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The idea

Possible formation scenarios for low-mass brown-dwarfs

• Collapse/Fragmentation 
!
• Disk fragmentation  
!

• Premature Ejection 
!
• Photo-erosion  
!
• Core-accretion (up to 35 MJup ⇒ C. Mordasini) 
!

Wide distribution of compositions for low-mass BDs expected



How to measure the abundances from emission spectra?
• Teff !• log g vs M/H degeneracy

Need for medium-resolution spectroscopy over the widest possible 
wavelength range

7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

C/O ratio for low mass BD in Upper Sco may provide a unique opportunity to probe the diversity of formation
pathway for substellar objects.

B – Immediate Objective: We propose to use XSHOOTER to obtain high-quality medium-resolution
(R⇠2700-3800) 0.8-2.5 µm spectra of ten low-mass Upper Sco BDs discovered free-floating, as binaries, or as
wide-orbit companions. We propose to use these spectra to 1/ to determine the relative metallicity, and C/O
ratio of our targets. This will be done by comparing our spectra to mini-grids of synthetic spectra from the BT-
Settl atmosheric models (Allard et al. 2013). Robust e↵ective temperature determination will first be derived
from the 1-5 µm spectral energy distributions of the objects (see Bonnefoy et al .2013a,b). Our targets already
have 2MASS,WISE, and/or M+L band photometry. Then, the shape of the 0.8-2.5 µm pseudo-continuum will
enable to constrain the surface gravity and the metallicity (see Fig 1.A). Finally the C/O ratio will be derived
from high-resolution K-band spectroscopy (Fig 1.B). To overcome possible undertainties in the models (non-
equilibrium chemistry, cloud model, etc), we selected objects with spectral types for which errors are reduced
(Bonnefoy et al. 2013c). All objects have close spectral type, so that errors in the models should cancel out
when a relative comparison of abundances and metallicity is considered (as well as errors related to the choice
of reference solar abundances; Cafau et al. 2011). We removed from our sample all objects with circumstellar
disks (Dawson et al. 2013) for which the disk material could veil CO absorptions and bias the spectral slope
(e.g. Luhman et al. 2007). We also removed close binaries (Biller et al. 2011). 2/ to better determine the mass
of the objects. The surface gravity, temperatures, and metallicity could be used to redetermine the mass using
evolutionary models (Marleau et al. 2013). This will provide a more robust estimate of the low-mass end of the
IMF of Upper Sco, which show hints for an excess of BDs (Lodieu et al. 2013, and ref therein).
The distribution of C/O ratio+metallicity could be compared to predictions from planet population synthesis
of C. Mordasini. As a by-product, this program will provide a precious library of medium-resolution spectra of
young late-M objects that could be use as templates for the characterization of similar objects in SFR, and of
young directly imaged exoplanets.
Target properties: companion to star (comp), binaries (bin) or isolated (iso). We give the mass ratio qb/A of bount systems.

Source Config KB SpType MA (M�) MB (MJup) qb/A ⇢ (AU) Ref.

HIP 77900B comp 14.04 M9 3.8 20+7
�3 0.005 3200 Aller et al. 2013

HIP 78530B comp 14.17 M8 2.5 22± 4 0.009 710 Lafrenière et al. 2011
USco 161031.9-191305 B comp 12.73 M9 0.88 20+7

�3 0.023 840 Aller et al. 2013

USCO CTIO 108 AB bin 15.11 M9.5 0.06 14+2
�8 0.23 670 Béjar et al. 2008

USco J161047.13-223949.4 iso 14.01 M8.5 . . . ⇠18 . . . . . . Lodieu et al. 2008
USco J160723.82-221102.0 iso 14.01 M8.5 . . . ⇠18 . . . . . . Lodieu et al. 2008
USco J160828.47-231510.4 iso 14.16 M9.5 . . . ⇠17 . . . . . . Lodieu et al. 2008
USco J160818.43-223225.0 iso 14.70 M9.0 . . . ⇠14 . . . . . . Lodieu et al. 2008
USco J160606.29-233513.3 iso 14.97 M9.0 . . . ⇠13 . . . . . . Lodieu et al. 2008
USco J160737.99-224247.0 iso 15.33 M9.5 . . . ⇠11 . . . . . . Lodieu et al. 2008

Attachments (Figures)

