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From brown dwarf companions to 
planetary companions of brown dwarfs:

 Results using high-precision astrometry
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studying planets with astrometry

yields complete system information, since 
sensitive to all orbital parameters

sensitivity increases with orbital period

2D complement to 1D radial velocities 
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at high-precision, astrometry opens up a new 
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studying planets with astrometry
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1. HIPPARCOS astrometry of candidate brown dwarf companions 
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2. Search for planetary-mass companions of M- and L-dwarfs
P. Lazorenko (Kiev), E. Martín (Madrid), D. Ségransan, D. Queloz, S. Udry, M. Mayor (Geneva)

3. Astrometric planet search with the PRIMA interferometric facility
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close BD companions to Sun-like stars

‣ RV studies show that close ( < 10 AU) brown-dwarf 

companions to Sun-like stars are rare compared to 

planets and stars

‣ few (~40) objects with M2 sini =13-80 MJ 

‣ What are the properties of the BD companion 

population?

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.

HOW DRY IS THE BROWN DWARF DESERT? 1057No. 2, 2006
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CORALIE radial-velocity survey

‣ CORALIE is an R~60000 optical spectrograph on the 1.2 m Swiss Telescope (La Silla)

‣ surveying 1647 southern G- and K-dwarfs since 1998

‣ epoch accuracy of 5-7 m/s lead to the discovery of more than 50 planets

‣ in this sample, we identified the companions with M2 sini = 13-80 MJ

S. Udry et al.: The CORALIE survey for southern extra-solar planets. II 591

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

Udry et al. 2000

(e.g. Ségransan et al. 2010)



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

the solutions with fixed period such that the χ-value in-
creases to χr + 3σχ = 1.56. The resulting period range
is P = 7900 − 29000 days with corresponding minimum
companion-mass M2 sin i = 39.6 − 58.1 MJ .

– HD 17289 (HIP 12726) is discovered to host a potential
brown-dwarf companion. Goldin & Makarov (2007) inde-
pendently found an orbital signature from Hipparcos astrom-
etry alone with a period of 536 ± 12 days, which is close to
our solution (562.1 ± 0.3 days). However, the orbital param-
eters derived by Goldin & Makarov (2007) are less precise
and less accurate than the radial-velocity solution.
The dispersion of the fit residuals is abnormally large for
CORALIE. The detailed analysis of the cross-correlation

function (CCF) yields that its bisector velocity span and full-
width-at-half-maximum (FWHM) are correlated with the or-
bital phase (Fig. 6). As we will show in Sect. 4, the compan-
ion 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 estimated
intensity ratio in the visible is about 1:180. Therefore, the
companion’s light is equally picked up by the science fibre
of CORALIE and its signature appears in the collected spec-
tra. The spectral lines of the companion distort the CCF de-
pending on the orbital phase. As expected the CCF width is
minimal when the radial-velocity curves of both components
cross and equal the systemic velocity. The detailed modelling
of this double-lined spectroscopic binary is outside the scope
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Fig. 3. Phase-folded radial velocities of 5 stars with potential brown-dwarf companions. Error bars are smaller than the symbol size.

the solutions with fixed period such that the χ-value in-
creases to χr + 3σχ = 1.56. The resulting period range
is P = 7900 − 29000 days with corresponding minimum
companion-mass M2 sin i = 39.6 − 58.1 MJ .

