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Talk Outline
•HiCIAO status in brief
•SEEDS status

- Project objective/goal, targets, observations, and 
current progress (mainly for exoplanet studies)

- Research organization in SEEDS project
•Early scientific results from SEEDS/
HiCIAO
- Some exoplanet/companion candidates
- "Fine structures" of protoplanetary disks

•Schedule, future instrumentation
•Summary
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Compact disk around
massive YSOs

Subaru has an AO Coronagraph since 2001  

CIAO + 36-actuator AO at Cass.
First dedicated cold coronagraph on 8-m telescopes

Fukagawa+04,+06; Tamura+06; Kudo+07; Itoh+05; Jiang+06; +

Diversity of proto-
Planetary disks 

Young very low-mass 
Companion 



Disk - morphological diversity of protoplanetry disks
AB Aur: spiral structure in protoplanetary (PP) disk revealed 
(Fukagawa et al. 2004; the best cited Subaru paper in Galactic category of 
that year – 50 citations – because of its implication of planetary formation 
scenarios, core accretion vs. gravitational instability).
HD142527: new-type of PP disk morphology discovered 
(Fukagawa et al. 2006).
FN Tau: first PP disk around lowest-mass (0.1 Mo) star directly 
discovered (Kudo et al. 2007). 
Beta Pic: First NIR polarimetry with coronagraph revealed nature 
of debris disk dust (Tamura et al. 2006).

Exoplanets/brown dwarfs - new types of companions
DH Tau and GQ Lup: "boundary objects" between planets and 
brown dwarfs around T Tauri stars discovered (Itoh et al. 2005; 
Neuhauser et al. 2005). 

Massive stars - evidence for formation by accretion
BN and 4 others: Ubiquity of compact disks around massive (at 
least up to ~10 Mo) YSOs (Jiang et al. 2005, 2007).

Subaru+CIAO+AO36 Science Summary

Improvement after 2008
☆New Adaptive Optics (AO36 -> AO188+Subaru)
☆New Coronagraph with differential capabilities 
　(CIAO -> HiCIAO)
・Contrast performance improvement:  >10

Improvement after 2007-2008
- low order adaptive optics (AO36->AO188+Subaru),
- lack of differential capabilities (CIAO->HiCIAO),
- limited upgrade flexibilities accepting various
   coronagraph ideas and AO upgrades.

AB Aur HD 142527

FN Tau

DH Tau GQ Lup



• HiCIAO: High Contrast Instrument for next 
generation Adaptive Optics
– For Subaru 8.2m telescope
– Based on a previous Japan/MEXT grant (Tokutei)
– PI & CoPIs: Motohide Tamura (NAOJ), Klaus Hodapp 

(UH), Ryuji Suzuki (NAOJ; now TMT)
• Combined with the curvature-sensing AO with 188 

elements (Hayano, Takami et al.)  and 
SCExAO1024 upgrade (Guyon, Martinache et al.)

• Commissioned  in 2009 (including Princeton/MPIA 
teams for angular differential imaging and 
commissioning)

• Specifications and Performance
– 2048x2048 HgCdTe and ASIC readout
– Wavelengths: 1 – 2.5 microns (NIR)
– Observing modes: DI, PDI (dual beam), SDI (quad 

beam), & ADI; w/wo occulting masks (>=0.1"φ)
– Contrasts: 10^-6 at 1", 10^-4 at 0.15" (SDI)

Subaru/HiCIAO



 



 



 



SEEDS –Strategic Exploration of Exoplanets 
and Disks with Subaru 

First "Subaru Strategic Observations"
120 nights in 5 years on Subaru with HiCIAO and AO
Direct imaging and census of giant planets around ~500 solar-
type and massive stars in the outer regions (a few - 40 AU)
Exploring protoplanetary disks and debris disks for origin of their 
diversity and evolution at the same radial regions
Direct linking between planets and protoplanetary disks

disk data shown later

>100AU scale Solar-System 
Scale (<50AU)



• Exoplanets detection
–Direct methods to explore 

beyond a few AU
–Spectroscopy of exoplanet 

atmosphere
–DI is the best way to 

investigate Jupiter-mass 
planets around young stars 
in the outer regions where 
they form

• RV & Transit studies: confined to the 
inner region (<6 AU for 15 yr) around 
less active star (complementary with DI)

• Circumstellar disks
–Protoplanetary / Debris disks
–Planet signatures

Why direct imaging [DI] ?

