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2022 年 2 月に宇宙理学委員会の下に設立された次世代小天体サンプルリターンワーキン

ググループ(WG)は、先んじて宇宙工学委員会の下に設立された同名の WG と共同で検討を

進め、2024 年 3 月の戦略的中型探査提案を目指す。我々は本探査提案を「彗星から太陽系

の起源に迫る」探査であると位置づけている。サイエンスゴールとして、I. 銀河系物質進化

を辿る太陽系物質進化の解明、II. 微惑星形成過程に迫る太陽系天体進化の解明 の 2 つを

掲げる。サイエンスゴール I, II それぞれを実現するためには、地下物質サンプルリターンと

その場分析、そしてレーダー・地震計による内部構造探査がキーとなる。探査検討を進める

ノミナル天体は 289P/Blanpain である。その場合、2033 年打ち上げ・2040 年天体到着・

2046 年地球帰還という計画となる。 
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本提案に至る経緯
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2020年10月‒2022年3月 
次世代サンプルリターン勉強会：はやぶさ2ヘリテージによる2030年代のサンプルリターンを議論 
惑星圏研究会・惑星探査ワークショップ(WS)：コミュニティの幅広い意見の吸い上げ 
⇒ E型・D型・活動的小惑星・彗星といった様々なタイプの探査候補天体とそのサイエンス意義の抽出 

2022年4月‒9月 
宇宙工学委員会の下に次世代小天体サンプルリターンワーキンググループ(WG)設立（代表：津田） 

工学検討チーム：探査天体を限定しない形で工学検討に着手 → 工学GDIへ提案 
理学検討チーム：惑星探査WS等を経て、（枯渇）彗星を対象天体に選定 → 太陽系GDIへ提案 

2022年10月‒2023年1月 
太陽系GDI・惑星科学会来る10年2との議論：理学検討チームがサイエンス意義を再定義 
⇒ 太陽系の起源を解明するための彗星探査計画 となり、将来探査案として推薦を受ける 

2023年2月‒ 
宇宙理学委員会の下に次世代小天体サンプルリターンWG設立（代表：嶌生・黒川）： 

サイエンス・ミッション機器検討を担う 

工学WG・理学WGが両輪となり、2024年3月の戦略的中型探査提案へ



惑星科学のフロンティア：太陽系の起源

3

サイエンスゴール 
I. 銀河系物質進化を辿る太陽系”物質”の起源の解明  
II. 微惑星形成過程に迫る太陽系”天体”の起源の解明 



太陽系の起源を記録する彗星

4

小惑星：分化・変成・破壊 
⇒ 母天体集積時の情報を失う

彗星：分化・変成・破壊(?)を未経験 
⇒ 始原天体の化学・物理情報へのアクセス

Suyama et al. (2008, 2012) 
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Figure 4
Oxygen isotopes in meteorites. (a) Schematic diagram of oxygen isotope ratio variations in the Solar System, expressed as δ-values,
parts-per-thousand deviations from Earth’s ocean water at 0,0. Compared with the Sun, bulk planetary materials have O-isotopic
compositions similar to Earth, depleted in 16O by ∼6% (McKeegan et al. 2011). Refractory inclusions and some chondrules in
meteorites are also enriched in 16O, relative to Earth. Black arrow points toward rare 16O-poor meteoritic grains with δ17O ≈ δ18O ≈
+200! (Sakamoto et al. 2007). (Inset) Small isotopic differences are observed among different meteorite groups, making O isotopes a
highly useful classification tool (see the sidebar Chondrite Classification). (b) O-isotopic ratios measured in presolar oxide and silicate
grains (Nittler et al. 2008, Zinner 2014 and references therein); the range of panel a is indicated by the red rectangle. The ratios span
enormous ranges and fall into groupings reflecting different nuclear processes in their parent stars. Inferred types of stellar sources are
indicated; the vast majority of grains originated in AGB stars. Abbreviations: AGB, asymptotic giant branch; CI, Ivuna-type
carbonaceous chondrite subgroup; CM, Murray-type carbonaceous chondrite subgroup; CR, Renazzo-type carbonaceous chondrite
subgroup; CV/CO, Vigarano/Ornans-type carbonaceous chondrite subgroup; OC, ordinary chondrites.