– HD 17289 (HIP 12726) is discovered to host a potential
brown-dwarf companion. Goldin & Makarov (2007) inde-
pendently found an orbital signature from Hipparcos astrom-
etry alone with a period of 536 ± 12 days, which is close to
our solution (562.1 ± 0.3 days). However, the orbital param-
eters derived by Goldin & Makarov (2007) are less precise
and less accurate than the radial-velocity solution.
The dispersion of the fit residuals is abnormally large for
CORALIE. The detailed analysis of the cross-correlation

function (CCF) yields that its bisector velocity span and full-
width-at-half-maximum (FWHM) are correlated with the or-
bital phase (Fig. 6). As we will show in Sect. 4, the compan-
ion 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 estimated
intensity ratio in the visible is about 1:180. Therefore, the
companion’s light is equally picked up by the science fibre
of CORALIE and its signature appears in the collected spec-
tra. The spectral lines of the companion distort the CCF de-
pending on the orbital phase. As expected the CCF width is
minimal when the radial-velocity curves of both components
cross and equal the systemic velocity. The detailed modelling
of this double-lined spectroscopic binary is outside the scope
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from minimum to real masses

‣ HIPPARCOS astrometry satellite (1989-1993)

‣ new reduction of raw data by van Leeuwen (2007), per-epoch 

precision ~1-7 mas

‣ RV constrains 5 orbital parameters (P,T0,e,ω,K1), use 

astrometry to find the two remaining ones (i,Ω)

(Mazeh et al. 1999, Halbwachs et al. 2000, Zucker & Mazeh 2001)
10−3 10−2 10−1 100 101 102 103

1e−6

0.001
0.01
0.1

1
10

Period (years)

a 1,
m

in
 (m

as
)

Assessing the quality of the fitted orbit:

‣ confidence contours in i-Ω-space 

‣ statistical significance from simulated pseudo-orbits

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

 0  100  200  300
 0

 50

 100

 150

! (deg)

In
cl

in
at

io
n 

(d
eg

)

 0  100  200  300
 0

 50

 100

 150

! (deg)

In
cl

in
at

io
n 

(d
eg

)

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 7. Astrometric solution elements for targets with orbits that have significances 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 significances (2-σ −3-σ). (a) Final solution at lower eccentricity. (b) Formal
solution at higher eccentricity.
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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.
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i = 173.2 ± 0.5 deg
➞ M2 = 0.52 ± 0.05 M⊙
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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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M2 sin i = 49 ± 2 MJup

CORALIE + HIPPARCOS



the frequency of close BD companions

‣ in total 20 candidate BD companions were identified in the uniform+complete CORALIE 

survey of 1647 stars, i.e. the candidate frequency is 1.2 ± 0.3 %

‣ 10 companions are in fact M-dwarfs 

⇒ (Less than) 0.6 ± 0.2 % of Sun-like stars have a brown dwarf 

companion within 10 AU.

Sahlmann et al., 2011, A&A, 525



‣ mass distribution shows a lack of objects between 25-45 MJ  

‣ a possible dividing line between massive planets and brown-dwarf companions

‣ low frequency of BD companions and an upper planet-mass limit at ~30 MJ are expected in the core-accretion scenario 

(Mordasini et al., 2009) 

sorting planets from BD companions
(orbiting Sun-like stars within 10 AU)

CORALIE companions with M2 sini < 80 MJ 
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2. Search for planetary-mass companions of M- and L-dwarfs
P. Lazorenko (Kiev), E. Martín (Madrid), D. Ségransan, D. Queloz, S. Udry, M. Mayor (Geneva)



precision astrometry with FORS/VLT  

Principles

large telescope to average out atmospheric image motion

large number of reference stars within the FOV

exquisite camera/telescope: small systematic errors and high temporal stability

detailed modelling of PSF distortions and atmospheric image motion

Performance 

FORS in imaging mode 4’ x 4‘   (FORS2 optical camera on 8 m telescope VLT-UT1)

Demonstrated astrometric precision of ~0.05 mas with FORS1/2 on time scales of days-
years

