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HARPS-S: 
75 ± 7 % of Sun-like stars host a 
planet (Mayor et al. 2011)

Kepler: 
~3800 planet candidates 

Microlensing statistics

Latham et al. 1989

Wolszczan & Frail 1992

Mayor & Queloz 1995

Charbonneau et al. 2000
Henry et al. 2000

Mayor et al. 2011 
Borucki et al. 2011

EXOPLANETS ARE ABUNDANT AND DIVERSE

exoplanet.eu
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WE  SEARCH  FOR  PLANETS  AROUND OBJECTS  AT 
THE  STELLAR/SUBSTELLAR  BOUNDARY

Are the conditions for planet formation met around ultracool dwarfs?
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Planet signatures for a host mass of 0.075 M
Sun

100 muas astrometry

 target at 20 pc

100 m/s RV

Astrometry:
- detectability does not depend 
on orbit orientation
- not limited to slow rotators
- optimal for intermediate 
period planets 
- distance dependent

ASTROMETRY OPENS UP A UNIQUE DISCOVERY SPACE 
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Relative orbit of α Centauri A-B       

36 2 Astrometry orbits at high precision

Table 2.2: The mass term of Kepler’s third law

Type of orbit Semimajor axis Mass term
(m) (⇥⇥) (m3 s�2)

Relative ā0 = ā a = ⇧ ā
1 AU M0 = G (m1 + m2) =M

Barycentric m1 ā1 a1 = ⇧ ā1
1 AU M1 = G

m3
2

(m1+m2)2

Barycentric m2 ā2 a2 = ⇧ ā2
1 AU M2 = G

m3
1

(m1+m2)2
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Figure 2.2: Left: The relative orbit of � Cen B (blue circles) around � Cen A (black cross)
shown with the WDS data (Mason et al., 2001) and the model of Pourbaix et al. (2002) (black
curve). North is up and East is left. The orbit has a semimajor axis of a = 17.6⇥⇥ and is
oriented counterclockwise. Right: The barycentric orbit of � Cen B (red curve) and � Cen A
(dashed blue curve) about the system’s centre of mass (black cross). � Cen B’s orbit has a
semimajor axis of 9.5⇥⇥ and is oriented counterclockwise. Black squares mark the positions
of � Cen B at the first and last HIPPARCOS measurement and the black circle is it’s position
at the reference epoch of HIPPARCOS .

Combined astrometric model and projection on non-orthogonal axes
Eventually, the combination of all offsets will be present in the observed astrometric motion,
i.e. the observed coordinates are �⇤ = �⇤

0 + ��⇤ and ⇥ = ⇥0 + �⇥, where

��⇤ = µ��(t� t0) + ⇧ ⇥�� + A X + F Y

�⇥ = µ⇥ (t� t0) + ⇧ ⇥⇥ + B X + G Y,
(2.14)

and �0, ⇥0 are the coordinates at epoch t0. Figure 2.3 shows the offsets for the example of
� Cen B. In conventional imaging astrometry, the two-dimensional position information is
available simultaneously and the above equations can be used to model the data. In the
case of satellites following a scanning law such as HIPPARCOS and GAIA or interferometric
measurements, e.g. PRIMA, the astrometric information is available in only one dimension
at a time, i.e. along the actual scan circle or the projected baseline. For HIPPARCOS the
scan angle ⌅ is defined as being measured from West northwards (F. van Leeuwen, 2007)
whereas the projected baseline angle ⌅B of the VLT interferometer (VLTI) is measured from

Visual binary Exoplanet host star

RELATIVE ORBIT > BARYCENTRIC ORBIT
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7 orbit parameters: 

Period, semi-major axis, eccentricity, 
inclination + angles (P, a, e, i,     Ω,ω,Φ0)
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5 standard astrometric parameters:

2 positions + parallax + 
2 proper motions

12 PARAMETERS DESCRIBE AN ASTROMETRIC ORBIT

parallax + proper motion                                   barycentric orbit

Sahlmann, 2012, PhD thesis
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SEARCH FOR PLANETS AROUND ULTRA-COOL DWARFS
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

ESO
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ASTROMETRY WITH IMAGES

Extract relative position of the target in every frame

Map the field of reference stars from frame to frame

Obtain time series of relative astrometry

Frame 1 Frame N

Ground: Narrow-field atmospheric limit with D ~10 m is 10-100 µas
(seeing limited or AO corrected, reasonable integration times)

see Lindegren 1978, Lazorenko & Lazorenko 2004, Lazorenko et al. 2009,Cameron et al. 2009, Fritz et al. 2010



Johannes Sahlmann Astrometric planet search around UCD9

FORS2 camera at the Very Large Telescope demonstrated an astrometric performance of 50-100 µas 
(Lazorenko, Sahlmann, et al. 2011)

Started monitoring 20 nearby late-M and early-L dwarfs close to the Galactic plane in 2010.