Fig. 1: A: BT-Settl synthetic spectra for Te↵=1900 K, di↵erent surface gravity (log g), metal enrichments(solar, 3x solar). The

pseudo-continuum shape can help to suppress degeneracy between the e↵ects of log g and metallicity. B: Comparison of synthetic

spectra with di↵erent C/O ratio (red) to the spectrum of the directly imaged planet HR8799c (Konopacky et al. 2013).
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Konopacki et al. 2013, Science

The idea

• problem of cloud formation (depletion of chemical species)



Idea: explore the relative abundances of a 
population of BDs with mass < 35 MJup in a cluster 

⇒ Need bright enough objects for mid-res spectroscopy 

⇒ No strong extinction

⇒ Different configurations (companions, free-floating)

⇒ Eliminate (as much as possible) unresolved binaries

The idea

⇒ Consider early-type/hot objects

⇒ Less affected by dust
⇒ No non-equilibrium chemistry



145 ± 2 pc

1/ Young
3 to 11 Myr 

2/ Close

4/ Wide range of masses
Part of Sco-Cen (OB assoc)
Down to spectral type L2 (0.01 M⦿)

Excess of low-mass BDs?
(Lodieu et al. 2008, 2013 & ref. therein)

3/ Perfect for Paranal
RA=16h, DEC=-23.4

The choice of Upper Scorpius

The idea



2 Lafrenière et al.

luric and instrumental transmission correction, the A0V star
HD 138813 was observed in K before the science target, and
HD 151787 in H afterwards. To confirm the reliability of the
data, further sets of H and K spectra were taken on 2008 Au-
gust 21 and 2008 August 24, respectively. This time, in K,
twelve 180 s exposures were taken in four groups of three
4.44′′ nods, each group being further nodded by 0.3′′, and in
H, nine 180 s exposures were obtained in three similarly nod-
ded groups. For calibration, HD 151787 was observed after
the science target for both sequences.
With the wide slit, we minimize effects from the chromatic

adaptive-optics-corrected point-spread function, atmospheric
differential refraction (< 0.03′′ in-band), or small errors in
nod position. Based on our imaging, slit losses should vary
by at most 5% between H and K. Thus, even if the standards
are taken with slightly different image quality, residual slit
effects in the calibrated fluxes should be small. With the wide
slit, the point-spread function sets the resolution of ∼12 Å in
H and ∼18 Å in K.
The data were reduced using custom IDL routines. We first

subtracted the sky background, determined from exposures at
different nods, divided by a normalized flat field, and masked
bad pixels. The images were then rectified, using cubic inter-
polation, for the slight curvature of the traces. We extracted
optimally-weighted fluxes using the normalized trace of the
spectrum, constructed separately for each image and allowed
to vary slowly with wavelength. We chose a 2.0′′ width for
the trace, for which chromatic effects should be less than a
few percent. The companion’s spectrum was extracted using
the same trace, but shifted in position, truncated to 0.25′′, and
properly re-normalized to avoid introducing additional chro-
matic effects. Prior to extraction, any remaining flux from
the primary was removed by subtracting a straight line along
the spatial direction fitted to both sides of the companion’s
trace. Wavelength calibration was done using exposures of
an Ar arc lamp. Next, we divided the spectra by those of
the telluric standard, corrected for their spectral slope using
a 9520 K blackbody curve, and with hydrogen absorption
lines removed by dividing by Voigt profile fits to each line.
Since the K- andH-band spectra obtained in June and August
were very similar, we co-added them to improve the signal-
to-noise ratio. Finally, we flux-calibrated the spectra relative
to the 2MASS magnitudes of the primary (using the spectral
response and zero points given in Cohen et al. 2003). Syn-
thetic 2MASS contrasts and colors for the companion com-
puted from the flux-calibrated spectra agree within a few per-
cent with the values obtained from the photometry.