Lazorenko & Lazorenko 2004, Lazorenko 2006 

Lazorenko et al. 2007, 2009, 2011



the planet around VB 10 

ultracool dwarf (M8) at 6 pc

planetary-mass companion announced by 
Pravdo & Shaklan (2009):
P = 271 d, M2 = 6.4 MJ 

proposal for follow-up with FORS submitted 

refuted by Bean et al. (2010) with infrared RV
(Anglada-Escudé et al., 2010; Rodler et al., 2011)
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Figure 2. Top: measured radial velocities for VB 10 phased to the orbital period
given by PS09 (points). The data are binned over each observing run for clarity,
and the error bars are smaller than the symbols. The dashed orange line gives
the orbit model suggested by Z09 with the relative offset determined to give the
best fit. The solid dark blue line gives the best fit to the data for a model with a
6 MJup planet on an orbit with e = 0.5. The light blue solid lines give the best-fit
models for 3 MJup (smaller semi-amplitude) and 9 MJup (larger semi-amplitude)
planets also with e = 0.5. Bottom: residuals from the best fit 6 MJup planet
model (points). The gray bar gives the range of values that would be consistent
with three times the observed dispersion in the data (± 32 m s−1).

planet detected by PS09 are not constrained by their astrometry
data. For these example models we adopted a fixed eccentricity
e = 0.5, and optimized the remaining parameters to give the
best fit to the data (time of periastron, longitude of periastron,
and radial velocity offset). As can be seen in the figure, the
optimization of the unconstrained parameters leads to the orbital
phases when the largest velocity variations are expected to be
outside the times covered by our observations. For reference, the
best-fit time of periastron is 2,455,103, and the best-fit longitude
of periastron is 10◦. However, the models do not fit the data even
with these optimizations. The lower panel in Figure 2 shows the
residuals from the Mp = 6 MJup model. The rms of the residuals
is 256 m s−1, which is much larger than the observed dispersion
in the data and the uncertainties in the individual measurements.

3.2. Limits to a Giant Planet

We conclude from the comparisons described above that it is
unlikely that our radial velocity measurements are compatible
with the presence of a giant planet around VB 10 with an orbital
period of 0.744 years and nearly edge-on orientation. Therefore,
we were motivated to undertake a more specific and robust
determination of what the data rule out. We did this by mapping
the quality of orbit model fits to the data as a function of the
possible parameters, and comparing the determined values to the
fit quality of a model representing no radial velocity variations
(i.e., a flat line). It can be seen from inspection of Figure 2 that
higher eccentricity and lower-mass planets could be more easily
hidden in the data. This led us to map the fit quality as a function
of possible planet mass and orbital eccentricity. We considered
planet masses ranging from 0.5 MJup to 15 MJup, and eccentricity

Figure 3. Map of the best-fit χ2 for a planet with P = 0.744 years and i = 96.◦9.
At each point in the map, the time of periastron, longitude of periastron, and
radial velocity offset were optimized to give the best fit. The 5σ upper limit is
given by the dashed contour. The region to the lower right of this line is excluded
by our data. The dotted lines delineate the 1σ confidence interval on the planet
mass from PS09.

values ranging from 0.0 to 0.95. We again fixed the period and
inclination to those values given by PS09, and we marginalized
over the unconstrained parameters at each grid point.

Figure 3 shows the map of the fit χ2 obtained. For reference,
the χ2 for a fit of a flat line to the data is 23.1 with 11 degrees
of freedom. This somewhat higher than expected χ2 suggests
that either VB 10 is exhibiting real radial velocity variability at
the 10 m s−1 level, jitter arising from activity is affecting the
measurements also at about the 10 m s−1 level (note that VB 10
is known to be a variable source with some flare activity; Berger
et al. 2008), we have underestimated our uncertainties by about
50%, or some combination of these effects. At this point, it is
not critical to understand the origin of the additional variability
in the radial velocity measurements because this investigation
is focused on ruling out much larger variations.