(Figure 4b) have O isotope ratios consistent with observations (Smith & Lambert 1990) and ex-
pectations for AGB stars (set by the first dredge-up of material affected by the CNO cycles of H
burning) (Boothroyd & Sackmann 1999), one class of grains has much lower 18O/16O ratios than
predicted by standard models. The best explanation of this observation, along with the unusually
high abundances of radioactive 26Al inferred in these grains from excesses of the decay product
26Mg, asserts that the grains originated in stars that underwent an additional mixing process,
cool-bottom processing, that is not predicted by standard AGB evolutionary models (Wasser-
burg et al. 1995, Nollett et al. 2003). Moreover, consideration of C, N, and Si isotopes in many
presolar SiC grains indicates that this mixing also occurs in C-rich AGB stars (Nittler & Alexan-
der 2003, Palmerini et al. 2011). Although some astronomical observations already implied this
mixing, high-precision grain data provide constraints on model parameters, such as mixing rates
and temperatures experienced by the mixed materials, that may help elucidate the still unknown
physical mechanism(s) for the process (Nollett et al. 2003, Palmerini et al. 2011). For example,
one popular proposed mixing mechanism, known as thermohaline diffusion, cannot explain the
high inferred 26Al/27Al ratios observed in 18O-poor grains, whereas other mechanisms including
circulation driven by magnetic buoyancy (Busso et al. 2007, Nucci & Busso 2014) or internal
gravity waves (Denissenkov & Tout 2003) remain promising.
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Nittler & Ciesla (2016)

I-1. 太陽系の親星の種類と割合の解明  
無バイアスな彗星試料中のプレソーラー粒子の同位体組成分析

AA54CH03-Nittler ARI 9 August 2016 17:0

CHONDRITE CLASSIFICATION

Chondritic meteorites are subdivided into many groups based on shared chemical and isotopic characteristics,
elemental composition, and physical properties such as the abundance and size of chondrules. Chondrites of a given
group are presumed to have originated from the same or very similar parent asteroid(s). The majority of meteorite
falls on Earth are ordinary chondrites (OCs), which are further divided into at least three groups according to Fe
contents. Despite their name, carbonaceous chondrites (CCs) contain only up to a few percent of carbon (C). They
are more rare but display more primitive characteristics than those of OCs. CCs are further divided into numerous
subclasses, including CI (Ivuna type), CV (Vigarano type), CO (Ornans type), CM (Murray type), CR (Renazzo
type), CK (Karoonda type), CB (Bencubbin type), and CH (high-metal type). Enstatite chondrites are chemically
reduced compared with OCs and CCs, and Rumuruti chondrites are chemically similar to OCs but more oxidized.
The remarkable diversity in physical and chemical properties of the different chondrite groups indicates that they
sample a wide variety of environments and processes from the early Solar System.
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Figure 3
(a) Photograph of slice of Allende carbonaceous chondrite with a calcium-aluminum-rich inclusion (CAI)
and chondrules indicated (photo courtesy of Shiny Things, licensed under CC BY 2.0). (b) Scanning electron
microscope image of Dominion Range 08006 carbonaceous chondrite, showing the fine-grained matrix that
lies between CAIs and chondrules. Matrix includes trace amounts of presolar stardust grains that formed in
outflows and ejecta of previous generations of stars. (c) Electron microscope images of three presolar grains
(graphite image courtesy of Sachiko Amari; silicate image courtesy of Rhonda Stroud).
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隕石中のプレソーラー粒子とその同位体組成

Stardust ミッションからのアップデート



I. 太陽系物質の起源
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Noguchi et al. (2015); Dobrică et al. (2012); Bernstein et al. (1999)