Spatially resolved VLT/NACO 3.88–4.10 μm spectroscopy 
of HR 8799 c (Janson et al. 2010)

Ks band image of the HR8799 system obtained 
with Palomar the vector vortex coronagraph
on the well-corrected subaperture (Serabyn et al. 2010).

Star

Brown Dwarfs

Planets

SEEDS

Age vs. Luminosity



SEEDS – Where should we study
by direct imaging technique?

最初のすばる望遠鏡戦略枠
すばる望遠鏡で5年間120夜の観測（2009.10スタート）
太陽型恒星のまわりの比較的外側(～4-40 AU) における　巨
大惑星の直接撮像と個数調査（センサス）
上と同じ領域の原始惑星系円盤と残骸円盤の詳細観測に　よ
り、その多様性と進化を解明
惑星と円盤を直接リンクさせる

Fomalhaut                  HR8799                    beta Pic

GJ
758

confirmed
in 2010
June!



Category 

Planet searches 
(in methane SDI/ADI mode) 

Disk Searches 
(in PDI mode) 

Total 
number 

(a) (b) (c) (d) (e) 

SFR YSOs Open cluster 
& Moving Group 

Nearby stars 
& WDs 

Protoplanetary 
disks Debris disks 

Number 90 100 140+37 130 70 567 

Distance ~140 pc <125 pc <30 pc ~140 pc <130 pc 

Age 1-10 Myr 10~100 Myr 
100 Myr  
- 1 Gyr 

1-10 Myr 
5 Myr  
- 6 Gyr 

Comment Tau/Sco 
UPleiades/ 

several MGs 
subcategory 

TTS/HAeBE/  
polarized 
sources 

SST/AKARI 
sample 

RA-DEC                   H-mag                      R-mag                    Sp-Type  

Target Category
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Feasibility

•Planetary-mass detection is available in all the 
category (based on simulated contrast performance of HiCIAO) . 
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Nearby Stars

NS coverage

YSO, OC



Performance Verification
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Spectral Differential  Imaging (SDI) 
  Suitable subtraction among channels is crucial. 
  Highest contrast at closest distance achieved. 

Angular Differential  Imaging (ADI) 
  Can apply with DI, SDI, and PDI. 
  LOCI reduction technique. 

Center of the final image from H band ADI 
observations of 1RXS1609. The bright spot on 
the upper right is the 8 MJ planet discovered by 
Lafrenière et al. (2008). The similarly bright spot 
on the lower left is a background star. 

Expected contrast 
(computer simulation)

Observed contrast in each 
mode

HiCIAO PV report (09 Sep)
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(2004) Sep HiCIAO project officially started 
(2007) Mar 27 SSO Call for Proposal issued

Jul 31 Application submitted to Subaru (Two proposals)
Aug 8 SEEDS got through the first screening
Nov 14 Hearing by the TAC & (other?) referees
Dec 3 HiCIAO Telescope First Light without AO188

(2008) Feb 1 First SEEDS workshop
Feb 12 Reply to SAC on SEEDS "team formation" and each role
Mar 28 SEEDS proposal accepted by SAC & TAC (PV required)
Mar-Sep Extensive target re-selection in each category started
Sep 3-4 SEEDS all-category meeting (Mitaka)
Dec 21 HiCIAO Telescope First Light coupled with AO188

(2009) Jan 17 SEEDS all-category meeting (Mitaka)
Mar 9-12 Kona workshop
Oct 1 Performance Verification passed
Oct 30-Nov 1 1st SEEDS run
Dec 22-25 2nd SEEDS run
Jan 22-24 3rd SEEDS run
(Feb, Apr, Jun 4-6 SEEDS runs allocated but cancelled) 

  AO-DM broken!
(2010) Nov Resume run
(2014) End of SEEDS Survey Subaru/HiCIAO image of

1RXS J160929b (8 Jupiter-mass)
Recently confirmed.