The 5σ limit shown in Figure 3 corresponds to the boundary
where the fit χ2 increases by more than 25 from the χ2 of the
flat line fit to the data. Everything to the lower right of this line
is ruled out at high confidence. We find that for all conceivable
eccentricity values (i.e., e < 0.95) we can rule out planets with
Mp > 3 MJup and the orbital period and inclination suggested
by PS09. This means that we can definitively rule out planets
with masses in PS09’s given 1σ confidence interval (indicated
by the dotted lines in Figure 3). All higher-mass planets are
also ruled out. At the lower range of possible planet masses the
determined limit is dependent on the assumed eccentricity. For
example, planet masses of 1 MJup and 0.5 MJup can only be ruled
out for e < 0.7 and e < 0.5, respectively.

4. DISCUSSION

We have presented radial velocities for VB 10 that were
obtained in the NIR using a new type of gas cell and that
have a typical internal precision of 10 m s−1. These data
were obtained in four epochs over a time span of 0.61 years.
Our radial velocity measurements do not exhibit significant
variability and are essentially constant at a level consistent with
the measurement uncertainties. Therefore, we see no evidence
for a giant planet orbiting VB 10 similar to that detected via
apparent astrometric perturbations by PS09. In addition, we do
not confirm the ∼1 km s−1 variability tentatively detected by
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Table 5
STEPS VB 10 Astrometric Measurements and Literature Values

Quantity Literature Value STEPS Measurements

R.A. (2000) 19h16m57.s605a . . .

Decl. (2000) +05◦09′01.61′′ . . .

Proper motion (mas) 1479.4 ± 15.3b 1483.1 ± 0.3
Position angle (deg) 202.9 ± 0.5b 203.40 ± 0.01
Parallax absolute (mas) 170.26 ± 1.37c 171.6 (+1.4,−1.3)
Period (yr) . . . 0.744 (+0.019,−0.008)
Total mass (M$) . . . 0.0841 (+0.0043,−0.0108)
Primary mass, M1 (M$) . . . 0.0779d

Companion mass, M2 (MJ) . . . 6.4 (+2.6,−3.1)
Semimajor axis (AU) . . . 0.360 (+0.006,−0.016)
Semimajor axis (mas) . . . 61.8 (+1.0,−2.7)
Eccentricity . . . <0.98
Inclination (deg) . . . 96.9 (+7.4,−1.8)
Long. of ascending node (deg) . . . 38.7 (+4.8,−3.3)
Arg. of periastron, epoch . . . Unconstrained

Notes.
a Lepine & Shara (2005).
b Tinney (1996).
c Gould & Chanamé (2004).
d Constrained by models.
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Figure 7. Keplerian orbit of VB10b with the average data from each epoch
shown.

possible companion mass with increasing eccentricity (compare
Cumming 2004; Shen & Turner 2008; O’Toole et al. 2009 for
RV data analysis). In Figure 8, we distinguish the Keplerian
models by their RV amplitudes, where RV = 0.028 M2 sin i
[a (M1 + M2) (1 − e2)]−1/2 km s−1, where i is the inclination
angle and M1 is the primary mass. For models with RV <
1.5 km s−1, the RV variations over the orbital phase are
consistent with the current RV upper limit, and the companion
mass is M2 = 6.4 (+2.6,−3.1) MJ. This mass upper limit is below
the deuterium burning minimum mass (Baraffe et al. 2003) of
∼13 MJ making the companion, VB 10b, an EGP. While some
higher mass models, all of which appear in Figure 8 with RV
> 1.5 km s−1, are not formally ruled out by the fitting process,
we argue in the following section that they are unlikely to be
correct. If the orbital period were ∼2.9 yr as discussed above
the M2 limits are 2.2–7.5 MJ within the same RV limits.
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Figure 8. VB 10b mass, M2, is shown as a function of eccentricity, e, for the
acceptable fits to the STEPS + RV data. Different colors show different RV
intervals for the fits.

