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I- Introduction

Pulsar Timing PSR1257+12 bcd, Wolscczan et al. (1992) 4

Radial Velocity 51 Peg b, Mayor & Queloz (1995) 450

μ-lensing OGLE235-MOA53 b; Bond et al. (2004) 10

Astrometry VB10 b;  Pravdo & Shaklan (2009)? 1?

Transit (+RV) HD209458 b; Charbonneau et al. (2000; 2002) 100

Planet Hunting Techniques

http://exoplanet.eu/
> Talks by S. Udry, J.-P. Beaulieu & C. Griffith...
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I- Introduction

Pulsar Timing Pulsars Mp sini ; P, e, a, ω, T0

Radial Velocity Solar-Type stars /  activity Mp sini ; P, e, a, ω, T0
(AF, M, evolved, young...)

μ-lensing crowded field  / probability Mp, M*, d, P, a

Astrometry nearby stars  Mp, P, i, e, a, ω, T0 

Transit (+RV) crowded field  / probability Rp, Mp, P, a, i, T0

Second./trans. Teff, log(g), Fe/H, Chem. 

Direct Imaging young, nearby stars L, Δproj , (P, e, i, ω, T0)
Teff, log(g), Fe/H, Chem. 
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I- Introduction
Why Imaging?



I- Introduction

(Liu et al. 04)

(Buenzli et al. 10)

(Mouillet et al. 97) (Kalas et al. 05)

(Schneider et al. 97)

The Planet – Disk Connection

 Disk structures, properties & FEBs

Dynamics and stability

 Early stages of planetary formation 

Why Imaging?
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Detect/characterize something faint, 
angularly close to something bright

Imaging: an observing challenge!
II- Techniques

 High image quality 
- High angular resolution, PSF Stability
- Calibration of static aberrations

 Stellar Halo Brightness 
- Halo attenuation/PSF subtraction
- Speckle noise

 Intrinsic companion faintness 
- Long overall observations

HIP95270 (Tuc-Hor)
VLT/NaCo H, 10” by 10”

(?)

(?)



Dedicated Instrumentation

High Angular Resolution

 Space telescope

10m-telescopes + AO system 

VLT/NACO  

Gemini S/N

KeckSubaru/HiCIAO

HST

II- Techniques

LBT/Arizona



1994  -
ESO3.6m/Come-On+ 
SH WFS; 62 actuators; 

Sr = 40-50%  Neuhäuser et al 05 Sr < 10% Janson et al. 07

 GQ lup star (K7V;  V=11.4; K=7.1)

VLT/NACO - 2005  

Impressive evolution

High Angular Resolution

II- Techniques

2005 -
VLT/NACO 
SH WFS; 185 actuators

Sr > 90%

2012 –
SPHERE
SH WFS; 1700 actuators



The art of PSF subtraction
II- Techniques

β Pictoris, ADI-L’, Tobs = 60min
FoV = 2.5” by 2.5”, Field Rot. ~ 60deg

High Contrast at inner angles

Main limitation (<1.0-2.0’’): Atmospheric & instrumental speckles

 Coronagraphy
- Occulting and Lyot-pupil mask 
- 4QP Mask, Boccaletti et al. 08

- new concepts: PIAAC, ALC, APC, Vortex.

 Differential Imaging
- PSF-reference  (RDI)
- Spectral (SDI), Close et al. 05 

- Polarimetric (PDI)    > S. Quanz’s Talk 
- Angular (ADI), Marois et al. 06   

 Post-processing tools 
- LOCI, Lafrenière et al. 07 
- ANDROMEDA, Mugnier et al. 10
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Detection Performances

Detection Limits:

H-band

Obs. Time ~10min

Star, H = 5-6

(d = 30 pc)

High Contrast at inner angles

 Coronagraphy or SAT-Imaging

combined with ADI, SDI (or PDI)

 Improve the performances

inside the IWAs: 0.1-2.0”

II- Techniques

Detection Limits:
H-band; Tobs = 60-90 min
Star, H = 5-6
Down to ΔH = 14.0 @1.0”
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Detection Limits:

H-band

Obs. Time ~10min
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(d = 30 pc)

II- Techniques

d = 30 pc, 10 Myr
COND03 Evol. Models
(Baraffe et al. 03)

High Contrast at inner angles

 Coronagraphy or SAT-Imaging
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inside the IWAs: 0.1-2.0”

Detection Limits:
H-band; Tobs = 60-90 min
Star, H = 5-6
Down to ΔH = 14.0 @1.0”



Outline
Imaging Of Giant Planets

I- Introduction: Why Imaging?

II- Instruments & Techniques

III- Samples, Surveys & Strategies 

IV- Key-Results: What did we learn?