I-2. 彗星有機物の起源の解明  
彗星活動・宇宙風化を免れた地下物質中の有機物の分析

星間氷への紫外線・宇宙線照射による有機物生成モデル



彗星地下物質サンプルリターンとその場分析

7

表
面
サ
ン
プ
ラ
ー

地
下
サ
ン
プ
ラ
ー

or

サンプルボックス

質量分析計

イオン源

直
結

パ
イ
ロ

GCor orサンプラー

前処理機構

質量分析計

弾丸の衝突

弾丸の衝突
吹き上げ

熱
分
解

分
子
種
分
離

高
信
頼
性

電子衝突

質量分析システム

Credit: Jun Aoki

surface image; each numbered sector on the
map corresponds to the numbered, separated
ejecta ray in Fig. 4A, whereas the continuous
ejecta curtain corresponds with a semicircle
at the center. The whole ejecta, including the
rays and the continuous curtain, was only
distributed on the northwest side. This distri-
bution map can be compared with an ONC-T
n-band (0.55 mm) reflectance difference map
shown in Fig. 4C (14). We interpret regions
with a larger decrease of the reflectance factor
as being covered with a thicker ejecta deposit.
These regions are arranged asymmetrically
around the crater: There are four discrete ex-
tended areas but none (or only a very faint one)
to the southeast of the crater. These features in
the reflectance difference map are consistent
with those in the ejecta distribution map, so
we are convinced that these maps represent the
spatial distribution of the ejecta deposit and
that the ejected subsurface material has a lower
reflectance than the average Ryugu surface.
At 396 and 498 s, the surface of Ryugu is

visible through the ejecta curtain (Fig. 3, E
and F, and fig. S6, E and F), which indicates
that the optical thickness of the ejecta curtain
was lower than at 192 s. A deep gray elliptical
area appears, surrounded by the ejecta rays.We
interpret this as the intrinsic color of the surface
and suggest that it represents the excavated area
and/or the ejecta deposit area. Because crater
growth is expected to have halted after 250 s
(14), the ejecta curtain observed in these images
must have been falling toward the surface on
a ballistic trajectory. The major axis of the el-
lipse at 498 s was determined to be 36 m (14).
Detachment of the whole ejecta curtain from

the ground is generally expected during crater
formation in the strength-dominated regime
but not in the gravity-dominated regime (5).
No detachment of the ejecta curtain was ob-
served for the SCI crater formation, including
in the final observation at 498 s (Fig. 3, A to F).
In Fig. 3 and movie S2, the ejecta curtain ap-
pears to be deposited at the crater rim. This is
further supported by the ONC-T reflectance
difference map in Fig. 4C, so the elevated rim
surrounding the SCI crater could be (at least
partially) composed of the ejecta deposits. This
is expected for crater formation in the gravity-
dominated regime (15, 17). We conclude that
the structures of the SCI crater and the ejecta
curtain indicate that they formed in the gravity-
dominated regime.
For the crater formation to be dominated

by gravity, the effective strength of the target
must be <1.3 Pa (14). Cohesionless materials
such as sand can satisfy that small strength
at a depth shallower than 10 m, because the
subsurface shear strength originates from
the frictional stress exerted on cohesionless
materials, and this stress is proportional to
the surface gravity. We calculate the expected
SCI crater radius using the conventional
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Fig. 2. Topography of the SCI crater. (A) DEM of the SCI impact area. The black dashed semicircle shows
the crater rim with diameter 17.6 m, and the red dashed-dotted semicircle shows the crater wall with
diameter 14.5 m. The green dotted circle shows the central pit. The local height is measured relative
to point F, which is labeled northwest of the crater. The white lines show the locations plotted in
(B). Figure S3 shows a contour map of this area. (B) Cross sections of the SCI crater. Radial distances
are measured from the point p. The rim, pit, crater floor, and MB are labeled.

Fig. 3. DCAM3 images of the SCI impact. (A to F) The images were taken at elapsed time after the impact
of 5 s (hyb2_dcam3d_img-f_01309_l2a) (A), 36 s (hyb2_dcam3d_img-f_01340_l2a) (B), 100 s (hyb2_dcam3-
d_img-f_01404_l2a) (C), 192 s (hyb2_dcam3d_img-f_01496_l2a) (D), 396 s (hyb2_dcam3d_img-f_01700_l2a) (E),
and 498 s (hyb2_dcam3d_img-f_01802_l2a) (F). The scale bars of 25 m were calibrated using the distance
between the boulders labeled b1 and b2. Three visible rays are seen in a (B) and they are marked as 2, 3, and 4 in
fig. S6B. The impact point moved toward DCAM3 during the observations because of the rotation of Ryugu.
Movie S2 shows an animated version of this figure.
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地下(~1 m)物質アクセスとサンプルリターン 揮発性物質のその場分析

例：はやぶさ2SCIによる掘削

Arakawa et al. (2020)
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From Dust to Planetesimals:  Growth and Instabilities
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彗星そのもの(ペブルパイル説) or 
彗星の母天体（ラブルパイル説）

