
高見、塩谷、大坪、本田、
山下、猿楽、岡本、田村 ほか
SPICA サイエンスワーキンググループ
SPICA 装置グループ

すばる SEEDS による
原始惑星系円盤の
観測例（武藤他）

SPICA が狙うサイエンス （２）
惑星系レシピの解明　



惑星系形成のパラダイム

原始惑星系円盤
（ガスと塵の集まり）

塵が赤道面に集積(？)

地球型惑星の誕生(？)

ガスをまとって
木星型巨大惑星に(？)

惑星系
http://www.sinra.jp/2004-03-04/kuramoto/pub-web/kuramoto.html

http://www.sinra.jp/2004-03-04/kuramoto/pub-web/kuramoto.html
http://www.sinra.jp/2004-03-04/kuramoto/pub-web/kuramoto.html


惑星系形成のパラダイム

原始惑星系円盤
（ガスと塵の集まり）

塵が赤道面に集積(？)

地球型惑星の誕生(？)

ガスをまとって
木星型巨大惑星に(？)

惑星系

太陽系外の惑星系や原始惑星系円盤に、生命の源である
水や有機物質は普遍的に存在するのか？

どのようなメカニズムで惑星が生まれるのか？

太陽系外にどのような惑星系が存在するのか？
われわれの太陽系は普遍的な存在なのか？

2020年代にもホットな研究テーマと期待される



太陽系内小天体
（TNO、彗星など）

解明の鍵となる観測対象

進化

残骸円盤
原始惑星系円盤

系外惑星

相互作用？
存在の相関？

関係

Figure credits:
すばる＆SEEDSチーム



• 惑星系形成領域、特に r « 30 AU、T=102-103 Kからの輝線を観測

• 輝線プロファイルの観測
　　　 直接空間分解できない構造や物理・化学状態を解明

SPICA によるサイエンス（１）
原始惑星系円盤の進化

• 多数の前主系列星の輝線を観測し、ガスの散逸時間スケールを測定 　　
　　木星型惑星形成シナリオを検証

H2O CO2

HCN

C2H2

13 14 15 16
波長（μm）

原始惑星系円盤の中間赤外輝線（Spitzer プレスリリース）

原始惑星ギャップ

(Bryden et al. 1999)



• 惑星系形成領域、特に r « 30 AU、T=102-103 Kからの輝線を観測

• 輝線プロファイルの観測
　　　 直接空間分解できない構造や物理・化学状態を解明

SPICA によるサイエンス（１）
原始惑星系円盤の進化

• 多数の前主系列星の輝線を観測し、ガスの散逸時間スケールを測定 　　
　　木星型惑星形成シナリオを検証

H2O CO2

HCN

C2H2

13 14 15 16
波長（μm）

原始惑星系円盤の中間赤外輝線（Spitzer プレスリリース）

原始惑星ギャップ

(Bryden et al. 1999)

ALMAによる低温のガス・ダストの観測と相補



b)

SAFARI domain

• 近傍の星の、黄道光や微惑星帯に対応
• すばる、Herschel、ALMA などで構造の研究が活発に進められている

• 温度 100 K 程度 → 中間－遠赤外領域での観測が最適

• SPICA の遠赤外観測で多数の円盤を探査

• SED観測や固体バンドの分光観測で、円盤の多様性や普遍性を検証

光度 vs 検出数 (Moro-Martin 2009)

SPICA によるサイエンス（２）：残骸円盤

HST
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SPICA によるサイエンス（３）
カイパーベルト天体の観測で探る太陽系形成

• 微惑星はどこまで形成され、惑星形成はどこで止まったか？
          　惑星形成理論に対する基本情報を与える
• 多数の天体の遠赤外フラックスを可視測光と比較し、サイズ分布を
決定。アルベドから組成および熱変遷史を検証

• 中間-遠赤外分光により、明るい天体の組成や熱変遷史を詳しく検証
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a) b)
Detection and Characterization of outer Solar System Objects with SPICA/SAFARI

Herschel/PACSHerschel/PACS

SPICA/SAFARI SPICA/SAFARI

Figure 1.8: (a) Diameters (in km) of known outer Solar System objects (SSOs), that emit at FIR wavelengths, as a function
of their heliocentric distance. The coloured curves display detectability estimations for the different FIR photometric
bands of Herschel-PACS (dashed) and SPICA/SAFARI (continuous). Predictions take into account that SSOs are moving
objects so that they can be detected below the FIR confusion limit by pair-subtracting within a reasonable time interval.
(b) Same but for spectroscopy, which will allow us to detect the mineral/ice content of the most primitive SSOs for the first
time (updated from Hasegawa 2000).

planetesimal belts are analogues of the cold debris discs observed as FIR photometric excess towards more
distant stars. In this sense, the outer Solar System provides the closest “template” to study the composition,
processing and transport of minerals, ices and organic matter by studying debris disc bodies “one by one”.