PALTA: PLANETS  AROUND M/L DWARFS  WITH ASTROMETRY

Detection limit: 3 x Neptune-mass planet in 700 day orbit around 0.08 MSun primary.

NEW DISCOVERY SPACE➔
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and systematic image displacements due to a variety of e↵ects.
The pixel scale was accurately determined for every target using
a large number of reference stars included in external astrometric
catalogues. The final output of the reduction procedure is the
position of the nearby target relative to the field of reference stars
in each frame.

The seeing as measured in the accepted images ranged be-
tween 0.300 and 0.900. Frames taken in worse conditions were not
considered in the reduction, because they introduce large sys-
tematic errors. About 14 % of our observations were taken in
very good seeing conditions <0.500, which in some cases led to
saturation of a few central pixels of the target’s image. Although
this occurred in only 4 % of all frames and concerned 11 targets,
these images were reduced with a dedicated procedure. A char-
acteristic of the reduction procedure is that astrometric measure-
ments taken within one epoch are correlated and the correspond-
ing covariance matrix has non-zero o↵-diagonal entries. This has
to be accounted for in the data analysis (Paper I; Paper II).

4. Data analysis

For every target, the data reduction yields a two-dimensional po-
sition measurement in RA and Dec in each frame, the associated
uncertainties, the epoch, the observing conditions, and additional
information that serves to characterise the individual observa-
tion. We illustrate the chain of analysis step in detail with the
help of DE0652�25 and summarise the results for the other tar-
gets. The first step is to determine the relative parallax and proper
motions of a target.

4.1. Fit for parallax and proper motion

The astrometric measurements ↵?m and �m in RA and Dec, re-
spectively, in frame m at time tm relative to the reference frame
of background stars are modelled with seven parameters (La-
zorenko et al. 2011, Paper I)

↵?m = �↵?0 + µ↵? tm +$⇧↵,m � ⇢ f1,x,m � d f2,x,m
�m = ��0 + µ� tm +$⇧�,m|                       {z                       }

Standard model

+ ⇢ f1,y,m + d f2,y,m|                  {z                  }
Refraction

, (1)

where �↵?0 ,��0 are coordinate o↵sets, µ↵? , µ� are proper mo-
tions, and the parallactic motion is expressed as the product of
relative parallax $ and the parallax factors ⇧↵,⇧�. The paral-
lax factors are computed as in Woolard & Clemence (1966) on
the basis of rectangular geocentric coordinates of the solar sys-
tem barycentre obtained from the JPL Horizons system (Giorgini
et al. 1996). The parallax $ is determined relative to the refer-
ence stars that are not located at infinite distances, thus has to
be corrected to obtain the absolute parallax (Sect. 4.2). DCR is
modelled with the two parameters ⇢ and d, and the parameters
f(1,2) depend on zenith angle, temperature, and pressure as de-
scribed in Paper I. The model Eq. (1) therefore has seven free
parameters, five related to positions, proper motions, and paral-
lax, and two to model the DCR.

Equation (1) defines a system of 2 ⇥ Nf linear equations,
whose least-square solution is determined using matrix inver-
sion (Press et al. 1986), taking into account the individual data
weights and covariances via the covariance matrix. Note that we
set the reference epoch to the arithmetic mean < tm> that is tab-
ulated in Table B.2 to minimise parameter correlations and that
the solution is found by considering both coordinates simultane-
ously.
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Fig. 3. Residuals of the astrometry solution for DE0652�25. Panel a)
shows the reduced data in RA (grey symbols) and Dec (black symbols)
and panel b) shows the frame residuals after solving Eq. (1). Panel d)
displays the residual histogram in RA and Dec separately and combined
(dashed curve), which appear normally distributed. Panel c) shows the
epoch-averaged residuals with their mean uncertainties.

Table 4. Parameter correlations for DE0652�25

�↵?0 ��0 $ µ↵? µ� ⇢ d
�↵?0 +1.00
��0 +0.49 +1.00
$ +0.27 +0.52 +1.00
µ↵? �0.01 +0.16 +0.14 +1.00
µ� +0.04 +0.10 �0.15 +0.48 +1.00
⇢ +0.46 +0.05 +0.12 �0.40 �0.02 +1.00
d �0.36 �0.06 �0.13 +0.39 +0.03 �0.97 +1.00

Table 3 shows the numerical results for all targets and Fig.
3 illustrates the case of DE0652�25 graphically. The last two
columns of Table 3 give the residual r.m.s. of individual frames
(�) and of epoch-averages2 (⌃). A detailed discussion of the
measurement uncertainties and their relation to the residual am-
plitude is given in Paper II, where we conclude that the �2

statistics correspond to the theoretical expectations. Table 4 dis-
plays the parameter correlation matrix (Press et al. 1986) for
DE0652�25, which is a case with a high average correlation
amplitude. There is nearly total anticorrelation between ⇢ and
d, which is expected, because both parameters model essentially
the same e↵ect of DCR. Moderate levels of correlation are ob-
served between a few parameters, but importantly the correlation
between parallax and proper motions is low.