3. ANALYSIS AND RESULTS
The position of the companion relative to the primary was

found by fitting a 2-D Gaussian model to both the primary
and companion PSFs; the orientation of the image was ob-
tained from the FITS header. The measurements uncertain-
ties were estimated from the dispersions of the measurements
made on all the individual images. We obtained a separation
of 103.70± 0.06 pixels, corresponding to 2.219′′ ± 0.002′′
given the pixel scale of 0.0214′′, and a position angle of
27.7± 0.1 deg. Systematic uncertainties are likely larger
than measurement uncertainties; based on previous experi-
ence with similar observations we estimate them at ∼0.03′′
for the separation and ∼0.5 deg for the position angle.
The relative photometry was computed using aperture pho-

tometry with a radius of one PSF FWHM. An azimuthally
symmetric median intensity profile was subtracted from the

1.6 1.8 2.0 2.2 2.4
Wavelength (µm)

2

4

6

8

No
rm

al
ize

d 
flu

x 
(f λ

/f 2
.2

5 
µ

m
)

Field L6

Field L3

Young L1

Young M9

Teff = 1800 K

log g = 4.0
log g = 5.0
log g = 6.0

Primary

Companion

A

B

C

D

E

F

CO
H2O

H2O

H2O
H2O

1"

N

E

FIG. 1.— Spectra of 1RXS J160929.1-210524 and its faint candidate com-
panion. The primary’s spectrum (row A) is as expected for a K7 spectral type.
The candidate companion’s spectrum (black curves repeated in rows B–F)
is compared with the spectra of two young BDs (red curves on rows B–C;
M9, USco J160830-233511; and L1, USco J163919-253409) and two older,
cooler field BDs (red curves on rows D–E; L3, 2MASSW J1506544+132106;
and L6, 2MASSW J1515008+484742), as well as with theoretical spectra
with different surface gravities (colored curves in row F). The spectra in rows
B–F are binned to a resolving power of ∼850 and normalized at 2.25 µm.
The inset at the top right shows our composite image of the two objects.
Blue, green, and red represent images taken in J, H, and Ks, with intensities
scaled such that they are proportional to the photon rates inferred from the
2MASS magnitudes of the primary.

images prior to measuring the flux of the companion to avoid
contamination from the primary. The uncertainties were esti-
mated from the dispersion of the measurements made on all
of the individual images in each filter. The results are shown
in Table 1; the near-infrared colors of the companion suggest
a mid-L spectral type. For completeness, we note that four
other faint sources were detected farther from the primary, but
these have J −Ks < 1.1 and thus are likely background stars.
The spectra of both the primary and its candidate compan-

ion are shown in Fig. 1, alongside template spectra of known
BDs in Upper Scorpius3 (Lodieu et al. 2008), field dwarfs4
(Cushing et al. 2005) and synthetic spectra from the DUSTY
models (Chabrier et al. 2000). The spectrum of the compan-
ion confirms that it is very cool, showing important water va-
por absorption on either sides of theH andK bands and strong
CO band heads beyond 2.29 µm. Compared with field dwarfs,
the H-band spectrum of our companion has a much more tri-
angular shape which is likely caused by lower surface gravity,
as evidenced by the much better agreement with the young
Upper Scorpius BDs and the low-gravity model spectra. In-
deed, the model spectra show that the blue side of the H-
band spectrum is suppressed as the surface gravity decreases;
a similar effect is present at the blue side of the K band. Also,
the triangularH-band profile is a well-known indicator of low
surface gravity that has been observed and discussed in many
instances in the literature (e.g. Martín & Osorio 2003; Kirk-
patrick et al. 2006). Lower surface gravity would be expected
3 see http://www.iac.es/galeria/nlodieu/publications.html
4 See http://irtfweb.ifa.hawaii.edu/∼spex/spexlibrary/IRTFlibrary.html

5/ Dozens of low-mass BDs with diverse configurations

Isolated BDs with spectra indicative of low gravity 

Binary low-mass BDs: USCO CTIO 108AB, USco1612-1800B
qB/A=0.1-0.2 separation=430-670 AU MB=14-26 MJup

M=10-25 MJup

Companions to stars: 
qB/A=0.005-0.03 separation=330-3200 AU MB=8-26 MJup
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1/ Can we measure the atmospheric M/H, C/O, C/H ?

2/ What is the distribution of C/O and M/H for an 
homogeneous population of objects?

A program to try to answer these questions:

By-product: library of high-quality medium-res. NIR spectra of 
young M7-M9 dwarfs (SPHERE, GPI, etc)

3/ How is it related to formation scenarios?