V- Conclusion & Perspectives



Target selection

Age, (< 0.1 – 1.0 Gyr)

. Young Giant Planets are hotter & brighter

Distance, (< 20 – 200pc)

. 0.1 – 1.0”: 5 – 50 AU (@50 pc)

Mass, (BAFGKM)

. GKM dwarfs, fainter, more favorable in terms of contrast

. AF stars, massive EGPs? (Kenyon & Hartman 2008)

(IR Excess,)
. But IR Excess – Planet correlation not clear? 

III- Samples & Strategies



Nearby associations,

 1983. TW Hya, an isolated T Tauri star (Rucinski & Krautter 1983)

 1997. 5 additional members of the TWA Association (Kastner et al. 1997)

 2010. About 10 new Associations,

(TWA, β Pic, AB Dor, Tuc/Hor, η Cha, e Cha, Carina, Columba...)

About 300 known Young (<100 Myr), nearby (<100 pc) stars

 Extension to Intermediate-old (< 1.0 Gyr), nearby Moving Groups,

(Castor, Herculis-Lyra, Argus, Octantis…. and in the Field)

Age & membership diagnostics: isochrone, (Li, Hα), X-ray, kinematics...

Zuckerman, Song et al.; Torres, de la Reza et al.; Mamajek et al.; Montes et al.

> E. Mamajek’s Talk S6

Target selection
III- Samples & Strategies



Surveys & drivers

Main surveys,
 In Press,     - HST/NICMOS Lowrance et al. (COR-H/45; 2005) 

- VLT/NACO Masciadri et al. (SAT-Ks/28; 2005), Kasper et al. (SAT-L’/22; 2007)
Biller et al. (SAT-SDI/45; 2007), Chauvin et al. (COR-H/88; 2010)

- Gemini/NIRI Lafrenière et al. (SAT-ADI-H/85; 2007)
- Palomar/PALAO Carson et al. (COR-K/80; 2006); Metchev et al. (COR-K/100; 2008); 
- MMT/Clio Heinze et al. (SAT-L’/54; 2010)
- AEOS/3.6m Leconte et al. (COR-H/86; 2010)

 On-going, - Gemini/VLT IDPS SAT-ADI-Ks/50+ > C. Marois
- MMT/Clio A stars SAT-L’/50+ > M. Kenworthy
- Palomar P1640 COR-IFU/70 > N. Zimmerman
- HST/NICMOS YNS COR-H/110 Song et al. (2010, in prep)
- VLT/NaCo AF stars SAT-ADI-L’/50+ > M. Kasper 

IGP-LP SAT-ADI-H/110 > Poster 2.11
- Gemini/NICI GNPFC COR-ADI-SDI/300 > M. Liu
- Subaru/HiCIAO SEEDS COR-ADI-SDI/330 > M. Tamura

 Detection performances: Down to 1-10 Mjup at  >10 AU

> Drivers: Giant Planet or Brown Dwarf Detection & Characterization

III- Samples & Strategies



Companion confirmation

1) Detection: Deep Imaging
- Detection Limits
- Candidates?

III- Samples & Strategies

2) Identification (Follow-up)
- Proper & Parallactic motion
- Comoving?

3) Characterization
- Astrometry (Orbit?)   
- Photometry & Spectroscopy

4) Survey Analysis
- All detection limits
- Candidates status 
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Beta PicHr8799 Fomalhaut

 Wide orbit PMCs:  

- Around KM dwarfs
- fb/A = 50 - 80 or Δ > 200 AU

 Closer PMCs:

- A4V-A5V massive primaries
- fb/A > 200 ; Δ = 8 - 120 AU
- CS Disk signatures 

Yes we can
IV- Key results

2M1207 DH Tau AB Pic SCR1845 CHXR 73

GQ Lup1RXJS609CT ChaGJ 758

Ref: Chauvin et al. 04; Itoh et al. 05; Chauvin et al. 05; Biller et al. 05; Luhman et al. 06; Thalmann et al. 09; 
Lafrenière et al. 08; Neuhauser et al. 05; Schmidt et al. 09; Lagrange et al. 10; Kalas et al. 08; Marois et al. 08.....



Outer Giant Planet Population

1. Physics  of Giant Planets
(Interior & Atmosphere)

3. Formation & Evolution

2. Frequency 
& Orbital Properties

Planet/Disk Architecture
Formation Theories (CA, 
GI, CF scenarii)
Dynamical evolution

Orbital Monitoring
Survey Completeness

Photometry/Spectroscopy
Atmosphere & Interior Models

IV- Key results



1. Physics: Mass – Luminosity

Mass determination

& related uncertainties

Cold start

Hot start

 Planet photometry & spectroscopy

 Stellar properties: distance and age

 Evolutionary model predictions

. not-calibrated at young ages

. Role of initial conditions

“Hot-start”  (Baraffe et al. 03; Burrows et al. 03)

“Cold start” (Marley et al. 07; Fortney et al. 08)

IV- Key results
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“Hot-start”  (Baraffe et al. 03; Burrows et al. 03)

“Cold start” (Marley et al. 07; Fortney et al. 08)

