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1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge
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Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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(a)	  Organic	  Molecules	  in	  Protoplanetary	  Disks
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1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge
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Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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(a)	  Organic	  Molecule	  Signatures
Near	  IR	  (~3um)	  Wavelengths

Background	  figure	  from	  Mandell	  2012

Example of a Single IRCS Echelle Setting

Suitable for tracing 
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gases.

Hiroshi TERADA ( Subaru Telescope )

Sensitive for temperature 
(100--1000K) 

==> <5AU molecule

Limitation:
Atmospheric correction
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(b)	  Ices	  Signatures

Hiroshi TERADA ( Subaru Telescope )

Towards	  Protostars
Oberg+	  2011
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1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge
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Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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指し、次世代分散素子であるイマージョン型回折格子の基礎開発研究に従事してきました。地上大型望遠鏡に
おける高分散分光機能は、次世代の衛星大型望遠鏡計画が覆い尽くせていないパラメータ空間の研究を可能に
するという意味で、極めて重要になります。私は、これまで東京大学との共同研究により、イマージョン回折
格子の“高精度の溝加工技術”をほぼ確立させました (Figure 2)。この技術は、イマージョン回折格子製作の
上で最も重要な技術要素の一つであり、この確立により近赤外線高分散分光の実現に向けて大きく前進したこ
とになります。私は、引き続きイマージョン回折格子の天文学的実用化の開発研究を進めると共に、近赤外線
高分散分光器の開発検討へと進む予定です。

2.4 IRCS + 補償光学システムを用いた原始惑星系円盤の観測的研究
Hubble Space Telescope (HST ) によってOrion nebula中で発見された”シルエット円盤”、及びHST や
AOを用いて発見されている”エッジオン円盤”は、原始惑星系円盤の形態が直接撮像されている稀有な例で
す。これらは、中心星を背景光とした円盤内物質の吸収を調査出来るため、円盤の化学組成を探る上で絶好の
天体です。しかしながら、これらの天体は非常に暗い為に 4mクラスの望遠鏡での分光は全く不可能でした。
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Figure 3: エッジオン円盤天体: HK Tauri BとHV Tauri Cの 2–4 µmスペクトル。左パネルで、3.1 µm付近
を中心に深いH2Oアイスの吸収が見て取れる。右パネルは、アイスの光学的深さを示している。2つの観測時
期において、HV Tau Cのアイスの光学的深さの変化は明らかである。

私は、原始惑星系円盤の研究における これらの天体の優位性に早くから注目し、すばる望遠鏡 8mの高い集
光力と熱赤外線域にも高い感度を誇る IRCSの組み合わせを用いてこれらの天体を対象に 1.4–4.2 µmの赤外
線分光観測を行ってきました。その結果、シルエット円盤一天体から弱いH2Oアイスの吸収を、エッジオン
円盤二天体から強いH2Oアイスの吸収を検出することに成功しました (Figure 3)。これは星周円盤内の水氷
の存在を直接的に検出した初めての結果です。これらの吸収はおそらく彗星の始原的な物質によっていると考
えられます。また、エッジオン円盤天体 HV Tau Cからは、H2Oアイスの吸収の有意な時間変化を検出し、
原始惑星系円盤内のアイス雲についてのサイズ情報を初めて引き出すことに成功しました (Astrophysical
Journal, 668, 303 (2007))。また、シルエット円盤天体の結果については、AO188の結果を含めて発表の予定
になっています。この研究は引続き、レーザーガイド星システムを含めた IRCS+AO188等のすばる観測装置
を用いて深く追及すべく、装置開発者に与えられるGTO(Guaranteed Time Observation)を最大限に生かし
ながら、研究を推進しています。

(b)	  Ices	  in	  Protoplanetary	  Disks

Hiroshi TERADA ( Subaru Telescope )
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(b)	  Ices	  Signatures
Difficul9es	  in	  Detec9on

Hiroshi TERADA ( Subaru Telescope )

ISAAC	  VLT

Geers+	  2007
MIMIZUKU Science Workshop @ IoA, U-tokyo on 2013/5/24

Worse quality in < 3.5μm region
even for such bright objects (L~5)

Very difficult for its profile 
discussion...

@ VLT site



Facili@es	  for	  
3μm	  Simultaneous	  Spectroscopy

✦ 	  RAVEN	  (+IRCS)	  @	  Subaru	  [2014	  Spring]

Hiroshi TERADA ( Subaru Telescope )

✦ 	  MIMIZUKU	  @	  Subaru,	  TAO

“2”	  Science	  Path	  
MOAO	  system

UVic,	  HIA,	  Subaru,	  Tohoku-‐U
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for	  BEST	  cancela9on	  of	  telluric	  absorp9on



Complementarity	  for	  
3μm	  Simultaneous	  Spectroscopy

✦ 	  MIMIZUKU	  @	  Subaru,	  TAO
-‐	  Patrol	  area:	  ~6’,	  ~25’
-‐	  Fully	  op9mized	  for	  thermal-‐IR	  bands
-‐	  Low	  resolu9on	  (R=180)	  only