The idea
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Sample and setup

European Organisation for Astronomical Research in the Southern Hemisphere

OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 93A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–7
Chemical hints on the origins of low-mass brown-dwarfs in Upper Scorpius

2. Abstract / Total Time Requested

Total Amount of Time: 0 nights VM, 29 hours SM

Upper Scorpius is the only star forming region where brown dwarfs (BDs) close to the typical deuterium-burning
boundary have been discovered in a wide range of configurations (as wide binaries, companions to stars, or free
floating). These configurations suggest that multiple BD formation mechanisms (disk instability/fragmentation,
core-accretion ? + ejection, photo-erosion of pre-stellar cores, etc) are at play. We propose to use XSHOOTER
to obtain high-quality medium-resolution (R⇠2700, 3800) 0.8 � 2.5 µm spectra of 10 late-type brown-dwarfs
members of Upper Sco, found free-floating, in binaries, or orbiting stars. The spectra will be compared to
dedicated grids of models in order to derive for the first time the metallicity and C/O ratio in these objects.
The comparison of the abundances from object to object will help to understand whether they share a common
formation pathway.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 93 XSHOOTER 29h any n 1.0 CLR s

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project:
b) still required to complete this project:

5. Special remarks:

This program can not be conducted with a multi-object spectrograph such as KMOS because the sources are
too widespread on the sky.

6. Principal Investigator:
Mickael Bonnefoy, bonnefoy@mpia-hd.mpg.de, F, Max Planck Institute for
Astronomy

6a. Co-investigators:

T. Kopytova Max Planck Institut fuer Astronomie,D

F. Allard Ecole normale superieure de Lyon,F

N. Deacon Max Planck Institut fuer Astronomie,D

E. Manjavacas Max Planck Institut fuer Astronomie,D

Following CoIs moved to the end of the document ...

- 1 -
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Sample and setup

7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

C/O ratio for low mass BD in Upper Sco may provide a unique opportunity to probe the diversity of formation
pathway for substellar objects.

B – Immediate Objective: We propose to use XSHOOTER to obtain high-quality medium-resolution
(R⇠2700-3800) 0.8-2.5 µm spectra of ten low-mass Upper Sco BDs discovered free-floating, as binaries, or as
wide-orbit companions. We propose to use these spectra to 1/ to determine the relative metallicity, and C/O
ratio of our targets. This will be done by comparing our spectra to mini-grids of synthetic spectra from the BT-
Settl atmosheric models (Allard et al. 2013). Robust e↵ective temperature determination will first be derived
from the 1-5 µm spectral energy distributions of the objects (see Bonnefoy et al .2013a,b). Our targets already
have 2MASS,WISE, and/or M+L band photometry. Then, the shape of the 0.8-2.5 µm pseudo-continuum will
enable to constrain the surface gravity and the metallicity (see Fig 1.A). Finally the C/O ratio will be derived
from high-resolution K-band spectroscopy (Fig 1.B). To overcome possible undertainties in the models (non-
equilibrium chemistry, cloud model, etc), we selected objects with spectral types for which errors are reduced
(Bonnefoy et al. 2013c). All objects have close spectral type, so that errors in the models should cancel out
when a relative comparison of abundances and metallicity is considered (as well as errors related to the choice
of reference solar abundances; Cafau et al. 2011). We removed from our sample all objects with circumstellar
disks (Dawson et al. 2013) for which the disk material could veil CO absorptions and bias the spectral slope
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IMF of Upper Sco, which show hints for an excess of BDs (Lodieu et al. 2013, and ref therein).
The distribution of C/O ratio+metallicity could be compared to predictions from planet population synthesis
of C. Mordasini. As a by-product, this program will provide a precious library of medium-resolution spectra of
young late-M objects that could be use as templates for the characterization of similar objects in SFR, and of
young directly imaged exoplanets.
Target properties: companion to star (comp), binaries (bin) or isolated (iso). We give the mass ratio qb/A of bount systems.

Source Config KB SpType MA (M�) MB (MJup) qb/A ⇢ (AU) Ref.