2.7. High RV and Highly Eccentric Models

The RV data for this object help to rule out models with
either a high secondary mass or with high eccentricity. Even
if the system RV is up to 3 km s−1, twice as high as the
currently measured upper limit of 1.5 km s−1, the maximum
companion mass is still !13 MJ. Models with RV > 3 km
s−1 are allowed by all the astrometric and RV data, but only if
the high-RV (near-periastron) orbital phases were missed by all
the past measurements. Figure 9 illustrates two of the high-RV
models depicted in Figure 8. In the top model, the periastron was
missed because it occurs between the RV measurements. In the
bottom model, the first RV measurement deviates by 3σ from
the model but the overall X2 is acceptable. The probability that
six measurements randomly distributed in orbital phase missed
the high-RV phases in a given orbital model is estimated as (1 −
f)6, where f is the fraction of the orbital phase for which the RV
> 1.5 km s−1. For example, all the models shown in Figure 8



FORS2 observations of  VB10

four epochs over 17 days with mean nominal 
precision of 0.09 mas

parallax and proper motion from 9 years of 
Palomar-STEPS data

Monte-Carlo resampling while considering all 
uncertainties allowed us to reject the planet 
with FAP of 5 e-4
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Fig. 5. Measured in-frame positions x̂ − Φ{x}, ŷ − Φ{y} (squares)
of VB 10, the model motion (solid line) over the CCD between
8 and 25 Sept (short dataset) defined primarily by proper motion
and parallax, and the magnified DCR signature for a single night
(right upper corner).

However, this does not hamper our statistical analysis, which we
performed after the subtraction of Ψ(t) from the observed po-
sitions, thus assuming zero input signal and consequently zero
output signal. In this way, the impact of correlations is mini-
mized. If the planet does not exist but the subtraction of Ψ(t)
was applied, we should detect the inverse signal −Ψ(t) reduced
in amplitude because of the correlation between 〈sin γ〉 andΨ(t).
This is the case corresponding to the last row of Table 2 (Sect. 4),
where the measured signal (expressed by the parameter Q) has
about half its expected value −Q(PS).

Fig. 4 shows the results in terms of model deviations in Decl,
where the expected signal is largest. The single-frame precision
σ1 includes errors of photocentre measurements, the reference
frame noise, and the atmospheric noise. It varies from 0.4 to
0.7 mas depending on seeing. The effect of the vignetted ref-
erence field of the 2 Aug epoch (configurations ’a’ and ’b’) is
seen as a degradation of σ1 to over 1 mas. At other epochs, σ1
is larger compared to configuration ’c’ because of a larger Rk.

Clear conclusions can be drawn from the short dataset when
the model (Eq. 3) is most simple and does not require incorpo-
ration of parallax (Sect. 3.6). We considered the cases with the
predicted orbital motion subtracted (Ψ ! 0) and with Ψ = 0.
The epoch average deviations 〈x〉 and 〈y〉 are very small and ran-
domly scattered when assuming Ψ = 0, but display a negative
trend in time ifΨ ! 0. Note that small position deviations do not
correspond to a ’zero’ measurement. Instead, they demonstrate
very precise position measurements, which track the proper mo-
tion and parallax displacement at the daily rate of 2.7 mas and
5.0 mas in RA and Decl, respectively. The motion of VB 10 over
the CCD surface (Fig. 5) for the measurement timespans of 17
days is 46 mas in RA and 86 mas in Decl, and is dominated by
parallax and proper motion. DCR effects induce a small-scale
scatter in the measured positions of one night with an amplitude
of about 2 mas. Their structure for a typical night is shown in
5-fold magnification in Fig. 5.

Similar computations were performed for the full dataset,
where we had to account for the parallax correction π′(d) (see
Sect. 3.6), thus used the five parameters x0, y0, ρ, d, and π′ for
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Fig. 6. Astrometric residuals in the scenario with planet (open
blue symbols) and without planet (filled black symbols) for the
short dataset (top panel) and the full dataset (bottom panel) as a
function of time. Circles and triangles mark residuals in RA and
Decl, respectively. For clarity, only one errorbar corresponding
to σsum is shown at each epoch, but the uncertainties for the four
respective measurements are identical.

fitting of the model Eq. 3. This introduced a strong correlation
between px, py, and Ψ, which reduced the amplitude of the de-
tected signal.

