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GQ GQ LupLup B B –– An An ExoplanetExoplanet
or a Brown Dwarf?or a Brown Dwarf?

11––2 2 MMJupJup planet?planet?
VLT AO slit VLT AO slit 
spectroscopy spectroscopy 
NeuhaNeuhaüüserser et al. et al. 
(2005)(2005)

1010––40 40 MMJupJup brown brown 
dwarf?dwarf?

Keck AO + OSIRIS Keck AO + OSIRIS 
spectroscopyspectroscopy
McElwain, McElwain, MetchevMetchev, , 
Larkin et al., Larkin et al., ApJApJ, , 
acceptedaccepted



OSIRIS OSIRIS -- A Lenslet Based A Lenslet Based 
Integral Field Spectrograph Integral Field Spectrograph 
(IFS)(IFS)
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1. 1. Image on Image on LensletsLenslets 2. 2. Pupil imagesPupil images 3. 3. Pupil images dispersedPupil images dispersed 4. 4. Extracted Data CubeExtracted Data CubeFocus Image ontoFocus Image onto
a Lenslet Arraya Lenslet Array



Direct Imaging of Sub-Stellar 
Companions
Direct Imaging of SubDirect Imaging of Sub--Stellar Stellar 
CompanionsCompanions

laboratory of sublaboratory of sub--stellar stellar 
astronomy:astronomy:

Compare objects at a Compare objects at a 
fixed age and fixed age and metallicitymetallicity

step toward the future step toward the future 
imaging of imaging of exoplanetsexoplanets

(Golimowski et al. 1998)



GQ GQ LupLup A/BA/B

(Neuhaüser et al. 2005)

∆K = 6 mag

cTTS in Lupus 1; age 0.1–2 Myr
(Hughes et al. 1994)
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The Mass of GQ The Mass of GQ LupLup BB

““hothot--startstart”” models predict models predict 33––
42 42 MMJupJup

Burrows et al. (1997), Burrows et al. (1997), 
BaraffeBaraffe et al. (2002)et al. (2002)
uncertain at uncertain at ≤≤3 Myr ages3 Myr ages

nucleated instability and nucleated instability and 
collapse models predictcollapse models predict 11––2 2 
MMJupJup

WuchterlWuchterl et al. (2000), et al. (2000), 
Wuchterl & Wuchterl & TscharnuterTscharnuter
(2003)(2003)
better at young ages?better at young ages?

(Neuhaüser et al. 2005)

Which theoretical models are Which theoretical models are 
more accurate?more accurate?

Is GQ Is GQ LupLup B an B an exoplanetexoplanet??



Steps in Characterizing Steps in Characterizing 
SubSub--Stellar CompanionsStellar Companions

Determine age and distanceDetermine age and distance
from parent stellar association (best) or primary starfrom parent stellar association (best) or primary star

Determine spectral type, effective temperatureDetermine spectral type, effective temperature
direct neardirect near--IR spectroscopy (with AO)IR spectroscopy (with AO)

Determine mass, surface gravityDetermine mass, surface gravity
from evolutionary modelsfrom evolutionary models



Keck/OSIRIS Spectra of Keck/OSIRIS Spectra of 
GQ GQ LupLup BB

(McElwain, Metchev et al., ApJ, in press)
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integral field spectrographintegral field spectrograph
behind Keck II AO systembehind Keck II AO system
(PI:  J. Larkin, UCLA)(PI:  J. Larkin, UCLA)

OSIRIS commissioning data OSIRIS commissioning data 
(June 2005)(June 2005)
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AO Integral Field Spectroscopy AO Integral Field Spectroscopy 
Is More Reliable Than AO Slit Is More Reliable Than AO Slit 
SpectroscopySpectroscopy

AO slit spectroscopy:AO slit spectroscopy:
slit width (40slit width (40––100 100 masmas), PSF (40), PSF (40––80 80 masmas) comparable to ) comparable to 
pointing precision (~20pointing precision (~20––40 40 masmas))
differential refraction (atmosphere, AO transmission optics)differential refraction (atmosphere, AO transmission optics)

especially important in highespecially important in high--contrast regimecontrast regime
IFS AO spectroscopy :IFS AO spectroscopy :

no slit losses due to centering on slitno slit losses due to centering on slit
no slit losses due to differential refraction no slit losses due to differential refraction 

trace PSF trace PSF centroidcentroid as a function of as a function of λλ

elevation,
differential refraction

H-band
53 mas-wide slit
GQ Lup A/B aligned on slit



Spectral Classification of Spectral Classification of 
UltraUltra--Cool Objects is AgeCool Objects is Age--
DependentDependent