HIP 77900B comp 14.04 M9 3.8 20+7
�3 0.005 3200 Aller et al. 2013

HIP 78530B comp 14.17 M8 2.5 22± 4 0.009 710 Lafrenière et al. 2011
USco 161031.9-191305 B comp 12.73 M9 0.88 20+7

�3 0.023 840 Aller et al. 2013

USCO CTIO 108 AB bin 15.11 M9.5 0.06 14+2
�8 0.23 670 Béjar et al. 2008

USco J161047.13-223949.4 iso 14.01 M8.5 . . . ⇠18 . . . . . . Lodieu et al. 2008
USco J160723.82-221102.0 iso 14.01 M8.5 . . . ⇠18 . . . . . . Lodieu et al. 2008
USco J160828.47-231510.4 iso 14.16 M9.5 . . . ⇠17 . . . . . . Lodieu et al. 2008
USco J160818.43-223225.0 iso 14.70 M9.0 . . . ⇠14 . . . . . . Lodieu et al. 2008
USco J160606.29-233513.3 iso 14.97 M9.0 . . . ⇠13 . . . . . . Lodieu et al. 2008
USco J160737.99-224247.0 iso 15.33 M9.5 . . . ⇠11 . . . . . . Lodieu et al. 2008

Attachments (Figures)

Fig. 1: A: BT-Settl synthetic spectra for Te↵=1900 K, di↵erent surface gravity (log g), metal enrichments(solar, 3x solar). The

pseudo-continuum shape can help to suppress degeneracy between the e↵ects of log g and metallicity. B: Comparison of synthetic

spectra with di↵erent C/O ratio (red) to the spectrum of the directly imaged planet HR8799c (Konopacky et al. 2013).

- 3 -

1/ Different configurations

2/ All spectral type M8.5-M9.5

3/ No visual binaries (>50 mas)

4/ WISE photometry ⇒  no IR excess

Reduced errors in the analysis when abundances compared 
from one object to another

CO overtone at 2.29 µm ⇒ C/O ratio
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The instrument: X-Shooter @ VLT

b) R=5400 in the optical, 3890 in the NIR

a) 300-2500nm coverage in a single shot!

Tricky data reduction
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Atmospheric models:

E. Manjavacas et al.: New constraints on the formation and settling of dust in the atmospheres of young M and L dwarfs
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Fig. 12. Fit of the spectral energy distribution of five sources of the target sample (green squares) without noticeable excess emission by BT-Settl
2010 (blue) and BT-Settl 2013 (red) synthetic fluxes (laying bars). The corresponding best fitted spectra are overlaid.

Table A.1. Characteristics of the young companions spectra

Name Age �min �max R Referencea

(Myr) (µm) (µm)
2MASS J12073346-3932539 A 8 1.1 2.5 1500-2000 1
AB Pic b 30 1.1 2.5 1500-2000 1, 2
CT Cha b 1-3 1.1 2.5 1500-2000 1
DH Tau b 1-3 1.1 2.5 1500-2000 1
Gl 417 B 80-250 1.1 2.5 1500-2000 1
GSC 08047-00232 B 30 1.1 2.5 1500-2000 1
HR7329 B 12 1.1 2.5 1500-2000 1
TWA 5B 8 1.1 2.5 1500-2000 1
TWA 22A 12 1.1 2.5 1500-2000 1
TWA 22B 12 1.1 2.5 1500-2000 1
USCO CTIO 108B 3-11 1.1 2.5 1500-2000 1
1RXS J235133.3+312720 B 50-150 0.8 2.5 250-1200 3
2MASS J01225093-2439505 B 10-120 1.48 2.38 3800 4
GSC 06214-00210 b 3-11 1.1 1.8 3800 5
HD203030 b 130-400 2.0 2.6 2000 6
1RXS J160929.1-210524 b 3-11 1.15 2.4 6000-1300 7, 8
2MASS J12073346-3932539 b 8 1.1 2.5 1500-2000 9
CD-35 2722 B 100 1.15 2.40 5000-6000 10
G196-3B 100 1.1 2.4 2000 11
GQ Lup b 1-3 1.1 2.5 2000-4000 12
GQ Lup b 1-3 1.164 2.4 5000 13
HN Peg b 100-500 0.65 2.56 75 14
HR8799 b 30 1.48 2.36 60 15
HR8799 c 30 1.965 2.381 4000 16
SDSSJ224953.47+004404.6AB 100 0.8 2.5 150 17
TWA 8B 8 0.8 2.42 2000 11
TWA 11C 8 0.95 2.42 2000 11
AB Dor C 75-175 1.48 2.5 1500 18

a References: 1, Bonnefoy et al. (2013b); 2, Bonnefoy et al. (2010); 3, Bowler et al. (2012); 4, Bowler et al. (2013); 5, Bowler et al. (2011);
6, Metchev & Hillenbrand (2006); 7, Lafrenière et al. (2008); 8, Lafrenière et al. (2010); 9, Patience et al. (2010); 10, Wahhaj et al. (2011); 11,
Allers & Liu (2013); 12, Seifahrt et al. (2007); 13, Lavigne et al. (2009); 14, Luhman et al. (2007); 15, Barman et al. (2011a); 16, Konopacky
et al. (2013); 17, Allers et al. (2010); 18, Close et al. (2007).
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