Figure 4 shows the sky-projected motion of DE0652�25
over the course of our measurements and the equivalent graphs
for all targets are displayed in Figs. 5–7.

4.2. Parallax correction and absolute parallaxes

Because the astrometric reference stars are not located at infin-
ity, a correction has to be applied to the relative parallax value

2 Epoch residuals were computed as weighted averages (Paper II).
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MEASURING PARALLAX AND PROPER MOTION

average epoch uncertainty:  120 µas
residual dispersion:               140 µas
Relative parameters:
parallax 60.87 +/- 0.06 mas 
proper motion RA -234.31 +/- 0.09 mas/yr
proper motion DE    85.48 +/- 0.07 mas/yr 
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A GALLERY OF ULTRACOOL DWARF MOTIONS

J. Sahlmann et al.: Astrometric planet search around southern ultracool dwarfs
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Fig. 6. Astrometric motions of targets number 11–20 in the sky. Display equivalent to Fig. 5.
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Fig. 5. Astrometric motions of targets number 1, 3–8, and 10 in the sky showing the data used in this paper. The target ID is indicated in the
top-left corner of every panel and the target number is shown between parentheses. The displays are equivalent to Fig. 4. The solid curve indicates
the best-fit model of proper motion and parallax. North is up, east is left.
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100 MICRO-ARCSEC ASTROMETRY IS POSSIBLE 
FROM THE GROUND

Sahlmann, Lazorenko et al., 2014, A&A in press      
Lazorenko, Sahlmann et al., 2014, A&A in press

18 objects
180 epochs
24 months

146 µas RMS
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Figure S5: Using a galaxy model to determine the parallax correction. Cumulative distribution
of magnitudes (a) and parallaxes (b) for 283 reference stars of 2M0823. Model and measured data
are shown in grey and black, respectively.

relative to field stars over the observation timespan and found that photometric fluctuations do not
exceed the typical measurement uncertainty of ±0.004 milli-magnitudes. Optical and infrared pho-
tometric measurements of 2M0823 were retrieved from the catalogues 2MASS21 (J ,H ,K bands)
and DENIS18 (I ,H ,K bands). Absolute magnitudes were obtained on the basis of the measured
absolute parallax. The BT-Settl22,23 models were linearly interpolated in mass for a given age to
determine the best-fit mass using a least-square minimisation taking into account the magnitude
and parallax uncertainties. The formal errors of this procedure were very small (< 0.5%) and we
adopted a constant 5 % mass uncertainty instead. The mass estimate is 0.0748 ± 0.0037M⇤ for
2M0823 (L1.5, 1 Gyr). We note that follow-up spectroscopy is required to confirm the youth indi-
cators of 2M0823. In the age range of 0.6 – 3 Gyr, the corresponding mass of 2M0823 lies in the
range of 0.067� 0.079M⇤.

5 Estimation of detection space

The detection space of different observation techniques in the mass ratio – separation space de-
pends on several parameters and we made the following assumptions leading to the illustration in
Fig. 2 of the main paper:

• The target is a 0.08M� ultracool dwarf with an age of 1 Gyr and it is located at a distance
of 10 pc from Earth.

• For astrometric observations, we required an orbital semimajor axis of > 0.1 mas for a
system to be detected and we required the intensity ratio between primary and secondary
to be smaller than 50:1 in the I-band to exclude PSF distortions by the companion’s light
that would deteriorate the astrometric performance. The period range was limited between 2
days and 50 years.

10

Estimating the parallax correction

1. Absolute references (galaxies)
2. Photometric distances to ref. stars
3. Galaxy model (Besançon) - statistics

model
data
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Table 5. Absolute parallaxes.

Nr ID �$galax �galax Nstars $abs
(mas) (mas) (mas)

1 DE0615�01 �0.445 0.877 194 45.700 ± 0.112
2 DE0630�18 �0.428 0.493 141 51.719 ± 0.099a

3 DE0644�28 �0.332 0.714 135 25.094 ± 0.094
4 DE0652�25 �0.526 0.390 106 62.023 ± 0.070
5 DE0716�06 �0.389 1.561 373 40.918 ± 0.144
6 DE0751�25 �0.327 0.429 342 56.304 ± 0.085
7 DE0805�31 �0.336 0.625 376 42.428 ± 0.083
8 DE0812�24 �0.323 0.919 364 47.282 ± 0.094