spectral typespectral type
proxy for proxy for TTeffeff

determined by continuum determined by continuum 
shape in brown dwarfsshape in brown dwarfs

but: young (<100 Myr) but: young (<100 Myr) 
brown dwarfsbrown dwarfs

larger radiuslarger radius
lower surface gravity lower surface gravity 
((g = GM/Rg = GM/R22))
weaker K I, Na I weaker K I, Na I 
absorptionabsorption
weaker Hweaker H22 CIA over 1.5CIA over 1.5––
2.5 2.5 µµmm

spectral classification most spectral classification most 
reliable from Hreliable from H22O dip at O dip at 
1.3 1.3 µµm m ((SlesnickSlesnick et al. et al. 
2004)2004)

(Kirkpatrick et al. 2006)
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Keck/OSIRIS Spectra of Keck/OSIRIS Spectra of 
GQ GQ LupLup BB

(McElwain, Metchev et al., ApJ, in press)

H

L0, 2 Gyr

L0, 10 Myr

commissioning OSIRIS commissioning OSIRIS 
data (Aug 2005)data (Aug 2005)
JJ-- and and HH--bandband

spectral type: spectral type: M8 M8 ±± 22
NeuhaNeuhaüüserser et alet al.: .: M9M9––L4L4
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McElwain, Metchev et al.:McElwain, Metchev et al.:
spectral type:spectral type: M6M6––L0 (~2600 L0 (~2600 
K)K)

age: age: 11––10 10 MyrMyr

NeuhaNeuhaüüserser et al. (2005):et al. (2005):
spectral type: spectral type: M9M9––L4 (~2000 L4 (~2000 
K)K)

AO slit losses affecting AO slit losses affecting KK--
band continuum?band continuum?
weakening Hweakening H22 CIA absorption CIA absorption 
at at 1.51.5––2.5 2.5 µµmm

age: age: 0.10.1––2 Myr2 Myr

GQ Lup B is Hotter and Older
Than Inferred by Neuhaüser et 
al.

GQ GQ LupLup B is B is Hotter and OlderHotter and Older
Than Inferred by Than Inferred by NeuhaNeuhaüüserser et et 
al.al.



Testing Evolutionary Models: Testing Evolutionary Models: 
““HotHot--StartStart”” Models Better at Models Better at 
≤≤3 Myr3 Myr

2MASS 0535 A/B (0–3 Myr)

A (0.054 MSun)

B (0.034 MSun)

GQ Lup B (1–10 Myr)

(Neuhaüser et al. 2005,
Wuchterl & Tscharnuter 2003 models)

(Stassun et al. 2006,
Chabrier et al. 2000 models)
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GQ GQ LupLup B is Probably a Brown B is Probably a Brown 
DwarfDwarf

McElwain, Metchev et al.: McElwain, Metchev et al.: 
spectral type:spectral type: M6M6––L0 (~2600 L0 (~2600 
K)K)

age: age: 11––10 Myr10 Myr

““hothot--startstart”” models models (Burrows (Burrows 
et al. 1997; Chabrier et al. et al. 1997; Chabrier et al. 
2000)2000)
⇒⇒ mass: mass: 1010––40 40 MMJupJup

NeuhaNeuhaüüserser et al. (2005): et al. (2005): 
spectral type: spectral type: M9M9––L4 (~2000 L4 (~2000 
K)K)

AO slit losses affecting AO slit losses affecting KK--
band continuum?band continuum?
weakening Hweakening H22 CIA CIA 
absorption at 1.5absorption at 1.5––2.5 2.5 µµmm

age age 0.10.1––2 Myr2 Myr

““coldcold--startstart”” models models 
((WuchterlWuchterl & & TscharnuterTscharnuter
2003)2003)
⇒⇒ mass: mass: 11––2 2 MMJupJup

MaroisMarois et al. (accepted), 0.6et al. (accepted), 0.6––3.5 3.5 µµm SED analysism SED analysis: 9–20 MJup



SummarySummary

AO integral field spectroscopy is more reliable AO integral field spectroscopy is more reliable 
than AO slit spectroscopythan AO slit spectroscopy
GQ GQ LupLup B is hotter (M6B is hotter (M6--L0) and older (1L0) and older (1--10 10 
MyrMyr) than initially reported by ) than initially reported by NeuhaNeuhaüüserser et al. et al. 
(2005)(2005)
Empirical young BD masses are more Empirical young BD masses are more 
consistent with the hot start evolutionary consistent with the hot start evolutionary 
modelsmodels
GQ GQ LupLup B is probably a brown dwarf and not B is probably a brown dwarf and not 
an an exoplanetexoplanet
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