Spitzer-MIPS has detected a few KBOs photometrically at 24 and 70 µm by observing from minutes to
hours per target. Measurements of the far infrared thermal emission of KBOs (where the bulk of the KBOs’
energy is radiated) reveal the thermal properties of the near-surface layers (Stansberry et al. 2006). Comple-
mentary observations in the visible are needed to establish the position accurately, determine the objects albedo,
and, in combination with the FIR observations, determine the object size and mass. About ∼ 30 KBOs have
known albedos; low albedo values (such as those in comets) are presumed to be darkened by the presence of
organic matter while high albedos are thought to be associated with ice mantles. Surprisingly, all inner and
cold KBOs targets detected in the Spitzer sample (∼20) have much higher albedos (Brucker et al. 2009) than
previously assumed (Jewitt & Luu 1993). The underestimation of the KBO albedos leads to a significant over-
estimation of their mass. This is an unexpected result, and it is clear that future FIR studies on the size and
mass distribution of the outer Solar System will need to provide a much more robust confirmation by observing
a large sample of thousands of KBOs.

SAFARI photometry – FIR detection of all known KBOs: While Herschel will require ∼ 300 hr to detect pho-
tometrically ∼ 10% of the currently known KBOs (those with diameters larger than > 250 km at rate of ∼ 1 per
hr), SAFARI will detect almost all known KBOs (those with diameters > 100 km) in only ∼ 50 hr at a rate of 1
object per minute. SAFARI’s ultra-deep FIR photometric surveys will provide the crucial observational input to
determine their sizes and albedos. SAFARI will also detect bodies as small as ∼ 10 km diameter, thus including
the new KBOs to be discovered from now to the launch of SPICA, the number which is expected to increase by
a factor ∼ 2, to ∼ 2500 by ∼ 2018. To be more precise, Figure 1.8 shows the diameters (in km) of a population
of known KBOs as a function of their heliocentric distance. We plot on the same figures the detection limit
predictions for the different photometric bands of Herschel-PACS and SAFARI showing the large number of
KBOs that could be detected photometrically in the FIR in short time exposures by SAFARI. The ability to
constrain the size and albedo of such a huge number of KBOs is a unique science driver for SAFARI.
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SPICA によるサイエンス（３）
カイパーベルト天体の観測で探る太陽系形成

• 微惑星はどこまで形成され、惑星形成はどこで止まったか？
          　惑星形成理論に対する基本情報を与える
• 多数の天体の遠赤外フラックスを可視測光と比較し、サイズ分布を
決定。アルベドから組成および熱変遷史を検証

• 中間-遠赤外分光により、明るい天体の組成や熱変遷史を詳しく検証
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a) b)
Detection and Characterization of outer Solar System Objects with SPICA/SAFARI

Herschel/PACSHerschel/PACS

SPICA/SAFARI SPICA/SAFARI

Figure 1.8: (a) Diameters (in km) of known outer Solar System objects (SSOs), that emit at FIR wavelengths, as a function
of their heliocentric distance. The coloured curves display detectability estimations for the different FIR photometric
bands of Herschel-PACS (dashed) and SPICA/SAFARI (continuous). Predictions take into account that SSOs are moving
objects so that they can be detected below the FIR confusion limit by pair-subtracting within a reasonable time interval.
(b) Same but for spectroscopy, which will allow us to detect the mineral/ice content of the most primitive SSOs for the first
time (updated from Hasegawa 2000).

planetesimal belts are analogues of the cold debris discs observed as FIR photometric excess towards more
distant stars. In this sense, the outer Solar System provides the closest “template” to study the composition,
processing and transport of minerals, ices and organic matter by studying debris disc bodies “one by one”.

