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・太陽系小天体とは

・SPICAを用いたサイエンス：彗星
（１）彗星コマ中ガスの化学組成
（２）彗星コマ中ダストの化学組成
（３）彗星核表面のH2O氷の結晶質/非晶質性

・SPICAを用いたサイエンス：木星トロヤ群小惑星の
化学組成/結晶構造

・SPICAを用いたサイエンス：惑星間ダストの化学組成/粒子形状
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太陽系小天体とは：分類
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太陽系小天体とは：形成過程

Villanueva (2017)

Asteroid 
+

太陽系の形成と太陽系小天体
太陽系の比較的内側（5～30AU付近）で形成された物質/天体が、、、
太陽系外縁部に散乱され、太陽系の内側に戻る軌道になったもの（彗星）
何らかの力学プロセスにより、木星にトラップされた小惑星（木星トロヤ群小惑星）
⇒ 太陽光による変性を比較的受けていない「始原天体」



太陽系小天体とは：形成過程
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2020年代以降の望遠鏡/小天体探査計画
TNO、小惑星、彗星 SPICAの強み

・高感度 ⇒ 暗い天体（木星トロヤ群小惑星/惑星間ダスト）
・高分散分光 ⇒ ガス輝線（彗星）



SPICAを用いたサイエンス：彗星

？ 固体微粒子
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SPICAを用いたサイエンス：彗星
（１）彗星コマ中ガスの化学組成
＊ 彗星から放出される有機分子のガス ⇒ 彗星核に含まれる氷の組成を反映
＊ 可視等級～８等の典型的な組成を持つ彗星であれば
SMI/HRモードにて観測可能（1～２個/年）

＊ 8µm領域 ⇒ PH3 （P原子のソース？）がカバー可能
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Q(H2O)=1x1029、Trot=100Kの彗星の各分子のフラックス



Ground-based

JWST/MIRI SPICA/SMI

SPICAを用いたサイエンス：彗星
（２）彗星コマ中ダストの化学組成
＊ 彗星ダストの組成/結晶構造 ⇒ 形成温度/形成温度に制限が与えられる
＊ 地上観測：8～14µm領域の低分散分光 ⇒ 各鉱物のフィーチャーの分離が難しい

< 20µmのフィーチャーが有用

ISOによる1P/Halley彗星の
モデルフィッティング

さまざまな彗星の中間赤外線
低分散スペクトル（地上観測）
（Ootsubo et al. 2019）

Ootsubo et al. ポスター
Z219c



SPICAを用いたサイエンス：彗星
（３）彗星核表面のH2O氷の結晶質/非晶質性
＊ H2O snow line（～3 a.u.）以遠の彗星活動（バースト）のメカニズム

⇒ 議論中ではあるが、H2Oアモルファル氷の結晶質化がトリガーになる仮設が有力
＊ snow line以遠の彗星核近傍、彗星核表面のH2O氷の吸収バンドを直接観測

⇒ 探査機・望遠鏡観測の両方を含めても、近赤外線領域のH2O氷吸収バンド
（1.6、2µm）の検出例は数例しかなく、結晶状態に関しては
conclusiveな結果は得られていない

＊ 44、62µm付近の輝線バンドの検出を狙う
L10 E. Lellouch et al.: Water ice and dust in comet Hale-Bopp

Fig. 1. LWS data along with model, obtained with ice particle radius
a = 15µm, ice temperature Ts = 170K, Tdust = 210 K, β = 0 (see
text). Solid line: contribution of the ice. Long-dashed line: contribution
of the dust. Short-dashed line: sum of the two components. Several
rotational lines of gaseous water are observed (and unmodelled) at
108, 175, 180 and (marginally) 101 µm

range, its reality is confirmed by the increase of flux at 41–
44 µm in the ISO/SWS spectrum (see Crovisier et al. 1997a,
1997b). This structure is characteristic of crystalline water ice.
Amorphous ice, with a broad band centred at 46 µm and no
feature around 65µm, does not match the spectrum. Crystalline
olivine, identified on comet Hale-Bopp from its bands at 16–
34 µm (Crovisier et al. 1997a), and pyroxene, detected at smaller
rh’s (Wooden et al. 1998), have structures beyond 40 µm (Koike
et al. 1993; Koike & Shibai 1998; d’Hendecourt, priv. comm.),
but the exact wavelengths do not match the observed emissions
(e.g., forsterite has weak features at 50 and 70 µm). The ice
bands appear superimposed on a continuum which is attributed
to emission from cometary dust. To model the H2O ice emis-
sions, we used optical constants determined by Trotta (1996)
from laboratory measurements of crystalline ice at 145 K. Ex-
tinction and absorption efficiencies (Qext and Qabs) were cal-
culated from Mie theory (van de Hulst 1957) for various grain
sizes (radius a).