IV- Key results

β Pic b

1. Physics: Mass – Luminosity



Atmosphere
 Empirical Approach:

. Morphology of NIR/MIR spectra

. Molecular and Atomic Absorptions

. Spectral indexes/Color-Color Diagramme

. BUT, Low-gravity Atmospheres

Synthetic-Grid of spectra

. Radiative transfert code . Clouds Formation/Sedimentation

. Molecular and atomic opacities . Updated solar abundances

. Vertical Mixing & Chemical reaction timescales > Teff/logg/[Fe/H]/Kzz… Grids

IV- Key results

Hr8799 c > M. Janson’s Talk 
T. Schmidt & T. Currie’s Talks
P. Delorme’s Talk S6 

Allard et al. (01, 10);  Burrows et al. (06);  Saumon et al. (06, 07); Hubeny et al. 07; Helling et al. 

1. Physics: Atmosphere of Exo-Planets



1. Physics: Atmosphere of Exo-Planets

(Bowler et al. 10)

Atmosphere
 Results: Hr8799b, 

. Evol. Models (« Hot Start »): Teff = 850+-100K

. Large exploration of the SED (1.0 – 5.0 um)

. red NIR colors (Dusty Atmosphere; L-type)

. no CH4 absorption observed?

. Synth. Grids: Teff = 1500+-300K, log(g) = 4.5, 

. dust clouds, High vertical mixing, high-metallicity

> Discrepancy, Evolutionary versus Atmosphere Models? 

IV- Key results



Kasper et al. 07; Lafrenière et al. 07; Biller et al. 07; Nielsen et al. 08; Chauvin et al. 10;  
Heinze et al. 10; Leconte et al. 10

Use of all detection limits + Monte Carlo simulations 

Upper Limit on the frequency of Giant Planet:

- For Masses > 4 Mjup,: fmax(CL-95%) < 20%  a = 20 – 500 AU 

Constraining the planet properties (> 5 AU)

Occurence of Giant Planets beyond 5 AU?

2. Frequency & Orbital Properties

> Talk by E. Nielsen

IV- Key results



> Talk by A.-M. Lagrange

IV- Key results

β Pictoris,
P = 17 - 35 yrs
a = 8 - 15 AU
e < 0.05
i ~ 90 deg
PA = 212 +- 4 deg  >  Main Disks/Warp? 

Nov 2003 Oct 2009

500 mas

N

E

Constraining the planet properties (> 5 AU)

Occurence of Giant Planets beyond 5 AU?

Orbital Characterization (P, a, e)

 The Planet – Disk connection 

Lagrange et al. (09, 10) , Bonnefoy et al. (10)
Fitzgerald et al. (09), Quanz et al. (10)

2. Frequency & Orbital Properties



IV- Key results

Constraining the planet properties (> 5 AU)

Occurence of Giant Planets beyond 5 AU?

Orbital Characterization (P, a, e)

 The Planet – Disk connection

 Architecture & Dynamics 

> Stability (resonance; planet scattering)

> Planets and Dust/Gas Disk Structure

HR8799bcd,  (Krivov et al. 10) 

2. Frequency & Orbital Properties



 Core Accretion does not work at > 20-30 AU 
> Core or Disk fragmentation ?
(Dodson –Robinson et al. 09; Boley et al. 09)

Inner limit to the Core or Disk fragmentation?

 Dynamics and orbital evolution (outward migration, planet scattering) 

3. MechanismS of Formation
IV- Key results

(Crida et al. 09; Scharf & Menou 09)
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Key results

 Imaging, a very valuable method (Outer region, Resolv. Spectro, Disk) 

 Important evolution (Instrument, Techniques & Data precessing tools) 

 The era of systematic imaging surveys (VLT, NICI, SEEDs campaigns)

 Giant Planets imaged (closer, higher-q, within CS disks…)

 First steps of atmosphere characterization

> Influence of low-gravity in the physics of young atmospheres

> Discrepancies btw evolutionary & atmosphere models…   

 Occurrence and orbital characterization at wide orbits

 Formation: Multiple formation mechanisms

- ConclusionsV- Conclusions 



- Perspectives
Upcoming instruments (end 2011-2012),

GPI, Gemini Planet Imager(MacIntosh et al. 2008)

- Fast-high order adaptive optics system

- Interferometric wave front sensing for static aberrations

- NIR-IFU + Apodized pupil Lyot coronagraph

VLT/SPHERE (Beuzit et al. 2008)

- SAXO, Extreme AO system (ITTM-DM and DTTS, PTTS)

- NIR (YJHK): IRDIS (Dual imaging Spectrograph) and IFU

- VIS: ZIMPOL (Imaging Polarimeter)

- Coronagraphs: Classical Lyot, A4P and ALC 

- GTO of 260 nights; 200 devoted to survey 300 nearby stars
> Sessions S7 & S8

V- Perspectives 