✦ 	  RAVEN	  (+IRCS)	  @	  Subaru	  [2014	  Spring]
-‐	  Diffrac9on	  limited	  image
-‐	  High	  resolu9on	  (R=20,000)	  is	  also	  available
-‐	  Slit	  PAs	  can	  be	  independent.
-‐	  Patrol	  area:	  3’.5
-‐	  Not	  op9mized	  for	  thermal-‐IR	  bands
-‐	  Need	  “2”	  NGS	  guide	  stars

Hiroshi TERADA ( Subaru Telescope )

Ice

gas

MIMIZUKU Science Workshop @ IoA, U-tokyo on 2013/5/24



Benefit	  of	  Simultaneity
Example	  of	  IRCS	  Result	  for	  “Ice”

Hiroshi TERADA ( Subaru Telescope )

PDS 144N

Terada+	  in	  prep.	  
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Possible	  Target	  for	  “Ice”	  
w/	  MIMIZUKU	  Monitoring

Hiroshi TERADA ( Subaru Telescope )

Terada+	  in	  prep.	  
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(II)	  Exo-‐Planetary	  
Atmosphere	  in	  

Transi@ng	  Systems	  



Exo-‐Planetary	  Atmosphere	  in	  Transi@ng	  System	  
Theory	  for	  Detec9on

Required	  Precision	  ~	  10(-‐4)

Star

Transiting Planet
Molecular Atmosphere

around Planet

Hiroshi TERADA ( Subaru Telescope )MIMIZUKU Science Workshop @ IoA, U-tokyo on 2013/5/24



Exo-‐Planetary	  Atmosphere	  in	  Transi@ng	  System:	  
Observa9onal	  Achievements	  
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Pla
ne
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Hiroshi TERADA ( Subaru Telescope )

First	  detec9on	  w/	  HST	  STIS
NaD	  line:	  HD	  209458

Ground-‐based	  detec9on	  
w/	  VLT	  FORS

Op@cal	  Spectroscopy
GJ	  1214b
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Exo-‐Planetary	  Atmosphere	  in	  Transi@ng	  System:	  
Ground-‐based	  Trial	  in	  IR	  

Bean+	  2011
Hiroshi TERADA ( Subaru Telescope )

Ground-‐based	  IR	  detec9on	  
w/	  Magellan	  +	  MMIRS

Infrared	  K-‐band	  Spectroscopy
GJ	  1214b
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Exo-‐Planetary	  Atmosphere	  in	  Transi@ng	  System:	  
Secondary	  Eclipse	  in	  3μm	  

Swain+	  2009

Hiroshi TERADA ( Subaru Telescope )

Ground-‐based	  3um	  
detec9on	  

w/	  IRTF	  +	  SpeX
K,L-‐band	  Spectroscopy
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	  Exo-‐Planetary	  Atmosphere	  in	  Transi@ng	  System:	  
Issues:	  Keys	  to	  Achieve	  “10(-‐4)”	  	  

a.  S9ck	  the	  target	  exactly	  at	  the	  same	  loca9on	  of	  
the	  detector.

=>	  Uncertainty	  of	  “ununiform	  sensi9vity”	  in	  the	  infrared	  
detector	  has	  to	  be	  eliminated.

b. Increase	  the	  S/N	  using	  over-‐sampling	  of	  the	  object.
=>	  Usually	  defocused	  image	  is	  used.

c. “Simultaneously”	  observe	  the	  reference.
=>	  Eliminate	  variability	  of	  atmospheric	  absorp9on

Especially for IR, it’s so difficult..
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Hiroshi TERADA ( Subaru Telescope )

Summary
✓ Shorter	  wavelength	  region	  of	  L-‐band:	  

one	  of	  the	  most	  fruiqul	  area	  at	  the	  Atacama	  site.
✓ 	  	  “Simultaneous	  spectroscopy”	  would	  be	  a	  key	  for	  

detec9ng	  gas	  features	  and	  monitoring	  ice	  profiles	  in	  the	  
protoplanetary	  disks.

✓ 	  “Exo-‐Planetary	  Atmosphere”	  in	  the	  secondary	  eclipse	  
may	  be	  able	  to	  be	  detected	  in	  3μm.	  Stability	  of	  guiding	  
should	  be	  an	  issue.

✓ MIMIZUKU	  would	  work	  for	  “simultaneous	  spectroscopy”	  
at	  Subaru	  complementarily	  with	  RAVEN	  (+IRCS).	  	  

#	  RAVEN	  2nd	  Science	  Mee9ng	  will	  be	  held	  on	  
#	  July	  25	  and	  26,	  2013	  at	  Waikoloa,	  Hawaii,	  
#	  which	  is	  right	  auer	  TMT	  forum.	  Your	  interest	  is	  welcome!
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