C/O ratio for low mass BD in Upper Sco may provide a unique opportunity to probe the diversity of formation
pathway for substellar objects.

B – Immediate Objective: We propose to use XSHOOTER to obtain high-quality medium-resolution
(R⇠2700-3800) 0.8-2.5 µm spectra of ten low-mass Upper Sco BDs discovered free-floating, as binaries, or as
wide-orbit companions. We propose to use these spectra to 1/ to determine the relative metallicity, and C/O
ratio of our targets. This will be done by comparing our spectra to mini-grids of synthetic spectra from the BT-
Settl atmosheric models (Allard et al. 2013). Robust e↵ective temperature determination will first be derived
from the 1-5 µm spectral energy distributions of the objects (see Bonnefoy et al .2013a,b). Our targets already
have 2MASS,WISE, and/or M+L band photometry. Then, the shape of the 0.8-2.5 µm pseudo-continuum will
enable to constrain the surface gravity and the metallicity (see Fig 1.A). Finally the C/O ratio will be derived
from high-resolution K-band spectroscopy (Fig 1.B). To overcome possible undertainties in the models (non-
equilibrium chemistry, cloud model, etc), we selected objects with spectral types for which errors are reduced
(Bonnefoy et al. 2013c). All objects have close spectral type, so that errors in the models should cancel out
when a relative comparison of abundances and metallicity is considered (as well as errors related to the choice
of reference solar abundances; Cafau et al. 2011). We removed from our sample all objects with circumstellar
disks (Dawson et al. 2013) for which the disk material could veil CO absorptions and bias the spectral slope
(e.g. Luhman et al. 2007). We also removed close binaries (Biller et al. 2011). 2/ to better determine the mass
of the objects. The surface gravity, temperatures, and metallicity could be used to redetermine the mass using
evolutionary models (Marleau et al. 2013). This will provide a more robust estimate of the low-mass end of the
IMF of Upper Sco, which show hints for an excess of BDs (Lodieu et al. 2013, and ref therein).
The distribution of C/O ratio+metallicity could be compared to predictions from planet population synthesis
of C. Mordasini. As a by-product, this program will provide a precious library of medium-resolution spectra of
young late-M objects that could be use as templates for the characterization of similar objects in SFR, and of
young directly imaged exoplanets.
Target properties: companion to star (comp), binaries (bin) or isolated (iso). We give the mass ratio qb/A of bount systems.

Source Config KB SpType MA (M�) MB (MJup) qb/A ⇢ (AU) Ref.

HIP 77900B comp 14.04 M9 3.8 20+7
�3 0.005 3200 Aller et al. 2013

HIP 78530B comp 14.17 M8 2.5 22± 4 0.009 710 Lafrenière et al. 2011
USco 161031.9-191305 B comp 12.73 M9 0.88 20+7

�3 0.023 840 Aller et al. 2013

USCO CTIO 108 AB bin 15.11 M9.5 0.06 14+2
�8 0.23 670 Béjar et al. 2008

USco J161047.13-223949.4 iso 14.01 M8.5 . . . ⇠18 . . . . . . Lodieu et al. 2008
USco J160723.82-221102.0 iso 14.01 M8.5 . . . ⇠18 . . . . . . Lodieu et al. 2008
USco J160828.47-231510.4 iso 14.16 M9.5 . . . ⇠17 . . . . . . Lodieu et al. 2008
USco J160818.43-223225.0 iso 14.70 M9.0 . . . ⇠14 . . . . . . Lodieu et al. 2008
USco J160606.29-233513.3 iso 14.97 M9.0 . . . ⇠13 . . . . . . Lodieu et al. 2008
USco J160737.99-224247.0 iso 15.33 M9.5 . . . ⇠11 . . . . . . Lodieu et al. 2008

Attachments (Figures)

Fig. 1: A: BT-Settl synthetic spectra for Te↵=1900 K, di↵erent surface gravity (log g), metal enrichments(solar, 3x solar). The

pseudo-continuum shape can help to suppress degeneracy between the e↵ects of log g and metallicity. B: Comparison of synthetic

spectra with di↵erent C/O ratio (red) to the spectrum of the directly imaged planet HR8799c (Konopacky et al. 2013).
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a/ The sequential approach:

Teff from SED
log g & M/H from the 

pseudo-continuum 
(optical+NIR)

C/O ratio from CO ν=2→0 
(K band, R=4000)



How to analyse the data?

