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Chauvin et al.: The VLT/NaCo large program for exoplanets at wide orbits II.

Table 1. Deep imaging surveys of young (< 100 Myr) and intermediate-old to old (0.1− 5 Gyr), nearby (< 100 pc) stars
dedicated to the search for planetary mass companions. We have indicated the telescope and the instrument, the imaging
mode (Cor-I: coronagraphic imaging; Sat-I; saturated imaging; I: imaging; SDI: simultaneous differential imaging; ADI:
angular differential imaging; ASDI: angular and spectral differential imaging), the filters, the field of view (FoV), the
number of stars observed (#), their spectral types (SpT) and ages (Age).

Reference Telescope Instr. Mode Filter FoV # SpT Age
( ′′×′′) (Myr)

Chauvin et al. 2003 ESO3.6m ADONIS Cor-I H,K 13× 13 29 GKM ! 50
Neuhäuser et al. 2003 NTT Sharp Sat-I K 11× 11 23 AFGKM ! 50

NTT Sofi Sat-I H 13× 13 10 AFGKM ! 50
Lowrance et al. 2005 HST NICMOS Cor-I H 19× 19 45 AFGKM 10− 600
Masciadri et al. 2005 VLT NaCo Sat-I H,K 14× 14 28 KM ! 200
Biller et al. 2007 VLT NaCo SDI H 5× 5 45 GKM ! 300

MMT SDI H 5× 5 - - -
Kasper et al. 2007 VLT NaCo Sat-I L′ 28× 28 22 GKM ! 50
Lafrenière et al. 2007 Gemini-N NIRI ADI H 22× 22 85 10-5000
Apai et al. 2008a VLT NaCo SDI H 3× 3 8 FG 12-500
Chauvin et al. 2010 VLT NaCo Cor-I H,K 28× 28 88 BAFGKM ! 100
Heinze et al. 2010ab MMT Clio ADI L′,M 15.5 × 12.4 54 FGK 100-5000
Janson et al. 2011 Gemini-N NIRI ADI H,K 22× 22 15 BA 20-700
Vigan et al. 2012 Gemini-N NIRI ADI H,K 22× 22 42 AF 10-400

VLT NaCo ADI H,K 14× 14 - - -
Delorme et al. 2012 VLT NaCo ADI L′ 28× 28 16 M ! 200
Rameau et al. 2013c VLT NaCo ADI L′ 28× 28 59 AF ! 200
Yamamoto et al. 2013 Subaru HiCIAO ADI H,K 20× 20 20 FG 125 ± 8
Biller et al. 2013 Gemini-S NICI Cor-ASDI H 18× 18 80 BAFGKM ! 200
Brandt et al. 2013b Subaru HiCIAO ADI H 20× 20 63 AFGKM ! 500
Nielsen et al. 2013 Gemini-S NICI Cor-ASDI H 18× 18 70 BA 50-500
Wahhaj et al. 2013a Gemini-S NICI Cor-ASDI H 18× 18 57 AFGKM ∼ 100
Janson et al. 2013a Subaru HiCIAO ADI H 20× 20 50 AFGKM ! 1000

- (a): surveys dedicated to planets around debris disk stars.
- (b): paper submitted.

searches of EPs in direct imaging with an increasing num-
ber of large scale surveys (see Table 1; nine new surveys
published between 2012 and 2013). The number of tar-
gets surveyed and the detection performances will increase
with the new generation of planet finders LMIRCam at
LBT (Skrustkie et al. 2010), MagAO (Close et al. 2012),
ScExAO at Subaru (Guyon et al. 2010), SPHERE at VLT
(Beuzit et al. 2008), GPI at Gemini (Macintosh et al. 2008)
with the goal to provide better statistics on larger sam-
ples and a greater number of giants planets to be char-
acterized. It should enable to test alternative mechanisms
to the standard planetary formation theories of core ac-
cretion and gravitation instability such as pebble accre-
tion (Lambrechts & Johansen 2012; Morbidelli & Nesvorny
2012) or tidal downsizing (Boley et al. 2010; Nayakshin
2010; Forgan & Rice 2013) that are currently proposed to
explain the existence of a population of giant planets at
wide orbits. In the context of the VLT/SPHERE scientific
preparation, we have conducted a large observing program
(ESO: 184.C-0157) of 86 stars with NaCo (hereafter the
NaCo-LP). Combined with stars already observed in direct
imaging, it represents a total of more than ∼ 210 stars to
study the occurrence rate of giant planets and brown dwarf
companions at wide (10− 2000 AU) orbits. This complete
analysis is detailed in series of four papers: a description of
the complete sample (Desidera et al. 2013, submitted), the
NaCo-LP survey (this paper) and the statistical analysis of
the giant planet population (Vigan et al. 2014, in prep) and
of the brown dwarf companion population (Reggianni et al.