(2004) Sep HiCIAO project officially started 
(2007) Mar 27 SSO Call for Proposal issued

Jul 31 Application submitted to Subaru (Two proposals)
Aug 8 SEEDS got through the first screening
Nov 14 Hearing by the TAC & (other?) referees
Dec 3 HiCIAO Telescope First Light without AO188

(2008) Feb 1 First SEEDS workshop
Feb 12 Reply to SAC on SEEDS "team formation" and each role
Mar 28 SEEDS proposal accepted by SAC & TAC (PV required)
Mar-Sep Extensive target re-selection in each category started
Sep 3-4 SEEDS all-category meeting (Mitaka)
Dec 21 HiCIAO Telescope First Light coupled with AO188

(2009) Jan 17 SEEDS all-category meeting (Mitaka)
Mar 9-12 Kona workshop
Oct 1 Performance Verification passed
Oct 30-Nov 1 1st SEEDS run
Dec 22-25 2nd SEEDS run
Jan 22-24 3rd SEEDS run
(Feb, Apr, Jun 4-6 SEEDS runs allocated but cancelled) 

  AO-DM broken!
(2010) Nov Resume run
(2014) End of SEEDS Survey Subaru/HiCIAO image of

1RXS J160929b (8 Jupiter-mass)
Recently confirmed.



Science Run Progress
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•SEEDS Science Data
- Data archive:  Mitaka, Princeton, MPIA
- Release of data quick look images
- LoI (Letter of Intent)

✓Most of objects have LoIs
- Data delivery, analysis, paper

•Data reduction
- Release/Distribution of Pipelines

✓ADI (written in IDL, using LOCI algorithm: Lafreniere+2007)
• code distributed among members.

✓PDI (written in both IRAF and IDL)
• code distributed among members.

✓SDI (written in both IRAF and IDL)
• code developed, but the mode is still in the engineering phase. 

Data Reduction
19

10 arcsec

Reduced with ADI(LOCI) pipeline
(code by D. Lafreniere modified by SEEDS-ADI team)



ADI/LOCI Pipeline
20

LOCI algorithm
  Locally Optimized
  Combination of Images
Lafreniere et al. (2007)

. .
. .

.

. . . . .

. . . . .

Construct local reference 
PSF in each local area

Figure by C.Thalmann

Imaging obs in pupil-stable mode (i.e., sky rotates)



ADI/LOCI Pipeline
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LOCI algorithm
  Locally Optimized
  Combination of Images
Lafreniere et al. (2007)

. .
. .

.

. . . . .

. . . . .

Construct local reference 
PSF in each local area

Before LOCI After LOCI

Significant suppression of PSF/speckle pattern.

Intensity emphasized x4



SEEDS Early Science Result
GJ 758 Thalmann et al. 2009, ApJL, 707, 123
HAT-P-7 Narita et al. 2010, PASJ, 62, 779
LkCa15 Thalmann et al. 2010, ApJL, 718, 87
AB Aur Hashimoto et al. Nature, Submitted
GJ 758 Janson et al. Submitted

Since 2009 Oct-



Direct Imaging of Planet Candidates around 
Solar-Type Stars

Thermal emission from planets detected
as 1.6 micron infrared radiation.

Thalmann et al. 2009
White and black pattern near the central star (Speckle noise)

Distance:15.5 pc
G9 Type

V=6 mag
Mass=0.97Mo

No RV planets so far
Age

Not straightforward
Best estimate: 700Myr (Takeda 
et al. 2007; isochrone)
Max 8.7Gyr (but associated 
with a large uncertainty 
estimated from stellar rotation)

Observations (in commissioning!)
May and Aug 2009 (3 months)
Proper motion test :  
association of GJ 758 b was 
confirmed (10 sigma). 