II-1. 彗星がラブルパイル天体かペブルパイル天体かを解明  
全球的な mスケールの空隙（破壊再集積の証拠）分布の探査

Credit: S. Okuzumi

Rosetta ミッションからのアップデート



II. 太陽系天体の起源
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II-2. 彗星の形成環境を解明 
難揮発性元素の同位体組成・揮発性物質の存在・ペブルサイズA&A proofs: manuscript no. AA_2016_30106

Fig. 9: Revised critical solid abundance as a function of the di-
mensionless stopping time ⌧s from Carrera et al. (2015). The
filled and open circles show our models with and without signif-
icant radial concentration of solids, respectively. The solid black
line for ⌧s & 10�1 and the dashed blue line for ⌧s . 10�1 are the
unmodified critical curve from Carrera et al. (2015). The black
solid line for ⌧s . 10�1 shows the revised part of the critical
curve, where the black dashed line is the extrapolation of it. For
solid abundances Z above the black line (green region), sponta-
neous concentration of solid particles by the streaming instabil-
ity can occur.

where log is the logarithm with base 10. On the other hand, we
arbitrarily choose a quadratic function of log ⌧s for log Zc such
that it passes Zc = 0.035 at ⌧s = 10�3 and smoothly joins the
other curve at ⌧s = 0.1 with a slope of zero. The resulting func-
tion is given by

log Zc = 0.10(log ⌧s)2 + 0.20 log ⌧s � 1.76 (⌧s < 0.1). (9)

The updated critical curve is shown in Fig. 9.
Moreover, we note that even though particles of ⌧s = 10�2

can concentrate at a lower solid abundance of Z = 0.02, their
concentration is one order of magnitude less dense than parti-
cles of ⌧s = 10�3 at Z = 0.04. The maximum local solid density
reached by particles of ⌧s = 10�3 is about 300 times the back-
ground gas density in the mid-plane ⇢0, while that by particles
of ⌧s = 10�2 is only about 20⇢0–30⇢0. By comparing Z = 0.02
and Z = 0.04 for particles of ⌧s = 10�2 (Sect. 3.1), we note also
that with only a di↵erence of twice the solid abundance, the re-
sponse of the saturated state for particles of ⌧s = 10�2 can be
more than one order of magnitude stronger. At Z = 0.04, they
reach a peak density of ⇠100⇢0–300⇢0, on the same order of that
by particles of ⌧s = 10�3. However, due to the formation of rel-
atively more dense filaments of solids at smaller separations for
particles of ⌧s = 10�2, the saturated peak density remains com-
paratively lower than that of particles of ⌧s = 10�3.

This observation leads to an interesting scenario for planetes-
imal formation. Solid particles of smaller sizes might be more
predisposed towards gravitational collapse inside self-induced
dense filaments of solids than those of larger sizes. To see this,

the Roche density ⇢R is given by

⇢R

⇢0
=

9M?

4⇡a3⇢0
(10)

= 270
 

M?

M�

! ✓
a

2.5 au

◆�3
 

⇢0

10�10 g cm�3

!�1

, (11)

where M? and a are the mass of and the distance to the central
star, respectively, and ⇢0 is the gas density in the mid-plane. The
normalization is applied at the location of the Asteroid Belt in
the MMSN. We note that the observed gas densities in the ter-
restrial region of a young protoplanetary disk can be one or two
magnitudes higher (we refer to e.g., Dutrey et al. 2014, and refer-
ences therein), and a gas density of 10�8–10�10 g cm�3 for a < 5
au can also be seen in numerical simulations of star-irradiated
accretion disk models at their earliest evolution stages (Bitsch
et al. 2015; Baillié et al. 2016). In any case, the solid concen-
tration achieved in our models with particles of ⌧s = 10�3 is
well above the Roche density in the terrestrial region of a wide
range of disks when the solid abundance Z ⇠ 0.04, while it may
require particularly dense disks or further outward locations for
particles of ⌧s = 10�2 to drive planetesimal formation unless
Z & 0.04 also. Most importantly, we have demonstrated that in-
side the ice line, strong concentration of mm-sized solid parti-
cles, whose growth is limited by bouncing and fragmentation
(Zsom et al. 2010; Birnstiel et al. 2012), and hence planetesimal
formation therein is possible, bridging the problematic gap be-
tween dust coagulation and planetesimal formation (Dra̧żkowska
& Dullemond 2014).