9b DE0823�49 �0.062 0.643 283 48.16 ± 0.19
10 DE0828�13 �0.578 0.855 123 85.838 ± 0.148
11 DE1048�52 �0.275 0.674 565 36.212 ± 0.077
12 DE1157�48 �0.245 0.679 323 34.633 ± 0.082
13 DE1159�52 �0.332 0.495 237 105.538 ± 0.120
14 DE1253�57 �0.192 0.425 478 60.064 ± 0.054
15 DE1520�44 �0.159 0.660 414 53.995 ± 0.109
16 DE1705�54 �0.038 1.188 1184 37.549 ± 0.087
17 DE1733�16 �0.164 0.791 1530 55.272 ± 0.073
18 DE1745�16 �0.030 0.833 1511 50.871 ± 0.096
19 DE1756�45 �0.194 0.411 631 43.577 ± 0.064
20 DE1756�48 �0.057 0.560 783 47.039 ± 0.058

Notes. (a) Preliminary value to be updated by Sahlmann et al. (in prep.).
(b) Values from JS13.

absolute parallax $abs = $ � �$galax is larger than the relative
parallax because the reference stars absorbed a small portion of
the parallactic motion. The uncertainty of $abs is computed by
adding �galax/

p
Nstars in quadrature to the relative parallax un-

certainty.
On average, the parallax correction amounts to �0.27 mas

with an uncertainty of 0.040 mas. The correction amplitude tends
to be smaller towards the galactic centre, which roughly corre-
sponds to targets with large RA, because the density of faint,
distant stars is higher in these regions and the relative parallax is
thus closer to the absolute parallax.

4.3. Photometric variability

We examined photometric variability by measuring the targets’
brightness variations relative to field stars. As part of the data
reduction process, we estimated the flux of an object by com-
puting the sum of counts NADU within the central 11⇥11 pixel
area around the object’s photocentre. Using 20–100 field stars in
each exposure m, we derived the target’s brightness µi,m relative
to field stars denoted by the index i. We normalised this value
by the average over all exposures for the star i. The subsequent
averaging over field stars yielded the target’s di↵erential mag-
nitude µm for each exposure. Finally, we averaged µm within an
epoch to obtain di↵erential magnitudes µe.

Because the observations were not necessarily obtained
in photometric conditions and sometimes through thin cirrus
clouds, we considered the e↵ect of extinction on the di↵eren-
tial photometry. The extinction variation within one epoch can
be related to the flux N̄m, normalised by its mean value. The dif-
ferential magnitude µm as a function of N̄m for a few targets is
shown in Fig. 8, where the vertical scatter indicates photometric
variations and the horizontal spread is related to extinction. Both
e↵ects are largely uncorrelated, even in the rare cases of cloudy
conditions with N̄m values as small as 0.2.

Table 6. I-band photometric variability, measured as the r.m.s. of epoch
average di↵erential magnitudes µe. The observation timespan �T is the
same as in Table 2 with an average value of 477 days.

Nr ID �µe Nr ID �µe

(mmag) (mmag)
1 DE0615�01 3 11 DE1048�52 6
2 DE0630�18 5 12 DE1157�48 4
3 DE0644�28 3 13 DE1159�52 4
4 DE0652�25 3 14 DE1253�57 5
5 DE0716�06 20 15 DE1520�44 3
6 DE0751�25 4 16 DE1705�54 4
7 DE0805�31 5 17 DE1733�16 4
8 DE0812�24 4 18 DE1745�16 5
9 DE0823�49 5 19 DE1756�45 4

10 DE0828�13 5 20 DE1756�48 4

The typical accuracy of µe is ⇠3 mmag, which corresponds
the r.m.s. of this quantity computed for bright reference stars.
The r.m.s. of µe for the survey targets is shown in Table 6 and
typically amounts to 3–5 mmag. For DE1048�52 (spectral type
L1.5), the detected r.m.s. of 6 mmag is slightly higher. Signifi-
cant photometric variation is detected only for DE0716�06 with
an r.m.s. of 20 mmag. In Fig. 8, the data of DE0716�06 are
grouped in horizontal strips, each corresponding to a di↵erent
epoch with a mean magnitude µe. I-band photometric variability
of UCDs with similar amplitude has previously been reported
(Martín et al. 2001; Bailer-Jones & Mundt 2001; Martín et al.
2013; Gizis et al. 2013) and was attributed to inhomogeneous
cloud coverage, dark surface spots, or binarity.

Fourteen out of our twenty targets were searched for optical
variability on timescales of hours by Koen (2013), who found
four common objects to be variable. In contrast to Koen (2013),
we do not observe significant I-band variability for DE0751�25,
DE1159�52, and DE0828�13. We confirm the variability of
DE0716�06, however, on much longer timescales. We searched
for periodic variations in the light curve (Fig. 9) by computing
periodograms of the complete dataset and of individual epochs.
In both cases, no significant periodicity could be detected.