Spitzer-MIPS has detected a few KBOs photometrically at 24 and 70 µm by observing from minutes to
hours per target. Measurements of the far infrared thermal emission of KBOs (where the bulk of the KBOs’
energy is radiated) reveal the thermal properties of the near-surface layers (Stansberry et al. 2006). Comple-
mentary observations in the visible are needed to establish the position accurately, determine the objects albedo,
and, in combination with the FIR observations, determine the object size and mass. About ∼ 30 KBOs have
known albedos; low albedo values (such as those in comets) are presumed to be darkened by the presence of
organic matter while high albedos are thought to be associated with ice mantles. Surprisingly, all inner and
cold KBOs targets detected in the Spitzer sample (∼20) have much higher albedos (Brucker et al. 2009) than
previously assumed (Jewitt & Luu 1993). The underestimation of the KBO albedos leads to a significant over-
estimation of their mass. This is an unexpected result, and it is clear that future FIR studies on the size and
mass distribution of the outer Solar System will need to provide a much more robust confirmation by observing
a large sample of thousands of KBOs.

SAFARI photometry – FIR detection of all known KBOs: While Herschel will require ∼ 300 hr to detect pho-
tometrically ∼ 10% of the currently known KBOs (those with diameters larger than > 250 km at rate of ∼ 1 per
hr), SAFARI will detect almost all known KBOs (those with diameters > 100 km) in only ∼ 50 hr at a rate of 1
object per minute. SAFARI’s ultra-deep FIR photometric surveys will provide the crucial observational input to
determine their sizes and albedos. SAFARI will also detect bodies as small as ∼ 10 km diameter, thus including
the new KBOs to be discovered from now to the launch of SPICA, the number which is expected to increase by
a factor ∼ 2, to ∼ 2500 by ∼ 2018. To be more precise, Figure 1.8 shows the diameters (in km) of a population
of known KBOs as a function of their heliocentric distance. We plot on the same figures the detection limit
predictions for the different photometric bands of Herschel-PACS and SAFARI showing the large number of
KBOs that could be detected photometrically in the FIR in short time exposures by SAFARI. The ability to
constrain the size and albedo of such a huge number of KBOs is a unique science driver for SAFARI.

Herschel

太陽からの距離（AU）

微
惑
星
の
直
径
（

k
m
）

1                                10                              100 
1 

10 

100 

1000 

SPICA

赤外総光度の高精度観測により、サイズや
アルベドを精度良く決定できる
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Figure 3. Top panel shows NIR photometry and a spectrum of the entire
HD 142527 system, which is used as the representative of the illuminating
source spectrum. Photometric values are taken from Malfait et al. (1998), and
the solid line is the ISO/SWS spectrum taken from Meeus et al. (2001). The
bottom panel represents the spectra of the scattered light from regions A, B, and
C shown in Figure 1. By comparing the systematic and statistical errors, we used
the larger one for the total error plotted in this figure. The dip in 3 µm, probably
due to H2O ice grains, is present in all the scattered light spectra, while it is not
seen in the total spectrum, which is dominated by thermal emission from hot
dust near the central star.

contrast, the spectra of the scattered light show a clear reduc-
tion in the H2O ice band (3.08 µm), suggesting the presence
of a 3 µm absorption feature. This result can be explained by
the water ice grains in the disk surface where the light scatter-
ing occurs. The presence of water ice grains is consistent with
the detection of emission features at 44 and 62 µm in the FIR
spectrum for HD 142527 (Malfait et al. 1999). Furthermore,
Fujiwara et al. (2006) derived the dust temperature of the west-
ern disk to be around 85 ± 3 K. Since mid-infrared (MIR)
emitting dust should be located in the inner region of the outer
disk, the temperature of the outer surface should be lower and
cold enough for water ice grains to exist. In addition to the water
ice grains, the presence of hydrous silicate (montmorillonite) in

Figure 4. Two-color difference (∆(K − L′) and ∆(K − H2O)) diagram of the
scattered light. Note that the origin (big asterisk) represents the position of the
color of the illuminating source. The circles and diamonds are the theoretical
color difference of the scattered light from the optically thick disk with silicate
and silicate with ice grains, respectively (Inoue et al. 2008). Each line is the
sequence of grain size: 0.1, 0.3, 1, 3, and 10 µm. Two lines of silicate with
ice grains represent two different ice abundances. One is the mass abundance
used by Miyake & Nakagawa (1993), and the other is the same but with a 1/10
ice abundance. The squares represent the observed color difference of regions
A – C. Silicate and ice grains of ∼ 1 µm may explain the observed color
difference of the scattered light, indicating the presence of H2O ice grains on
the surface of the HD 142527 disk.