2014, in prep). We therefore report here the results of the
NaCo-LP carried out between 2009 and 2013. In Section 2,
we describe the target sample selection. In Section 3, we
detail the observing setup. In Section 4, the data reduc-
tion strategy and analysis are reported with the results in
Section 5. Finally, a preliminary statistical analysis of the
observed sample is presented in Section 6 and our main
conclusions in Section 7.

2. Target Properties

Based on a complete compilation of young, nearby stars,
recently identified in young co-moving groups and from sys-
tematic spectroscopic surveys, we have selected a sample of
stars according to: their declination (δ ≤ 25o), their age
(! 200 Myr), their distance (d ! 100 pc), their R-band
brightness (R ≤ 9.5). In addition, none of these stars had
been observed in a high-contrast imaging survey before.
Great care has been taken in the age selection criteria based
on different youth diagnostics (isochrones, lithium abun-
dance, Hα emission, X-ray activity, stellar rotation, chro-
mospheric activity and kinematics). Close visual (0.1−6.0′′)
and spectroscopic binaries were rejected as they degrade
the VLT/NaCo detection performances and bias the astro-
physical interpretation. Among this sample, 86 stars were
finally observed during the large program. The main target
properties (spectral type, distance, age, H-band magnitude,
galactic latitude, proper motion) are reported in Tables 2
and 3. They are also shown in Fig. 1 together with the prop-

3

これまでの直接撮像惑星探査	

23の大規模サーベイで延べ909個(重複あり)の恒星を観測して	  
Fomalhaut	  b,	  HR8799	  bcde,	  β	  Pic	  b,	  	  
κ	  And	  b,	  HD	  95086	  b,	  GJ	  504	  bぐらいの検出例。〜1%程度	

Chauvin+14	
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〜より深い(〜1MJ)撮像での新発見を目指す〜	  
狙い	  
•  他手法(RV,	  トランジット)で惑星が発見されて

いる恒星にさらに惑星が存在する？	  
•  planet-‐planet	  scaWer,	  free-‐floa[ng	  planet	  capture,	  	  
etc.....	  

しかし	  
– 先行観測から5—100AUの惑星の存在頻度は

上限〜10%。	  
新規装置で大規模サーベイをする理由は……	  

1.	  より深い直接撮像惑星探査	
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他観測で存在と質量が分かっている惑星	  
•  惑星熱放射	  
– 従来： 光度→[モデル]→質量	  
– 我々： 質量、光度が別々に測定出来る	  

	   	   	   	   	   	   	  →モデルの検証	  

•  惑星(大気)反射光	  
–  (直接撮像では)検出されていない	  
– 熱放射と違い惑星の温度に依存しない。	  

さらに……	  
•  惑星の光度変動	  
– 雲の有無、自転周期	  etc...	  

なにを狙うのか？	

どれくらい惑星を	  
検出出来るのか？	



直接撮像で新たに発見される惑星検出数の見積	  
1.  SEICAとGPIの(目標)性能:	  コントラストカーブ	  
2.  RV観測(Cumming+08)での惑星分布	  
3.  同じくRV観測による1—5AU,	  2—13MJ惑星の存在量:	  〜3.2%	

2.	  より内側の惑星探査(SEICAとGPI)	
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他観測で質量が分かっている天体を観測！！！	  
•  RV法で検出された惑星の熱放射	  

1.  カタログ(exoplanet	  ency) 	   	   	  1781個	  
2.  RV観測 	   	   	   	   	   	   	   	   	  554個	  
3.  惑星の離角が0’’.1—1’’.7 	   	   	  55個	  
4.  Dec>-‐25°	   	   	   	   	   	   	   	   	  32個 	  	  
5.  5時間の観測で検出可能な惑星　5個	  

•  アストロメトリ法(Gaia)で期待される惑星数	  
– 全天で50pc以内、1—4AUに1—13MJが1400個	  
– 質量・軌道長半径分布が視線速度と同じとしたとき、	  

検出可能な数 	  〜30個	

2.	  より内側の惑星探査(熱放射)	
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より内側の惑星探査(大気反射光)	
•  反射光は　　　　　　　　　でアルベドp,	  惑星半径rP、

軌道長半径aだけに依存。	
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•  高コントラストなので分光装置を搭載したとき	  
	  分子線検出、自転速度検出が狙える！！	

さらに進んで分光	
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•  SEICAをサーベイに使用→1.7個(100天体観測)	  
•  SEICAで他観測で発見された惑星を観測	  
	  →40	  (5+5+30)個	  

•  SEICAを「新惑星検出」に使うより、既出惑星の「新
たな物理量観測」に用いるべき。	  

•  熱放射検出：光度モデル検証、惑星の表層環境
検出etc...	  

•  反射光検出：惑星の表層環境、惑星半径etc....	  
•  分光観測：分子線検出、自転速度検出etc....	

まとめ	