Table 1. Epoch deviations 〈x〉 and 〈y〉 in RA and Decl of VB 10
for the models with Ψ = 0 and Ψ ! 0 (Eq. 3).

Ψ = 0 Ψ ! 0
MJD RA Decl RA Decl σN σsum σfit

55000+ (mas) (mas) (mas) (mas) (mas) (mas) (mas)
Full dataset, 2 Aug–25 Sept 2009

45.163 -0.26 -0.16 -0.79 0.41 0.19 0.64 0.32
82.032 0.20 0.19 0.15 0.35 0.10 0.18 0.16
92.993 -0.09 -0.06 -0.06 0.11 0.08 0.11 0.10
97.014 -0.00 0.18 0.03 0.08 0.07 0.11 0.09
99.011 -0.01 -0.25 0.03 -0.38 0.07 0.12 0.10

Short dataset, 8–25 Sept 2009
82.032 0.07 -0.09 0.33 0.43 0.11 0.19 0.16
92.993 -0.02 -0.04 -0.12 -0.09 0.09 0.09 0.06
97.014 0.03 0.07 0.02 -0.00 0.07 0.08 0.05
99.011 -0.06 -0.01 -0.09 -0.15 0.08 0.09 0.07

Table 1 and Fig. 6 summarise the results for the epoch residu-
als 〈x〉 and 〈y〉. The astrometric precision is described by a nom-
inal precision σN based on errors in photocentre determination,
the reference frame noise and atmospheric noise. σsum also in-
cludes error components which dominate at long time spans and
originate from the uncertainties in b, µ′, pixel scale, and proper
motion of VB 10. For the full dataset, it also includes the uncer-
tainty in the parallax of VB 10. σfit is the mathematical expec-
tation of the root-mean-square of 〈x〉 and 〈y〉, derived from the
least squares fit (Eq. 3).
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Fig. 5. Measured in-frame positions x̂ − Φ{x}, ŷ − Φ{y} (squares)
of VB 10, the model motion (solid line) over the CCD between
8 and 25 Sept (short dataset) defined primarily by proper motion
and parallax, and the magnified DCR signature for a single night
(right upper corner).

However, this does not hamper our statistical analysis, which we
performed after the subtraction of Ψ(t) from the observed po-
sitions, thus assuming zero input signal and consequently zero
output signal. In this way, the impact of correlations is mini-
mized. If the planet does not exist but the subtraction of Ψ(t)
was applied, we should detect the inverse signal −Ψ(t) reduced
in amplitude because of the correlation between 〈sin γ〉 andΨ(t).
This is the case corresponding to the last row of Table 2 (Sect. 4),
where the measured signal (expressed by the parameter Q) has
about half its expected value −Q(PS).

Fig. 4 shows the results in terms of model deviations in Decl,
where the expected signal is largest. The single-frame precision
σ1 includes errors of photocentre measurements, the reference
frame noise, and the atmospheric noise. It varies from 0.4 to
0.7 mas depending on seeing. The effect of the vignetted ref-
erence field of the 2 Aug epoch (configurations ’a’ and ’b’) is
seen as a degradation of σ1 to over 1 mas. At other epochs, σ1
is larger compared to configuration ’c’ because of a larger Rk.

Clear conclusions can be drawn from the short dataset when
the model (Eq. 3) is most simple and does not require incorpo-
ration of parallax (Sect. 3.6). We considered the cases with the
predicted orbital motion subtracted (Ψ ! 0) and with Ψ = 0.
The epoch average deviations 〈x〉 and 〈y〉 are very small and ran-
domly scattered when assuming Ψ = 0, but display a negative
trend in time ifΨ ! 0. Note that small position deviations do not
correspond to a ’zero’ measurement. Instead, they demonstrate
very precise position measurements, which track the proper mo-
tion and parallax displacement at the daily rate of 2.7 mas and
5.0 mas in RA and Decl, respectively. The motion of VB 10 over
the CCD surface (Fig. 5) for the measurement timespans of 17
days is 46 mas in RA and 86 mas in Decl, and is dominated by
parallax and proper motion. DCR effects induce a small-scale
scatter in the measured positions of one night with an amplitude
of about 2 mas. Their structure for a typical night is shown in
5-fold magnification in Fig. 5.