The thermal emission of an ice grain was modelled as
φ(λ) = Cabs(λ)B(λ, Ts), where Cabs = Qabsπa2 and Ts is
the temperature of sublimating ice grains. Ts values of 140 and
170 K were tested. The absolute contribution of the ice emission
to the flux was inferred from the contrast of the bands above the
estimated continuum. In practice, the LWS spectrum was fitted
by the sum of an emission due to ice and of a continuum dust
emission which was modelled either by a blackbody at tem-
perature Tdust or by a blackbody multiplied by an emissivity
proportional to λ−β (Jewitt & Matthews 1997). We did not con-
sider radiative transfer effects (reabsorption) between different
ice grains and between dust and ice. We therefore modelled the
LWS spectrum in terms of five parameters: a, Tdust, the emis-
sivity power index β, and the total emission cross sections for
ice and dust (Ci and Cd).

Fig. 2. The 40–90 µm region modelled with Ts = 170 K and different
ice particle sizes. Solid line: a = 15µm. Long-dashed line: a = 7µm.
Short-dashed line: a = 30µm. The three bottom curves show the
contribution of ice and the three top curves show attempts to fit the
LWS data (histogram) with these three models

The particle radius was determined from the general shape
of the 44 and 65 µm bands, in particular the relative contrast of
the two bands. For Ts = 170 K, the best fit was determined for
a = 15µm. Smaller particle sizes tend to produce too sharp a
44 µm band, while larger particles produce a general flattening
of the spectrum which is not observed (Fig. 2). We consider that
the particle size is determined within a factor of 2. One of the
best overall fits to the data is shown in Fig. 1. At 44 µm, out of
a total observed flux of ∼ 230 Jy, the ice emission contributes
to about 60 Jy. This indicates a projected emitting area Ci =
1.1×105 km2, i.e., an effective diameter of 375 km. This implies
that water ice is seen in the coma and not on the nucleus. For
a = 15µm, this corresponds to about 1.5 × 1020 sublimating
grains within the LWS beam (which corresponds to distances
within ∼ 1.1 × 105 km from the nucleus), for a total ice mass
of Mice = 1.9 × 109 kg. Similar numbers are found for Ts =
140 K: a = 12µm, Ci = 1.7 × 105 km2, Mice = 2.5 × 109 kg.

In the best fit models, the flux due to dust is about 170
Jy at 44 µm. Beyond 100 µm, the observed flux must be en-
tirely of dust origin. The dust spectrum can be well fitted with
a blackbody at 210 K, similar to the colour temperature fitting
the 2.9 AU SWS spectrum at 7.5 and 13–15 µm (Crovisier et al.
1997a) and ∼ 30% above the equilibrium blackbody tempera-
ture (TBB ∼ 165 K at 2.9 AU). The elevated colour temperature,
yet lack of steep decrease in the flux at long wavelengths, indi-
cates a broad size distribution for the dust: model calculations
for a power law size distribution a−n of carbon grains in the
range 0.1 µm to 1 cm suggests n ≤ 3.5.

The roughly constant spectral emissivity from 100–200 µm
(slope β ∼ 0) contrasts with the millimetre/submillimetre re-
gion, where radiometric/interferometric data taken near perihe-
lion indicate a spectrum much harder than a blackbody, with β
ranging from 0.6 at 0.45 ≤ λ ≤ 2 mm (Jewitt, priv. comm.) to
1.2 at 0.3–10 mm (Wink et al. 1998) and 1.39 at 1.4–2.1 mm
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of the dust. Short-dashed line: sum of the two components. Several
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Amorphous ice, with a broad band centred at 46 µm and no
feature around 65µm, does not match the spectrum. Crystalline
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but the exact wavelengths do not match the observed emissions
(e.g., forsterite has weak features at 50 and 70 µm). The ice
bands appear superimposed on a continuum which is attributed
to emission from cometary dust. To model the H2O ice emis-
sions, we used optical constants determined by Trotta (1996)
from laboratory measurements of crystalline ice at 145 K. Ex-
tinction and absorption efficiencies (Qext and Qabs) were cal-
culated from Mie theory (van de Hulst 1957) for various grain
sizes (radius a).