Despite that, for a disk with an average solid abundance
below the critical one, some mechanisms are still required to
enhance the abundance in a local but somewhat larger scale
for planetesimals to be able to form via the streaming instabil-
ity. Some interesting possibilities include photo-evaporation of
the gaseous disk (Carrera et al. 2017), radial pile-up of solids
(Dra̧żkowska et al. 2016; Gonzalez et al. 2017), and ice con-
densation and sublimation (Ros & Johansen 2013; Ida & Guillot
2016; Schoonenberg & Ormel 2017).

Some discussion on our simplifying assumption of particles
of the same size is in order here. It has been suggested by Bai &
Stone (2010a) that the particle-gas dynamics for a population of
particles of various sizes is predominantly driven by the largest
ones. They found a critical solid abundance of Zc ⇠ 0.05 for
particles of seven species ranged from ⌧s = 10�4 to 10�1, and
conjectured that it is the total abundance of the particles with
⌧s & 10�2 that forms the criterion for triggering strong concen-
tration of particles; that is, Z(⌧s & 10�2) & 0.02. However, if the
dust coagulation is limited by the bouncing barrier, the largest
particles in the distribution may only have ⌧s ⇠ 10�3 (Zsom
et al. 2010; Dra̧żkowska & Dullemond 2014). In this case, the
conjecture by Bai & Stone (2010a) breaks down and it is not
clear which size range of the particles would dictate the particle-
gas dynamics in the system. On the other hand, when the dust
coagulation is limited by the bouncing barrier, the distribution
of the particle size tends to concentrate within about one order
of magnitude near the barrier (Zsom et al. 2010). Therefore, our
assumption of particles of the same size might still assimilate
this scenario.

Finally, several open questions remain in concentrating small
particles by the streaming instability. We have observed further
sedimentation in dense filaments in our models, indicating that
the velocity dispersion of the particles decreases in the dense
regions. It remains to be seen if further dust growth could pro-
ceed inside such an environment, given the reduced relative ve-
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彗星の内部構造探査
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地下レーダー探査：方式

高周波浅部構造探査 低周波トモグラフィ探査 低周波トモグラフィ探査高周波浅部構造探査

周回子機

子機の相対位置は必要。
要求の整理が必要。

着陸地点からの測線 全球的な測線

トランスポンダ

送信 受信

トランスポンダ

送信 受信

Ono et al. 2009
SELENE/LRS

or
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地震探査

SCI

ペネトレータ

コンセプト
❏ 複数台のペネトレータによる分散型 / 全球トモグラ

フィ
❏ SCI 衝突時の振動を複数台で捉える
❏ ペネトレータ１台には発振器を搭載することで(SCI

の振動を捉えられない) リスクを低減
❏ SCI 衝突前後の短期集中型の観測
❏ 熱センサなど、他の機器をペネトレータに搭載す

ることで理学意義向上の可能性もある。
❏ 着陸機脚に地震計を載せる案もあるが、アンカリ

ングが課題。

❏ Lunar-A, Dragonfly ミッションでの地震計の検
討、および地上での火山ペネトレータ・南極ペネト
レータの実証を進めており、日本の独自の高い技
術へと成長しつつある。

着陸機

Credit: Sakatani, Tanaka, Kawamura, Tsuji, Onodera, Nishiyama

地下レーダー探査 SCI/発振器による人工地震波探査



探査候補天体：289P/Blanpain
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R-band image (Jewitt, 2006)

次世代小天体SR理学 2022/10/14

システム、アーキテクチャ：候補天体

u 探査機制約（ΔV<2 km/s）から候補天体は近日点1.0±0.1 au、軌道傾斜角<10 deg
l 彗星3天体、枯渇彗星候補（ACO）3天体についてSR軌道成立性を確認済み
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天体名 H 直径
[km]

アルベド P
[hr]

スペク
トル型

レー
ダー

e a
[au]

q
[au]

i
[deg]