The photometric variability of DE0716�06 has no noticeable
e↵ect on the astrometric measurement or its precision and the as-
trometric data quality for this target has no distinguishing feature
compared to the remaining sample. This is expected, because the
astrometry relies on the photocentre determination, which is in-
variant for a centro-symmetric brightness change of the target.
Assuming a radius of 0.1 R� ⇡ 1RJ for DE0716�06 (Demory
et al. 2009; Triaud et al. 2013b), the apparent angular diameter
is ⇠38 µas, which is several time smaller than the measurement
precision. Even if the brightness changes would be asymmetric
across the stellar disk, e.g. during the ⇠30 mmag flare recorded
on MJD 55924 (see Fig. 9), we did not expect to detect the corre-
sponding photocentre shift. Future astrometric surveys with even
higher precision may be able to detect these e↵ects of activity in
UCDs.

4.4. Primary mass estimates

To infer the masses of potential companions, we first have to
estimate the masses of the primaries. Accurate mass determina-
tions of UCDs are usually reserved for visual or eclipsing binary
systems (e.g. Close et al. 2005; Zapatero Osorio et al. 2004; Stas-
sun et al. 2006) so that for objects in the field, we instead have

Article number, page 6 of 19
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Primary mass estimation

Spectro-Photometry + distance 
+ age estimate +  BT-Settl models

J. Sahlmann et al.: Astrometric planet search around southern ultracool dwarfs

Fig. 8. Di↵erential magnitude µm for every exposure m as a function of
the measured star counts normalised to unity for five targets, showing
cases without noticeable variability (DE0630�18), with a large range of
extinction variation (DE1756�45), and with clearly detected variability
(DE0716�06).

Fig. 9. Di↵erential magnitude of DE0716�06 as a function of time. For
better readability, the time axis is not continuous. Dotted vertical lines
separate the di↵erent epochs, each consisting of a ⇠30 min timeseries.

use evolutionary models that describe the relationships between
ages, luminosities, and masses of UCDs.

We inspected the low-resolution optical spectra presented
in Phan-Bao et al. (2008) for signs of youth, in particular Li -
absorption features. We also initiated a spectroscopic characteri-
sation campaign, whose results will be reported in a forthcoming
paper. With the exception of DE0823�49 (JS13), all targets ap-

Fig. 10. Absolute magnitudes of DE0652�25 as a function of wave-
length assuming an age of 3 Gyr. Six photometric measurements are
used for primary mass estimation. Top: Magnitudes (black circles), the
best-fit model (dashed line), and the magnitude range spanned by the
best-fit model with a 10 % mass uncertainty (shaded area) are shown.
The corresponding masses in M� are indicated to the left of the
curves. Bottom: Residuals of the best fit. Filled and open circles mark
data from 2MASS and Phan-Bao et al. (2008), respectively, and the
square corresponds to the FORS2 measurements.

pear to be strongly lithium-depleted and we assumed an possible
age range of 1–10 Gyr.

We retrieved apparent J,H,K-magnitudes from 2MASS
(Cutri et al. 2003), H- and K-magnitudes from Phan-Bao et al.
(2008), and the I-band magnitudes from our FORS2 observations
(see Paper II for details) and converted them to absolute mag-
nitudes using the parallax determinations in Table 5. The up-
dated I-band magnitudes are shown in Table B.2 and are usually
compatible with the DENIS values. Like in JS13, we used the
BT-Settl models (Chabrier et al. 2000; Allard et al. 2012) for a
given age to find the UCD mass yielding the best fit to the op-
tical and infrared magnitudes as illustrated in Fig. 10. Although
we formally included magnitude and parallax uncertainties, the
dominant uncertainty comes from the model itself and we glob-
ally adopted a 10 % uncertainty on the derived masses. Still,
using a di↵erent set of evolutionary models may lead to best-
fit masses di↵ering from the ones given here. Table 7 lists the
masses in the 1–10 Gyr range and at 3 Gyr with the 10 % un-
certainty. In the following, we will use the 3 Gyr value, whose
uncertainty usually encompasses the variation caused by the ac-
ceptable age range.

4.5. Planet detection and exclusion limits

Even when no orbital motion is detected, the astrometry allows
us to set constraints on the presence of companions by determin-
ing the range of companion parameters incompatible with the
data. The computation of detection limits is common practice in
radial velocity surveys (e.g. Murdoch et al. 1993; Howard et al.
2010; Mayor et al. 2011) and the principle applies equally to the
astrometry case, however, some variations are necessary. For in-
stance, the use of periodograms is impracticable because of the
relatively small number of epochs. We implemented a method
on the basis of the observed residual r.m.s. amplitude similar to
Lagrange et al. (2009).