HD 142527 was claimed by Malfait et al. (1999). The possibil-
ity of hydrous silicate grains contributing to the H2O band flux
reduction cannot be excluded. However, hydrous silicate grains
are not the principal dust components of the HD 142527 disk
(Malfait et al. 1999), and neither are other forms of ice (Whittet
2003; Davis 2007; Encrenaz 2008). Therefore, water ice is most
likely the dominant carrier of the observed absorption feature.

In order to discuss the properties of scattering grains in more
detail, we compared our results with the model predictions by
Inoue et al. (2008) using a color difference diagram (∆(K−H2O)
versus ∆(K − L′)). The color of the scattered light depends on
the color of the illuminating source. Since the fraction of the
scattered light to the total flux is very small (Fukagawa et al.
2006), we assume that the total flux represents the illuminating
source. The mean flux density for the entire HD 142527 system
within the H2O band was calculated by integrating the ISO/SWS
spectrum (Meeus et al. 2001). The color difference due to the
scattering process was derived as

∆(K − H2O) = (K − H2O)sca − (K − H2O)source,

where (K − H2O)sca and (K − H2O)source are the color of the
scattered light and that for the illuminating source, respectively.
∆(K − L′) is also described in the same manner. The derived
color differences (∆(K−H2O) and ∆(K−L′)) are summarized in
Table 1. There is no significant color gradient over the regions
A – C. Figure 4 shows the observed color differences and a
comparison with the model predictions. This figure indicates
that the observed colors cannot be reproduced with silicate
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SPICA によるサイエンス（４）
水の存在の普遍性と、惑星形成に対する役割

• 円盤に付随する水氷は、遠赤外放射または近赤外吸収により観測可能
• ただし、これまで観測は困難

• 多数の天体の水氷の遠赤外放射を探査し、水氷の普遍性や熱変遷史を検証
• コロナグラフ＋分光機能で、星近傍の水氷の分布を観測
　　　 惑星系形成シナリオを検証

円盤に付随する水氷の遠赤外放射
(Malfait et al. 1999)

円盤の散乱光
(Honda et al. 2009)

水氷の吸収
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SPICA によるサイエンス（５）
系外惑星の物理・化学的性質、多様性

• 太陽系により近い年齢の系外惑星の放射は、中間赤外域で卓越
　さらに、中間赤外域に多くの分子バンド吸収が期待される

• 地上からの観測は困難

• コロナグラフと分光機能の組み合わせで、これらの系外惑星の
大気化学組成、気候、多様性を徹底検証

瞳マスクと PSF の例

瞳マスク PSF
（シミュレーション）

系外惑星モデルスペクトルと検出限界
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SPICA によるサイエンス（５）
系外惑星の物理・化学的性質、多様性

• 太陽系により近い年齢の系外惑星の放射は、中間赤外域で卓越
　さらに、中間赤外域に多くの分子バンド吸収が期待される

• 地上からの観測は困難

• コロナグラフと分光機能の組み合わせで、これらの系外惑星の
大気化学組成、気候、多様性を徹底検証

瞳マスクと PSF の例

瞳マスク PSF
（シミュレーション）

系外惑星モデルスペクトルと検出限界
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• すばるとTMTによる、より若い系外惑星の研究と相補
• SPICA+トランジット観測による、軌道半径の小さい

 系外惑星の分光研究と相補



SPICAは惑星系レシピ解明の強力なツール！

• 中間-遠赤外（特に20-200 μm）の圧倒的高感度
• 統計的研究に耐えうる、多数の円盤や TNO を観測可能

• 遠赤外域（40-200 μm）の分光撮像機能
• 円盤内の水氷の分布とその熱変遷の詳細観測が可能

• 中間赤外高分散分光（搭載検討中）
• 惑星系形成領域の構造や化学組成の進化を解明

• 中間赤外コロナグラフ分光機能（搭載検討中）
• われわれの太陽系により近い年齢の系外惑星の詳細観測
• 円盤の水氷の分布の高感度・高空間分解能観測

なぜ、SPICA が必要か？