TJ 補足

彗星

15P/Finlay -- 1.8 -- -- -- -- 0.72 3.49 0.98 6.8 2.62 1886年発見

289P/Blanpain -- 0.32 -- -- D1 -- 0.69 3.05 0.96 5.9 2.82
1819年発見
2004年再発見2

ほうおう座流星群3

320P/McNaught -- -- -- -- -- -- 0.68 3.10 0.99 4.9 2.80 2015年発見

枯渇

彗星
候補
(ACO)

2003 XM 19.28 -- -- -- T4 -- 0.68 3.20 1.03 5.6 2.77

2009 KC3 18.08 2.188 0.023 -- C/P4 Y 0.70 3.21 0.96 10.0 2.73

2016 LX48 19.34 0.864 0.045 5.68 C;X5 Y 0.69 3.22 0.99 5.6 2.75

289P/Blanpainの軌道例と2004年回帰画像2

1: SMASS, 2: Jewitt 2006, 3: Sato+ 2017, 4: Binzel+ 2019, 5: Marcelo+ 2022
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TARGET: 289P/Blanpain
2033/11/03 DEP (dv: 161.6 m/s, vinf: 5261.6 m/s, C3: 27.7 km2/s2])
2034/09/23 DSM (dV: 564.9 m/s)
2035/12/21 EGA (dV: 0.2 m/s, alt: 817.3 km, vinf: 9142.6 9142.3 m/s)
2037/02/24 DSM (dV: 545.3 m/s)
2040/01/27 BDY (dV: 78.6 m/s, vinf: 78.6 0.0 m/s)
2041/07/05 BDY (dV: 240.9 m/s, vinf: 0.0 240.9 m/s)
2046/11/30 ARR (dv: 0.0 m/s, vinf: 9837.0 m/s)
Total dV: 1591.5 m/s
Total dV (w/o DEP): 1429.9 m/s
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打ち上げ年 天体 軌道 打ち上げ 地球出発 天体到着 天体出発 地球帰還

2030年 320P EEAE 2030/06/09 2032/07/29 2037/05/13 2038/05/15 2042/08/14
2030年 320P EEAE 2030/08/24 2032/07/05 2037/05/18 2038/07/10 2042/08/18
2032年 15P EEAE 2032/08/13 2034/10/11 2038/10/08 2041/09/05 2047/10/07
2032年 15P EEAE 2032/11/01 2034/09/03 2039/03/11 2041/11/27 2047/10/08
2033年 289P EEAE 2033/11/03 2035/12/21 2040/01/27 2041/07/05 2046/11/30
2034年 289P EEAE 2034/01/21 2035/11/25 2038/10/21 2041/07/10 2046/12/01
2034年 289P EEAE 2034/01/19 2035/11/23 2040/04/23 2041/07/06 2046/12/01
2034年 320P EVEEA 2034/05/19 2038/07/13 2042/10/19 2043/10/20 2048/07/17
2034年 2003 XM EVEEA 2034/08/02 2038/03/05 2043/06/03 2045/05/31 2050/03/07
2034年 2009 KC3 EVEEA 2034/10/24 2038/09/11 2043/09/29 2044/09/29 2049/08/25
2035年 289P EEAE 2035/01/10 2036/11/28 2041/03/06 2042/03/07 2046/12/02
2036年 2016 LX48 EVEEA 2036/03/08 2039/07/27 2044/12/31 2045/12/31 2051/08/21
2037年 15P EVEEA 2037/11/29 2041/10/24 2047/01/28 2048/01/29 2053/10/09

彗星・ACOの過去軌道の調査、近日点での彗星活動有無のフォローアップ観測が必要

• 背景
• ミッションの意義

• システム、アーキテクチャ
• 体制
• スケジュール

• リスク識別

探査機の軌道の一例 (工学WG提供)

ほうおう座流星群の母天体として知られる、直径 ~300 m の低活動度木星族彗星 
2033年打ち上げ・2040年到着・2046年地球帰還



次世代小天体サンプルリターンの開拓するサイエンス
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まとめ
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理工WG共同で2024年3月の戦略的中型探査提案を目指す 

彗星から太陽系の起源に迫る 

銀河系物質進化を辿る太陽系物質進化の解明 
→ 地下物質サンプルリターンとその場分析 

微惑星形成過程に迫る太陽系天体進化の解明 
→ レーダー・地震計による内部構造探査 
289P/Blanpainの場合、 
2033年打ち上げ・2040年到着・2046年地球帰還