Article number, page 7 of 19
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GIANT PLANETS ARE RARE AROUND ULTRACOOL DWARFS 
(AT ALL SEPARATIONS)

less than 9 % of M8-L2 dwarfs have a giant planet >5MJup 
within 0.1-0.8 AU
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2.4 mas RMS

SEARCHING FOR PLANET SIGNATURES
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We detected some planet candidates
➔ need for more epochs and longer timespan
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DETECTION OF THE ORBIT CAUSED BY A LOW-
MASS COMPANION

Sahlmann et al., 2013b,  A&A 556 

P = 246.4 ± 1.4 days
e = 0.35 ± 0.07
a1 = 4.61 ± 0.14 mas
Parallax = 48.16 ± 0.19 mas

M1 = 78 ± 8 MJup    (L1.5 dwarf)

M2 = 28.5 ± 1.9 MJup  
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OPENING UP A NEW DETECTION SPACE

Precision astrometry of VLM 
binaries: 

1. A new window to small mass-
ratio systems.

2. Companion mass function down 
to planetary masses

3. Complete orbit characterisation 
+ high-precision parallax

4. Multiplicity: 10+11-3  % of M8-L2 
dwarfs are tight binaries

Very low-mass binaries
(vlmbinaries.org + Dupuy compilation + literature)
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THE GAIA CONTEXT

ESA / S. Corvaja
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FAINT STAR PRECISION WITH FORS2 AND GAIA
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FORS2/VLT

FORS2/VLT and Gaia reach comparable precisions on faint single objects 
located in dense fields (factor of ~65 in light-collecting area)

Gaia prediction (Mignard 2011)
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ULTRACOOL DWARF SCIENCE WITH GAIA

Accurate distances for ~1000 very-low mass stars 
and brown dwarfs 
➔ colour magnitude diagrams 
➔ better understanding of physics at the stellar/
substellar boundary
(Smart et al., 2008, IAUS 248; Sarro et al., 2013, A&A, 550)

A&A proofs: manuscript no. palta1_rev1

Using these parallaxes, we can set the target sample into con-
text with the known population of UCDs as shown in Fig. 15,
where we assumed 0.5 subclasses of spectral type uncertainty.
In particular, the dominant uncertainty on the absolute magni-
tude now stems from the magnitude measurement itself and not
from the distance determination. For the 2MASS J-band, for in-
stance, the average photometric uncertainty is 28 mmag whereas
the magnitude uncertainty caused by the parallax uncertainty is
10 mmag.

In the infrared J-band (Fig. 15), the two tight binaries with
primary spectral types M8.5 and L1.5 do not appear to be over-
luminous, i.e. the flux contribution of the companion should be
small at this wavelength. The two slightly over-luminous objects
are DE0644�28 (M9.5) and DE1756�45 (M9.0), which other-
wise are unremarkable objects.

Fig. 15. Absolute 2MASS J-band magnitude as a function of spectral
type for M7–L5 dwarfs in the database of ultracool parallaxes (Dupuy
& Liu 2012) (grey symbols) and for our sample (filled black symbols).
Magnitude uncertainties of the latter are smaller than the symbol size.
Binaries in our sample are shown with open circles.

In Fig. 16, we show the optical I-band absolute magnitude as
a function of I–J-colour. As expected from Fig. 15, the binaries
do not appear over-luminous at shorter wavelength either.

5.2. Proper motions and tangential velocities

The proper motions reported in Table 5 are relative to the local
reference field. We decided not to perform the correction to abso-
lute proper motions because we would inevitable be dominated
by the uncertainty of the correction. An accurate correction will
be made possible by the second intermediate data release of the
Gaia mission (Prusti 2012).
Our proper motions are in general agreement with the values
given in Phan-Bao et al. (2008) and, when applicable, in Faherty
et al. (2009), however they have significantly higher precision.
Given the large distance of our reference stars, a conservative
estimate is that our proper motions can be considered accurate at
the 1% level. Because we usually do not have radial velocity es-
timates, we cannot determine three-dimensional space velocities
but we examined the tangential velocities of the target sample
shown in Fig. 17 and Table B.1. The distribution is compatible
with other studies of M/L-dwarf transition objects in the field
(Schmidt et al. 2007).

Fig. 16. Absolute I-band magnitudes as determined with FORS2 (given
in the DENIS-I magnitude system) as a function of I–J-colour for our
sample (filled symbols). Binaries are shown with open circles. The com-
parison sample (grey symbols) was taken from Phan-Bao et al. (2008,
Table 1)

Fig. 17. Distribution of tangential velocities of our sample (solid line).
The dashed line shows 119 M7–L3 dwarfs from Schmidt et al. (2007).