Atmospheric models: Brown Dwarf Retrieval 9
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Fig. 6.— Gas, gravity, and radius retrieval uncertainties resulting from the data resampling retrieval approach. This “stair-step” plot
shows the correlations amongst each pair of parameters. The gas abundances are given by the log of their volume mixing ratios. In each
cloud of points, one point represents a single fit of the ⇠10000. The histograms on the top of each column represent the marginalized
uncertainty distribution for that parameter. Note that there is a hard upper limit on log(g) of 5.5. The inset shows the derived C to O
ratio distribution resulting from the retrieval uncertainties. Solar C/O (0.55) is indicated by the dashed line.

model information to find the most self-consistent fit.
Those investigations identified model spectra by using
the bolometric luminosity combined with the evolution
models to constrain the e↵ective temperature, gravity,
and radius. Our approach uses no a priori evolution-
ary information and is just purely driven by the spectral
information alone.

5. DISCUSSION & CONCLUSIONS

We have for the first time applied well proven, data
driven, temperature and abundance retrieval techniques
to a brown dwarf spectrum free from many of the phys-
ical assumptions present in grid models. These ap-
proaches allow an unbiased determination of the tem-
peratures and abundances in brown dwarf atmospheres.
We first demonstrated that the optimal estimation re-
trieval approach is a powerful atmospheric inference tool
in the presence of gaussian uncertainties. With a model
that is will matched to the data and minimal systematic
uncertainties for typical observational conditions, abun-
dances in brown dwarf atmospheres can be determined
to within a few tens of percent, compared with orders-
of-magnitude for exoplanet data. Furthermore, the full

temperature profile can be constrained at most pressure
levels to better than 50 K.
We then applied our approach to the well studied

brown dwarf, Gl 570D. For the first time, by combin-
ing SpeX, AKARI, and Spitzer IRS data we were able
to constrain the abundances of water, methane, carbon
monoxide, carbon dioxide, and ammonia as well as tem-
perature structure, gravity and radius (and hence mass).
Real data is plagued with systematic uncertainties due
to photometric calibration errors and missing forward
model physics. We were able to at least accommodate for
the photometric uncertainties with the bootstrap Monte
Carlo approach. In lieu of these systematic uncertainties
we were able to constrain the molecular mixing ratios to
better than order-of-magnitude precisions, the temper-
ature profile to within ⇠100 K at most pressure levels,
the e↵ective temperature to within ⇠50 K, and the mass
to within a factor of two. We found that our results are
fairly consistent with those of Saumon et al. (2006) with
the largest di↵erence being a lower retrieved ammonia
abundance.
There are many questions that we can begin to ask and

potentially answer with our retrieval approach. What

b/ Data-driven retrieval 
approach

Line et al. 2014, in press

astro-ph: 1403.6412

Lee et al. 2013,ApJ, 778, 87

Line et al. 2014
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Links with formation models
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Fig. 2.— The predicted gas phase C/O ratio as a function of radius for five representative

disks, ordered by spectral type, compared with the ‘typical’ disk model in Fig. 1. The
derived temperature profile parameters, T0 and q, are listed. The C/O ratios are calculated
assuming that the stellar C/O ratio is solar, i.e. 0.54, and a static disk.

Companions: disk model

K. Öberg (CfA/Harvard) 
and C. Mordasini  (MPIA)

Öberg et al. 2011
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Summary

• 29hrs program on VLT to measure the relative 
abundances + M/H of low-mass BDs in Upper Sco

• 10 objects / various configurations ==> possible ≠ origins

• Pilot study: not 100% sure of the outcome(s)!

• People who want to contribute are welcomed! 

• Observations ongoing (4 objects observed already)