The thermal emission of an ice grain was modelled as
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the temperature of sublimating ice grains. Ts values of 140 and
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to the flux was inferred from the contrast of the bands above the
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emission which was modelled either by a blackbody at tem-
perature Tdust or by a blackbody multiplied by an emissivity
proportional to λ−β (Jewitt & Matthews 1997). We did not con-
sider radiative transfer effects (reabsorption) between different
ice grains and between dust and ice. We therefore modelled the
LWS spectrum in terms of five parameters: a, Tdust, the emis-
sivity power index β, and the total emission cross sections for
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The particle radius was determined from the general shape
of the 44 and 65 µm bands, in particular the relative contrast of
the two bands. For Ts = 170 K, the best fit was determined for
a = 15µm. Smaller particle sizes tend to produce too sharp a
44 µm band, while larger particles produce a general flattening
of the spectrum which is not observed (Fig. 2). We consider that
the particle size is determined within a factor of 2. One of the
best overall fits to the data is shown in Fig. 1. At 44 µm, out of
a total observed flux of ∼ 230 Jy, the ice emission contributes
to about 60 Jy. This indicates a projected emitting area Ci =
1.1×105 km2, i.e., an effective diameter of 375 km. This implies
that water ice is seen in the coma and not on the nucleus. For
a = 15µm, this corresponds to about 1.5 × 1020 sublimating
grains within the LWS beam (which corresponds to distances
within ∼ 1.1 × 105 km from the nucleus), for a total ice mass
of Mice = 1.9 × 109 kg. Similar numbers are found for Ts =
140 K: a = 12µm, Ci = 1.7 × 105 km2, Mice = 2.5 × 109 kg.

In the best fit models, the flux due to dust is about 170
Jy at 44 µm. Beyond 100 µm, the observed flux must be en-
tirely of dust origin. The dust spectrum can be well fitted with
a blackbody at 210 K, similar to the colour temperature fitting
the 2.9 AU SWS spectrum at 7.5 and 13–15 µm (Crovisier et al.
1997a) and ∼ 30% above the equilibrium blackbody tempera-
ture (TBB ∼ 165 K at 2.9 AU). The elevated colour temperature,
yet lack of steep decrease in the flux at long wavelengths, indi-
cates a broad size distribution for the dust: model calculations
for a power law size distribution a−n of carbon grains in the
range 0.1 µm to 1 cm suggests n ≤ 3.5.

The roughly constant spectral emissivity from 100–200 µm
(slope β ∼ 0) contrasts with the millimetre/submillimetre re-
gion, where radiometric/interferometric data taken near perihe-
lion indicate a spectrum much harder than a blackbody, with β
ranging from 0.6 at 0.45 ≤ λ ≤ 2 mm (Jewitt, priv. comm.) to
1.2 at 0.3–10 mm (Wink et al. 1998) and 1.39 at 1.4–2.1 mm
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Fig. 1. LWS data along with model, obtained with ice particle radius
a = 15µm, ice temperature Ts = 170K, Tdust = 210 K, β = 0 (see
text). Solid line: contribution of the ice. Long-dashed line: contribution
of the dust. Short-dashed line: sum of the two components. Several
rotational lines of gaseous water are observed (and unmodelled) at
108, 175, 180 and (marginally) 101 µm

range, its reality is confirmed by the increase of flux at 41–
44 µm in the ISO/SWS spectrum (see Crovisier et al. 1997a,
1997b). This structure is characteristic of crystalline water ice.
Amorphous ice, with a broad band centred at 46 µm and no
feature around 65µm, does not match the spectrum. Crystalline
olivine, identified on comet Hale-Bopp from its bands at 16–
34 µm (Crovisier et al. 1997a), and pyroxene, detected at smaller
rh’s (Wooden et al. 1998), have structures beyond 40 µm (Koike
et al. 1993; Koike & Shibai 1998; d’Hendecourt, priv. comm.),
but the exact wavelengths do not match the observed emissions
(e.g., forsterite has weak features at 50 and 70 µm). The ice
bands appear superimposed on a continuum which is attributed
to emission from cometary dust. To model the H2O ice emis-
sions, we used optical constants determined by Trotta (1996)
from laboratory measurements of crystalline ice at 145 K. Ex-
tinction and absorption efficiencies (Qext and Qabs) were cal-
culated from Mie theory (van de Hulst 1957) for various grain
sizes (radius a).

The thermal emission of an ice grain was modelled as
φ(λ) = Cabs(λ)B(λ, Ts), where Cabs = Qabsπa2 and Ts is
the temperature of sublimating ice grains. Ts values of 140 and
170 K were tested. The absolute contribution of the ice emission
to the flux was inferred from the contrast of the bands above the
estimated continuum. In practice, the LWS spectrum was fitted
by the sum of an emission due to ice and of a continuum dust
emission which was modelled either by a blackbody at tem-
perature Tdust or by a blackbody multiplied by an emissivity
proportional to λ−β (Jewitt & Matthews 1997). We did not con-
sider radiative transfer effects (reabsorption) between different
ice grains and between dust and ice. We therefore modelled the
LWS spectrum in terms of five parameters: a, Tdust, the emis-
sivity power index β, and the total emission cross sections for
ice and dust (Ci and Cd).