5.3. I-band photometric variability

Using the FORS2 observations collected for astrometry, we could
obtain I-band photometric measurements at the milli-magnitude
level covering timescales of minutes to several hundred days.
We found that the 20 UCDs in our survey are stable at the 3–5
mmag level over ⇠480 days, with the exception of DE0716�06
that exhibits variations of ±40 mmag. A better characterisa-
tion of the photometric variability of DE0716�06 requires
additional data and is necessary to distinguish between the
di↵erent possible causes mentioned in Sect. 4.3.
We therefore found that 5+10

�2 % of M8–L2 dwarfs in the
field show I-band variability higher than 5 mmag r.m.s. over
timescales of minutes to ⇠500 days, where we quoted uncer-
tainties computed from binomial statistics as in Burgasser et al.
(2003). This is smaller than the variability occurrence of ⇠ 50 %
found for a sample of comparable size (Bailer-Jones & Mundt
2001) and also smaller than the value of ⇠16–25 % obtained for
a larger sample (Koen 2013).
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Statistics of very low-mass binaries: insights into the 
question whether they form like stellar binaries

Planets around ultracool dwarfs: identify candidates for 
ground-based follow-up
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CONCLUSIONS

Ground-based astrometry can deliver long-term accuracies at 100 micro-arcsec 
level over several years.

Super-Jupiters are rare around M/L-transition dwarfs at all separations.

We discovered 2 new tight UCD binaries and several planet candidates.

ESA’s Gaia mission will deliver high-precision astrometry for hundreds of UCD, 
yielding accurate distances, astrometric binary orbits, and UCD planet candidates.
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ABSTRACT

Aims. We describe the astrometric reduction of images obtained with the FORS2/VLT camera in the framework of an astrometric
planet search around 20 M/L-transition dwarfs. We present the correction of systematic errors, the achieved astrometric performance,
and a new astrometric catalogue containing the faint reference stars in 20 fields located close to the Galactic plane.
Methods. Remote reference stars were used both to determine the astrometric trajectories of the nearby planet search targets and to
identify and correct systematic errors.
Results. We detected three types of systematic errors in the FORS2 astrometry: the relative motion of the camera’s two CCD chips,
errors that are correlated in space, and an error contribution of as yet unexplained origin. The relative CCD motion probably has a
thermal origin and typically is 0.001–0.010 px (∼0.1–1 mas), but sometimes amounts to 0.02–0.05 px (3–6 mas). This instability and
space-correlated errors are detected and mitigated using reference stars. The third component of unknown origin has an amplitude of
0.03–0.14 mas and is independent of the observing conditions. We find that a consecutive sequence of 32 images of a well-exposed star
over 40 min at 0.6′′ seeing results in a median r.m.s. of the epoch residuals of 0.126 mas. Overall, the epoch residuals are distributed
according to a normal law with a χ2 value near unity. We compiled a catalogue of 12 000 stars with I-band magnitudes of 16–22
located in 20 fields, each covering ∼ 2′ × 2′. It contains I-band magnitudes, ICRF positions with 40–70 mas precision, and relative
proper motions and absolute trigonometric parallaxes with a precision of 0.1 mas/yr and 0.1 mas at the bright end, respectively.
Conclusions. This work shows that an astrometric accuracy of ∼100 micro-arcseconds over two years can be achieved with a large
optical telescope in a survey covering several targets and varying observing conditions

Key words. Astrometry – Technique: high angular resolution – Atmospheric effects – Parallaxes – Brown dwarfs

1. Introduction
Extrasolar planets around stars can be discovered and charac-
terised by a variety of observation techniques (Seager, S. 2011).
Different methods give access to different observables of a given
exoplanetary system and are subject to different practical limi-
tations. To obtain a complete picture of extrasolar planets, we
therefore depend on having access to the widest possible range
of observing techniques.

Astrometry consists in measuring the photocentre positions
of stellar objects and can be used for indirect exoplanet detec-
tion by revealing a star’s orbital reflex motion (Sozzetti 2005).
However, this relies on a measurement accuracy better than
one milli-arcsecond (mas) over time-scales of several years,
which requires specialised instruments and methods. Dedicated
space missions such as Hipparcos (ESA 1997) and, in particu-
lar, its successor Gaia (Perryman et al. 2001; de Bruijne 2012)
can meet these requirements, and instruments on-board Hub-
ble have been used for this purpose, too (Benedict et al. 2010).
On the ground, the main practical limitation is turbulence in the
" Based on observations made with ESO telescopes at the La Silla

Paranal Observatory under programme IDs 086.C-0680, 087.C-0567,
088.C-0679, 089.C-0397, and 090.C-0786.

Earth’s atmosphere (Sahlmann et al. 2013a), which can be over-
come with the use of large-aperture telescopes, interferometry,
or adaptive optics.

For observations of dense stellar fields with the optical cam-
era FORS2 of ESO’s Very Large Telescope, we have achieved
astrometric precisions of 0.05 mas for well-exposed star images
at the field centre when the seeing is restricted to the optimal
range (Lazorenko et al. 2009, hereafter PL09). Because this per-
formance is sufficient for exoplanet detection, we initiated an as-
trometric search targeting ultracool dwarfs (UCD) at the M/L
transition in 2010, a survey that is described in detail in the first
paper in our series (Sahlmann et al. 2014, hereafter Paper I).

