found by the exo-
planet surveys. For multiple-companion systems, we select the
most massive companion in our less biased sample to represent

the system.We put the few companions (three in the 25 pc sample,
six in the 50 pc sample) that have a mass slightly larger than 1 M"
in the largest mass bin in the companion mass distributions.

Fitting straight lines using a weighted least-squares method
to the three bins on the left-hand side (LHS) and right-hand
side (RHS) of the brown dwarf region of the mass histograms
(Figs. 8 and 9) gives us gradients of !15:2 # 5:6 (LHS) and
22:0 # 8:8 (RHS) for the 25 pc sample and !9:1 # 2:9 (LHS)
and 24:1 # 4:7 (RHS) for the 50 pc sample. Since the slopes

TABLE 3

Companion Slopes and Companion Desert Mass Minima

Sample

Asymmetry

Correction Figure LHS Slope RHS Slope

Slope Minimaa

[MJ]

d < 25 pc .............................................. Yes 8 !15.2 # 5.6 22.0 # 8.8 31þ25
!18

d < 25 pc .............................................. No !15.2 # 5.6 20.7 # 8.5 30þ25
!17

d < 50 pc .............................................. Yes !9.4 # 3.0 24.3 # 4.6 44þ15
!24

d < 50 pc .............................................. No 9 !9.1 # 2.9 24.1 # 4.7 43þ14
!23

d < 25 pc and M1 < 1 M" .................. Yes 10 !17.5 # 5.4 19.4 # 10.7 18þ17
!9

d < 50 pc and M1 < 1 M" .................. No 11 !5.9 # 5.1 25.2 # 11.4 39þ9
!23

d < 25 pc and M1 % 1 M" .................. Yes 10 !12.4 # 9.2 20.0 # 10.9 50þ28
!26

d < 50 pc and M1 % 1 M" .................. No 11 !12.2 # 8.2 21.1 # 10.4 45þ21
!21

a Values of mass where the best-fitting lines to the LHS and RHS intersect. The errors given are from the range between the two
intersections with the abscissa.

Fig. 8.—Brown dwarf desert in close sample. Histogram of the companions
to Sun-like stars closer than 25 pc plotted against mass. The gray histogram is
made up of Doppler-detected companions in our less biased (P < 5 yr and
M2 > 10!3 M") sample. The corrected version of this less biased sample in-
cludes an extra seven probable SB1 stars from (Jones et al. 2002; see Table 2,
footnote e) and three extra stars from an asymmetry in the host declination
distribution (Table 2, footnote f ). The planetary mass companions are also
renormalized to account for the small number of Hipparcos Sun-like stars that
are not being Doppler monitored (21% renormalization; Table 2, footnote d) and
a one-planet correction for the undersampling of the lowest mass bin due to the
overlap with the ‘‘being detected’’ region (Table 2, footnote c). The hatched
histogram is the subset of detected companions to hosts that are not included on
any of the exoplanet search target lists and hence shows the extent to which the
exoplanet target lists are biased against the detection of stellar companions.
Since instruments with a radial velocity sensitivity KS & 40m s!1 (see eq. [2] of
Appendix) were used for all the companions, we expect no other substantial
biases to affect the relative amplitudes of the stellar companions on the RHS and
the planetary companions on the LHS. The brown dwarf mass range is empty.

Fig. 9.—Same as Fig. 8, but for the larger 50 pc sample renormalized to the
size of the 25 pc sample. Fitting straight lines using a weighted least-squares fit
to the three bins on the LHS and RHS gives us gradients of !9:1 # 2:9 and
24:1 # 4:7, respectively (solid lines). Hence, the brown dwarf desert is sig-
nificant at more than the 3 ! level. These LHS and RHS slopes agree to within
about 1 ! of those in Fig. 8. The ratio of the number of companions on the LHS
to the RHS is also about the same for both samples. Hence, the relative number
and distribution of companions is approximately the same as in Fig. 8. The
separate straight line fits to the three bins on the LHS and RHS intersect at
M ¼ 43þ14

!23MJ beneath the abscissa. Approximately 16% of the stars have com-
panions in our less biased region. Of these, 4:3% # 1:0% have companions of
planetary mass, 0:1þ0:2