Similar computations were performed for the full dataset,
where we had to account for the parallax correction π′(d) (see
Sect. 3.6), thus used the five parameters x0, y0, ρ, d, and π′ for
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Fig. 6. Astrometric residuals in the scenario with planet (open
blue symbols) and without planet (filled black symbols) for the
short dataset (top panel) and the full dataset (bottom panel) as a
function of time. Circles and triangles mark residuals in RA and
Decl, respectively. For clarity, only one errorbar corresponding
to σsum is shown at each epoch, but the uncertainties for the four
respective measurements are identical.

fitting of the model Eq. 3. This introduced a strong correlation
between px, py, and Ψ, which reduced the amplitude of the de-
tected signal.

Table 1. Epoch deviations 〈x〉 and 〈y〉 in RA and Decl of VB 10
for the models with Ψ = 0 and Ψ ! 0 (Eq. 3).

Ψ = 0 Ψ ! 0
MJD RA Decl RA Decl σN σsum σfit

55000+ (mas) (mas) (mas) (mas) (mas) (mas) (mas)
Full dataset, 2 Aug–25 Sept 2009

45.163 -0.26 -0.16 -0.79 0.41 0.19 0.64 0.32
82.032 0.20 0.19 0.15 0.35 0.10 0.18 0.16
92.993 -0.09 -0.06 -0.06 0.11 0.08 0.11 0.10
97.014 -0.00 0.18 0.03 0.08 0.07 0.11 0.09
99.011 -0.01 -0.25 0.03 -0.38 0.07 0.12 0.10

Short dataset, 8–25 Sept 2009
82.032 0.07 -0.09 0.33 0.43 0.11 0.19 0.16
92.993 -0.02 -0.04 -0.12 -0.09 0.09 0.09 0.06
97.014 0.03 0.07 0.02 -0.00 0.07 0.08 0.05
99.011 -0.06 -0.01 -0.09 -0.15 0.08 0.09 0.07

Table 1 and Fig. 6 summarise the results for the epoch residu-
als 〈x〉 and 〈y〉. The astrometric precision is described by a nom-
inal precision σN based on errors in photocentre determination,
the reference frame noise and atmospheric noise. σsum also in-
cludes error components which dominate at long time spans and
originate from the uncertainties in b, µ′, pixel scale, and proper
motion of VB 10. For the full dataset, it also includes the uncer-
tainty in the parallax of VB 10. σfit is the mathematical expec-
tation of the root-mean-square of 〈x〉 and 〈y〉, derived from the
least squares fit (Eq. 3).

Lazorenko et al., 2011, A&A, 527



Search for planets around L-dwarfs

Planets are found around many stellar types, but none has been 
confirmed around a brown dwarf (mass ratio > 10:1, within 10 AU).  

Are the conditions for planet formation met around brown dwarfs?



the survey

20 late-M and early-L dwarfs close to the galactic plane within 30 pc (Phan-Bao et al., 2008)

2-year programme to obtain 10 epochs on each target with a precision of 0.1 mas

15 nights of FORS2 granted in P86-P89
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c)At that level of precision, the survey 
is sensitive to companions with mass 
ratios from 1:1 to ~1:200 and periods 
of 50 - 500 days



sample FORS image
4.1 Data reduction 81

Figure 4.1: Example of FORS2 raw frames used for astrometric reduction. North is up and