Fig. 2. The 40–90 µm region modelled with Ts = 170 K and different
ice particle sizes. Solid line: a = 15µm. Long-dashed line: a = 7µm.
Short-dashed line: a = 30µm. The three bottom curves show the
contribution of ice and the three top curves show attempts to fit the
LWS data (histogram) with these three models

The particle radius was determined from the general shape
of the 44 and 65 µm bands, in particular the relative contrast of
the two bands. For Ts = 170 K, the best fit was determined for
a = 15µm. Smaller particle sizes tend to produce too sharp a
44 µm band, while larger particles produce a general flattening
of the spectrum which is not observed (Fig. 2). We consider that
the particle size is determined within a factor of 2. One of the
best overall fits to the data is shown in Fig. 1. At 44 µm, out of
a total observed flux of ∼ 230 Jy, the ice emission contributes
to about 60 Jy. This indicates a projected emitting area Ci =
1.1×105 km2, i.e., an effective diameter of 375 km. This implies
that water ice is seen in the coma and not on the nucleus. For
a = 15µm, this corresponds to about 1.5 × 1020 sublimating
grains within the LWS beam (which corresponds to distances
within ∼ 1.1 × 105 km from the nucleus), for a total ice mass
of Mice = 1.9 × 109 kg. Similar numbers are found for Ts =
140 K: a = 12µm, Ci = 1.7 × 105 km2, Mice = 2.5 × 109 kg.

In the best fit models, the flux due to dust is about 170
Jy at 44 µm. Beyond 100 µm, the observed flux must be en-
tirely of dust origin. The dust spectrum can be well fitted with
a blackbody at 210 K, similar to the colour temperature fitting
the 2.9 AU SWS spectrum at 7.5 and 13–15 µm (Crovisier et al.
1997a) and ∼ 30% above the equilibrium blackbody tempera-
ture (TBB ∼ 165 K at 2.9 AU). The elevated colour temperature,
yet lack of steep decrease in the flux at long wavelengths, indi-
cates a broad size distribution for the dust: model calculations
for a power law size distribution a−n of carbon grains in the
range 0.1 µm to 1 cm suggests n ≤ 3.5.

The roughly constant spectral emissivity from 100–200 µm
(slope β ∼ 0) contrasts with the millimetre/submillimetre re-
gion, where radiometric/interferometric data taken near perihe-
lion indicate a spectrum much harder than a blackbody, with β
ranging from 0.6 at 0.45 ≤ λ ≤ 2 mm (Jewitt, priv. comm.) to
1.2 at 0.3–10 mm (Wink et al. 1998) and 1.39 at 1.4–2.1 mm
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SPICAを用いたサイエンス：木星トロヤ群

Courtesy: T. Terai

木星トロヤ群小惑星の化学組成
＊ 木星トロヤ群小惑星の起源？（木星近傍領域 or 遠方？？）

⇒ 力学進化プロセスに制限を与えられる
＊ スペクトル型：主としてD型/P型（彗星と小惑星の中間的な天体？）

⇒ 隕石サンプルが少ない、観測サンプルからも決定的な結論が得られていない
＊ SPICAでは直径 ～数km の天体を十分に観測が可能

SPICA_M5_Proposal_V1.1_science

水質変成の有無
・シリケート鉱物
Olivine, Pyroxene

・有機物
PAHs, グラファイト

Kebukawa et al. ポスター
Z217b



SPICAを用いたサイエンス：惑星間ダスト
惑星間ダストの化学組成
＊ 惑星間ダスト：sub-µm～数mmサイズのシリケート微粒子 ⇒ 黄道光
＊ 黄道光の起源（小惑星 or 彗星）によって分布が異なっている

⇒ 組成は起源によらず区別されることなく議論されてきた（Reach et al. 2003）
彗星/小惑星起源の黄道光の組成/結晶構造？形状？
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Takahashi et al. ポスター
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・SPICAの高感度・高波長分解能という特徴を活かし、太陽系小天体の
サイエンスについて検討を行った

・SPICAを用いたサイエンス：彗星
（１）彗星コマ中ガスの化学組成 ⇒ 彗星含有物質の形成温度・形成領域
（２）彗星コマ中ダストの化学組成 ⇒ 微惑星形成時の力学進化
（３）彗星核表面のH2O氷の結晶質/非晶質性 ⇒ 微惑星形成プロセス

・SPICAを用いたサイエンス：木星トロヤ群小惑星の化学組成/結晶構造
⇒ 微惑星形成時の力学進化

・SPICAを用いたサイエンス：惑星間ダストの化学組成/粒子形状
⇒ 微惑星形成後の彗星・小惑星の力学進化、ダスト形成プロセス

まとめ