!0:1% have brown dwarf companions, and 11:2% # 1:6%
have companions of stellar mass. We renormalize the mass distribution in this
figure by comparing each bin in this figurewith its corresponding bin in Fig. 8 and
scaling the vertical axis of Fig. 9 so that the difference in height between the
bins is on average a minimum. We find that the optimum renormalization factor
is 0.33. This plot does not include the asymmetry correction for the planetary and
stellar companions discussed in x 2.2 and shown in Table 2.
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Fig. 1. Apparent magnitude and distance

distributions of the CORALIE planet-search

sample. 80% of the stars are brighter than

mV = 9 the faintest ones being mainly K
dwarfs for which our technique is the most

efficient

increase the number of planets with small orbital separations,

an accumulation in the distribution that, although favoured

by observational biases, is nevertheless statistically significant

(MCM99).

The parent star descriptions, radial-velocity observations,

orbital solutions and inferred planetary characteristics for these

two new candidates are presented in Sects. 3 and 4, respectively.

Individual radial-velocity measurements will be made available

in electronic form at the CDS in Strasbourg. In Sect. 5, we dis-

cuss the other sources of possible radial-velocity variations and

rule themout byuseof bisector analysis andphotometry. Finally,

Sect. 6 brings a summary of the results and a short discussion.

2. The CORALIE planet-search sample

The diversity of characteristics presented by the new planetary

systems (e.g. MCM99) makes clear that existing ideas of plan-

etary formation need serious revision. Enlarging the number of

detected systems is now necessary to obtain proper statistical

distributions of orbital elements, planetary masses, etc, funda-

mental for a better understanding of the formation and evolution

of these systems.

Since the summer of 1998, a large high-precision radial-

velocity programme is being carried out with the CORALIE

echelle spectrograph on the 1.2-m Euler Swiss telescope

at La Silla. Velocities are measured by numerically cross-

correlating high-resolution spectra with a template appropriate

for G–K stars. Further information on the method as well as

technical and instrumental details and a description of the first

discoveries of the programme are given in Baranne et al. (1996)

and in Queloz et al. (1999, 2000).

The overall sample consists of about 1650 solar-type stars

selected according to distance in order to obtain a well-defined

volume-limited set of dwarf stars. As very briefly described in

Udry et al. (1999), the global sample selection was performed

applying the following criteria:

– Selection of stars closer than 50 pc (π ≥ 20mas) with pre-
cise parallaxes (σπ ≤ 5mas) and F8≤ Spectral type<M1
in the HIPPARCOS catalogue.

– Photometric cut off of giant stars (2.5mag off a “mean”

main sequence). This allows us to removemost evolved stars

while keeping stars with misclassified luminosity classes

like the two candidates presented here (see below).

– Removal of the fainter cool dwarfs, by a colour-dependent

distance cut off (dmax = f(B − V )), taking into account
that our cross-correlation technique needs less signal for K

dwarfs1.

The final sample is presented in Fig. 1 which shows the stel-

lar apparent magnitude and distance distributions. We note that

∼80% of the selected stars are brighter than mV = 9 and that
faint objects are mostly K dwarfs for which our technique is the

most efficient.

For the planet search itself, large amplitude binaries and

potentially intrinsic variable stars (large activity index and fast

rotators, Saar et al. 1998, Santos et al. 1999b, see Sect. 5) have to

be avoided. The stability of a planetary systemmay be perturbed

and even destroyed by the close proximity of a stellar compan-

ion.Moreover, the simultaneous determinations of the large am-

plitude andplanetary orbitswould require an additional observa-

tional effort. Most large-amplitude systems were detected with

the CORAVEL spectrographs (Baranne et al. 1979) at a lower

precision level (300m s−1). Long-period binaries showing only

linear drifts in radial velocity remain nevertheless good candi-

dates for the planet search as the gravitational perturbation of

the stellar companion is weak and the long-period orbital effect

on the radial velocities can be easily corrected (e.g. Gl 86, Pa-

per I). The CORAVEL measurements also provide us with the

stellar rotational velocity (Benz&Mayor 1984) often used as an

activity indicator (Saar et al. 1998). The fast rotators and large

amplitude binary systems are collected in low-priority subpro-

grammes used as observing backup programmes; however, they

still belong to the global volume-limited sample to be used for

statistical purpose. We are left in the end with about 1000 high-

priority candidates for the core of the planet-search programme

itself.