GJ758=HD182488=HIP95319 



Directly imaged Planets: G vs. A stars

GJ758 HR8799
distance 15.5 pc distance 40 pc

age 7x10^8 yr age 6x10^7 yr

primary 0.97 Msolar（solar-T,G-type） primary 1.5 Msolar（A-Type）

companion Mass（Jupiter masses）
Separation（AU, apparent） companion Mass（Jupiter masses）

Separation（AU, apparent）

B 10 MJ（max：40）
29 AU B 7 MJ（max：36）

68 AU

C? 12 MJ（max：47）
18 AU C 10 MJ（max：50）

38 AU

- D 10 MJ（max：50）
24 AU

These are wide-orbit,

"outer planets"



Standard model (CA: core accretion)
Timescale problem for outer planets
Up to ~10 AU or less is probably possible
GJ758B at ~Neptune is too far away
Possible outward migration to 100s of AU

Gravitationally instability model (GI)
Probably better for outer planets than CA 
model
But based on hypothetical massive large 
disks

Planetary scattering
interaction among multiple planets

Outer Planets Formation Mechanisms

New ideas?



Calculation from realistic molecular cloud contraction
Gravitational instability at an early phase (after second 
collapse) can occur at outer region (<~100 AU) regions

A New Model

Inutsuka, Machida, Matsumoto 2010, ApJL, 718, 58



To understand these models (CA, GI, or new ones)
Understanding disk structures of <100 AU crucial
⇒　Already some hint from SEEDS observations!

A New Model



28SEEDS Early Science Result (since 2009 Oct)

GJ758 :  Thalmann et al. 2009, ApJL, 707, 123
HAT-P-7 :  Narita et al. 2010, PASJ, 62, 779
LkCa15 :  Thalmann et al. 2010, ApJL, 718, 87
AB Aur :  Hashimoto et al. Nature, Submitted

GJ758

HAT-P-7 (a)

(b)

(c)

LkCa15

Fukagawa+04

AB Aur
Polarization structure of 
inner disk (gaps, dips, 
and arms at > 20 AU) 
resolved!!

GJ758 :  Janson et al. Submitted

mask diameter: 1 arcsec



SEEDS Members
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1999

2017

1. Indirect 
 detection 
 of exoplanets
Doppler
(N2K survey)
&
Transit
ongoing

2B. Disk evolution
 & Exo-zodi
- all sky survey
- debris disk census 3. Spectroscopy of 

 disks & massive planets

~2020

4. Direct observations 
of Earth-like planets

2A. Direct imaging of disks 
& young massive planets

Ground

Possible Exoplanet/Disk Exploration Approaches in Japan  
2009

Space2006-2009

Summary and Schedule
•Summary

- SEEDS project: Subaru Strategic Observations
- 120 nights in 5 years (~500 targets)

- Start of SEEDS science run after Oct 2009
- 3 runs (10 nights) so far. 58 objects observed. 
- AO188 trouble: Feb-Nov 2010

- DI, PDI pipelines were released, and SDI mode is in engineering. 
- 3 papers (GJ758,HAT-P-7,LkCa15 / DI) in publication and 2 paper 

(AB Aur in PDI, GJ758 in DI) in submission. 
- GJ 758:  First DI of candidate planet around a solar-type star
- AB Aur:  Revealing innermost (> 20 AU) disk structure

•Schedule 2010-2011
- Restart of SEEDS run (end of Nov 2010) after the recovery of 

AO188 (until Nov)
- Follow-up of candidate companions (proper motion test, multi-

color data)
- 11/29(ENG), 11/30-12/2(SEEDS), 1/24(ENG/SEEDS), 1/27-31

(SEEDS)
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