The detection of planetary signals at or close to the noise
level requires high-quality astrometric data, that is, precise po-
sition measurements ideally free of systematic errors, and ad-
equate precision estimates that correspond to the measurement
accuracy. In this paper, we present the latest optimisations of the
astrometric methods for the reduction of FORS2 observations de-
scribed in PL09. These methods were already successfully used
for the detection of a close 28 Jupiter-mass (MJ) companion of
an L1.5 dwarf (Sahlmann et al. 2013b) and are implemented for
the planet search survey (Paper I).
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ABSTRACT

Context. Extrasolar-planet searches that target very low-mass stars and brown dwarfs are hampered by intrinsic or instrumental
limitations. Time series of astrometric measurements with precisions better than one milli-arcsecond can yield new evidence on the
planet occurrence around these objects.
Aims. We present first results of an astrometric search for planets around 20 nearby dwarf stars with spectral types M8–L2.
Methods. Over a time-span of two years, we obtained I-band images of the target fields with the FORS2 camera at the Very Large
Telescope. Using background stars as references, we monitored the targets’ astrometric trajectories, which allowed us to measure
parallax and proper motions, set limits on the presence of planets, and to discover the orbital motions of two binary systems.
Results. We determined trigonometric parallaxes with an average accuracy of 0.09 mas (' 0.2 %), which resulted in a reference
sample for the study of ultracool dwarfs at the M/L transition, whose members are located at distances of 9.5–40 pc. This sample
contains two newly discovered tight binaries (DE0630�18 and DE0823�49) and one previously known wide binary (DE1520�44).
Only one target shows I-band variability >5 mmag r.m.s. We derived planet exclusion limits that set an upper limit of 9 % on the
occurrence of giant planets with masses & 5 MJ in intermediate-separation (0.01–0.8 AU) orbits around M8–L2 dwarfs.
Conclusions. We demonstrate that astrometric observations with an accuracy of 120 µas over two years are feasible from the ground
and can be used for a planet-search survey. The detection of two tight very low-mass binaries shows that our search strategy is e�cient
and may lead to the detection of planetary-mass companions through follow-up observations.

Key words. Stars: low-mass – Brown dwarfs – Planetary systems – Binaries: close – Astrometry – Parallaxes

1. Introduction

Extrasolar planets are common around stars in the solar neigh-
bourhood (Mayor & Queloz 1995; Mayor et al. 2011), but lit-
tle is known about their existence around very low-mass stars
and brown dwarfs, also known as ultracool dwarfs (UCDs) with
spectral types M7 and later (Martín et al. 1999), because of their
low luminosities and the associated observational limitations.
The presence of planets is expected because UCDs provide the
necessary ingredients for planet formation and are commonly
surrounded by disks in which grain growth and dust settling has
been observed (Apai et al. 2005; Riaz et al. 2012; Ricci et al.
2012; Luhman 2012). The potential planet mass depends on the
amount of material available in the disk, which is generally lower
than for main-sequence stars. Extended disks with masses higher
than Jupiter-mass are observed, but not common (Scholz et al.
2006; Harvey et al. 2012), and smaller disk masses are found
frequently, which provides the material for the formation of sub-
Jupiter-mass planets (Payne & Lodato 2007).

The discovery of giant planets around UCDs can on one hand
be used to probe the predictions of planet formation theories.
? Based on observations made with ESO telescopes at the La Silla

Paranal Observatory under programme IDs 086.C-0680, 087.C-0567,
088.C-0679, and 089.C-0397.

According to the core-accretion theory, giant-planet occurrence
scales with central star mass and is expected be low around
M dwarfs (Laughlin et al. 2004), hence especially low around
UCDs. Disk instability may be able to form giant planets around
UCDs if their disks are suitably unstable (Boss 2006). On the
other hand, the search for planets with Neptune-mass and lighter
is a first step towards characterising the population of small and
terrestrial planets around UCDs, some of which may reside in the
habitable zones and therefore become prime targets for future at-
tempts to detect the constituents of their atmospheres (Belu et al.
2013; Bolmont et al. 2011).

Radial-velocity measurements of UCDs were used to ex-
clude a large population of giant planets &2 Jupiter-mass (MJ)
on very tight orbits < 0.05 AU (Blake et al. 2010; Rodler et al.
2012). At wider separations &2 AU, direct-imaging searches
equally excluded a large population of giant planets (Stumpf
et al. 2010). Two very low-mass stars were found to host Earth-
mass (Kubas et al. 2012, using microlensing) and Mars-sized
(Muirhead et al. 2012, using Kepler) planets. Recently, a ⇠2 MJ
planetary mass object1 was discovered at 0.87 AU around a

1 The assignment of planet status to individual objects in the literature
is debated because of their unknown formation paths and the observed
overlapping mass range of planets and brown dwarfs. For UCDs, we
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