East is left. Chip1 on top is separated from Chip2 on the bottom by a ∼38 pix � 4.8�� wide

gap. The targeted brown dwarf is located on Chip1 close to the image centre and marked

with a red square. Both chips together cover a field-of-view of approximately 4�16�� × 4�16��.
Some bright stars are saturated but many suitable and well-exposed reference stars are visible

in this image. Some detector artifacts can also be seen as horizontal lines.

flux normalisation is performed by adjusting the average flux levels to the first frame. Only

stars that are detected in at least 12 frames are included in the census catalogue. This re-

moves artifacts close to very bright stars and cosmic rays. The quality of a basic PSF fit

to the images is used to eliminate the images exhibiting elongated profiles (e.g. galaxies)

from the census catalogue. Finally, every detected star is assigned a unique identifier number

(IDN) within each chip. The stars in the census catalogue are considered for the astrometric

reduction. Saturated images, i.e. PSFs, of which one or several pixels reach a value above

the threshold of 65 535 ADU, are detected and marked by setting their peak value to zero. In
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preliminary results: precision



summary of L dwarf astrometry

we routinely obtain epoch precisions of 0.1 mas (≈1/1000 pix)

7 months of data still pending. Data reduction and analysis is ongoing

typical parallax precision: ~0.1 - 0.4 %

preliminary detection limits already indicate sensitivity to jupiter mass 
planets (mass ratio ~1:50) within 0.04-0.5 AU 

bridging the gap between radial velocity (<0.05 AU, e.g. Blake et al., 2010) 
and imaging (> ~1 AU, e.g. Stumpf et al., 2010) surveys



3. Astrometric planet search with the PRIMA interferometric facility
ESPRI consortium, ESO



high-precision astrometry with an interferometer

single-reference relative astrometry within a narrow field

interference fringe separation in delay space is proportional to angular separation

atmospheric limit: 
0.01 mas for 30 min integration and a 100 m baseline (Shao & Colavita, 1992)

Baseline  

Beam combination 

T1 

Ref. 
Target 

T2 

30 arcsec

Target

Reference

K-band image of an ESPRI target. 



Exoplanet search with PRIMA    

PRIMA is the dual-feed facility of VLTI

Consortium of MPIA, LSW (Heidelberg), 
Obs. Geneva

contributing differential delay lines + 
astrometric preparation and data reduction 
software

three target groups: hosts of RV planets, 
young stars, nearby main-sequence stars 
(~100 in total)

precision requirement
0.01 - 0.1 mas

Launhardt et al., 2008, SPIE

Delplancke et al., 2006, SPIE
van Belle et al., 2008, Messenger

Pepe et al., 2008, SPIE
Sahlmann et al., 2009, A&A
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commissioning results

design goal of 0.01 mas sets accuracy constraints at ~10-6 on observables:
5 nm on optical path lengths and 100 µm on baseline

1st light in January 2011 and
3 commissioning runs

Facility is operational

Accuracy goal not yet met due 
to large systematic errors 
(baseline knowledge).

The measurement precision is good
and 0.03 mas were achieved 
(requirement is met within a factor 2).

Error sources are being identified and eliminated. Work in progress ...

ESO (H.H. Heyer)



Conclusions

1. Only 0.6 ± 0.2 % of Sun-like stars have a brown dwarf companion within 10 AU.

2. An empirical dividing line between massive planets and brown-dwarf companions close to Sun-like stars 

is at 25-45 MJ.

3. Astrometry at 0.1 mas level over a year’s timespan is realised with FORS/VLT.

This makes the detection of planets around close-by brown dwarfs possible and yields their parallaxes at 

~0.2 % precision.

4. An astrometric planet search programme using PRIMA/VLTI will begin soon.

High-precision astrometry is a powerful tool to measure the properties of exoplanet populations.

The necessary improvement in accuracy from Hipparcos (1 mas) to 0.1 mas is possible today, but requires 
specialised techniques and instruments.

The results shown here are pioneering the GAIA mission, which will go several steps further.

§