The CORALIE survey offers a unique opportunity to explore

the relation between activity and other stellar characteristics like

rotational velocity, rotational period or intrinsic radial-velocity

and photometric variations (Santos et al. 1999b).

Because of its size and the quality of the measurements,

the above defined planet-search programme will also signif-

icantly improve the data available for stellar binary systems,

reactualizing the Duquennoy & Mayor (1991) type of work. In

1 For a given signal-to-noise ratio, the photon-noise error inversely

scales with the depth of the cross-correlation function which is maxi-

mum for late K dwarfs with the template used for solar-type stars

CORALIE sample of 1600 stars
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Fig. 2. 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.
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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
correspond to confidences at 1-σ (solid), 2-σ
(dashed), 3-σ (dotted), and 4-σ (dash-dotted)
level. 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. Astrometric solution elements for targets with orbits that have significance above 1-σ.

Object ∆α# ∆δ % ∆% ∆µα# ∆µδ 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 significance (2-σ −3-σ). (a) Final solution at lower eccentricity. (b) Formal
solution at higher eccentricity.
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Fig. 19. 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.
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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 potential
brown companions have been observed in this survey. Eighteen
are discussed in this work and three additional hosts of poten-
tial 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 already been
found, we can derive a typical frequency of 1.3 % for poten-
tial brown-dwarf candidates in close orbit (< 10 AU) around
Sun-like stars. Seven of these candidates are identified as stellar
companions through this study. Additionally, 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 in fact low-mass stars, which corre-
sponds to a rate of 48 %. Based on the uniform stellar sample
surveyed by the CORALIE planet search, we thus obtain an up-
per limit of 0.6 % for the frequency of brown-dwarf companions
around Sun-like stars within 50 pc, which is close to the fre-
quency of < 0.5 % that was 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 cum-
mulative distibution (blue dashed line) of all 21 candidates is
reasonably compatible with a linear increase, i.e. a flat distribu-
tion function, the situation changes significantly after removal of
the 10 stellar companions. As illustrated in Fig. 19, most stellar
companions have M2 sin i > 45 MJ , and after their removal, a
cummulative 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
a slower increase up to 60 MJ . Surprisingly, there is no compan-
ion left with minimum mass larger than 60 MJ .

In summary, the emerging cummulative distribution does not
support a uniform distribution function of companion masses.
The possibility, that all companions in the 13 − 25 MJ range are
in fact stellar companions seen at low inclination, is both sta-
tistically unlikely and also unplausible because their astrometric
signature would be large and probably detectable. Instead, these
companions supposably have M2 ≈ M2 sin i and may represent
the high-mass tail of the planetary distribution.

5.3. Metallicities of the brown-dwarf host stars

We showed that the companion of HD 137510 is a brown dwarf.
Additionally, the companion of HD 190228 can be considered a
brown dwarf at 95 % confidence. The host stars have metallic-
ities 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 of the uniform sample of 451 nearby Sun-
like stars from Sousa et al. (2008), the two brown-dwarf hosts are
therefore metal-rich in one case and unremarkable in the other
case. The question whether hosts of brown dwarf companions

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 min-
imum mass is M2 sin i < 13 MJ .
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Fig. 18. Cummulative mass distribution of potential brown-
dwarf companions in the CORALIE survey. The blue dashed
line shows the distribution of all 21 candidates. The black solid
line shows the distribution for the 11 remaining candidates af-
ter removal of the 10 stellar companions. The companion of
HD 38529 with M2 = 17.6 MJ (Benedict et al. 2010) is in-
cluded. For comparison, the red dash-dotted line shows the ex-
pected cummulative distribution if all companions had masses
of 80 MJ under the assumption that the orbits are randomly ori-
ented in space.

20 30 40 50 60 70 80
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

M
2
 sin i  (M

J
)

N
u

m
b

e
r 

o
f 

s
ta

rs

Fig. 19. Histogram of minimum masses of potential brown-
dwarf companions in the CORALIE survey. The light-grey his-
togram shows the distribution of all 21 candidates. The dark-grey
histogram shows the distribution of the 11 remaining candidates
after removal of the 10 stellar companions.

show a particular metallicity distribution, as the planet hosts do
(Santos et al. 2001), cannot be answered with this small sample
and thus remains open.
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