
Credit: JAXA



Credit: JAXA

フォボス

ディモススケジュール
2024年 打ち上げ
2025年 火星衛星到着
（3年間の観測・試料採取）
2028年 火星圏離脱
2029年 地球へ帰還



日本の太陽系探査の歴史
1998年「のぞみ」火星周回探査機

（2003年軌道投入断念）
2003年「はやぶさ」小惑星イトカワ探査機

（2010年帰還）
2007年「かぐや」月周回探査機

（2009年計画落下）
2010年「あかつき」金星周回探査機

（2015年軌道投入）
2014年「はやぶさ２」小惑星リュウグウ探査機

（2020年12月帰還予定）
次はどこを探査する？ à 火星衛星へ

一部抜粋



科学的側面

火星衛星探査の科学的価値
火星衛星の起源がわかっていない

惑星ー衛星系の形成を理解したい
火星衛星にも、火星の歴史が刻まれている
火星衛星の試料は、大変貴重である
（始原的な物質、火星表層物質、火星マントル物質）



重力天体（火星や月など）へ
の着陸経験なし

工学的な壁

à火星圏からの世界初のサンプルリターン

火星圏に探査機を送り込んだ
経験がない（「のぞみ」の失敗）

火星本体が無理なら、
火星衛星に行って、サンプルを持ち帰ってこよう

SLIM計画 (JAXA) 
2023年打上
月ピンポイント着陸機

MMX à将来の火星生命探査のマイルストーン



捕獲説

capture

impact

disk

disk

衝突説

火星衛星の起源がわかっていない

スペクトルは捕獲説を支持 軌道要素は衝突説を支持

MMX計画の大目的の１つは、
火星衛星の起源に決着をつけること



火星衛星の反射スペクトル

フォボスとディモスの反射スペクトルに完全⼀致する⼩惑星のスペクトル
はないが、D型（or T型、C型）に類似しているようだ

S型⼩惑星 (Itokawa) 
Hayabusa

C型⼩惑星 (Ryugu, Bennu)
Hayabusa2, OSIRIS-Rex

D型⼩惑星 (Phobos?)
MMX

反射スペクトル：暗くて、吸収線なし



火星半径の

３倍離れている

フォボスは内側へ移動、３千万年で火星に落下

軌道：ほぼ円軌道（e < 0.01）、火星赤道面（I < 2º）

火星衛星の軌道

火星

フォボス ディモス

共回転半径

赤道面

潮汐進化：ディモスは外側に移動、極めて遅い

火星半径の

７倍離れている

Black & Mittal (2015) Nature Geo.



捕獲説
100個以上の不規則衛星が
木星型惑星の周りで発見

土星の不規則衛星

不規則衛星の軌道
楕円軌道かつ軌道面はバラバラ

多くの研究者は、不規則衛星は
捕獲されたものと考えている

もし、火星衛星が捕獲衛星ならば、その軌道は
楕円かつ面がバラバラであったはず

捕獲された衛星が、偶然、赤道面付近になる確率は？
P = 1 – cos(I) = 0.0003 = 0.03%
２つの衛星が赤道面付近になるのは P2 = 10-7



火星原始大気によるガス抵抗

3. Results 

Revisiting capture origin of Martian satellites: 
Effects of rotating proto-Martian atmosphere

1. Introduction 
The Mars has two satellites, Phobos and Deimos. The origin of these moons is still an 
open issue. It has been proposed that both moons are asteroids captured by Mars’ 
gravitational attraction, or that they have  formed from debris surrounding Mars following 
a giant impact.

Capture scenario is based on similarity to C-type or D-type asteroids but doesn’t explain 
current near-circular, near-equatorial orbits of the moons. Recent observations suggest the 
giant impact scenario, which is able to explain their orbits. In this study we revisited capture 
origin as it has not completely been studied yet.

4. Discussion & Summary 
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・f should be over 70~80% to 
be feasible possibility to fill the 
observed value.  
・Ormel et al. (2015) indicates 
f~10% in the case of Mars 
・If f is 10%, the possibility 
increases by only 1.5 times 
compared with non-rotation 
atmosphere.

It is difficult to fill low inclination with assumed rotation 
velocity, but the possibility could change as other 
proto-Martian atmosphere models are studied.

○Future work 
　We need to study detailed proto-Martian atmosphere model. 
For example, there is an idea that the atmosphere rotates by 
being given angular momentum by gas drag’s reaction as 
planetesimals, captured by Mars in the stage of formation of 
Mars, undergo gas drag. The idea is based on the deviation 
existing of the planetesimals’ impact toward Mars since Mars 
rotates at present.
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Two small satellites (Phobos and Deimos) are orbiting Mars on the Martian equatorial plane 
with nearly circular orbit. Two leading hypotheses for origin of Martian satellites have been 
discussed so far; capture origin and giant impact origin. Spectral features of Phobos and Deimos 
are similar to C-type or D-type asteroid, which supports capture origin, while their orbital 
features (especially low inclinations) do not support capture origin, but support giant impact 
origin. Here we focus on capture origin, and examine the effect of rotating proto-Martian 
atmosphere on damping their inclination via gas drag. We reexamine the possibility for capture 
origin. 

2. Model 
○Gas model 
 ・Gas density model (Sasaki, 1990)

・Gas rotation model 
 We assume porto-Martian atmosphere which 
would rotate with some rate of Keplerian 
velocity around Mars. 
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f > 0.5 (ケプラー速度の半分で回転)が必要

Suzuki, Genda et al. in prep.
Matsuoka & Kuramoto et at. in prep

自転軸にそろって回転している火星原始大気があれば、
捕獲された天体の軌道傾斜角を下げる可能性がある



捕獲説

capture

impact

disk

disk

衝突説

火星衛星の起源

確率的に極めて低い 本当にできるの？
もしくは、何か見過ごしているかも・・・



巨大天体衝突起源？

同じ様なことが火星でも起きれば、
赤道面に円軌道の衛星が自然に
できるのでは？

地球の月の起源（ジャイアントインパクト説）

フォボスとディモスは小さい
à小さい天体の衝突でOK?

火星の北半球の低地（ボレアリス盆地）
が火星衛星を作った巨大衝突の痕跡？

Craddock (2011)



ボレアリス盆地を作った衝突

of 60–80 km (depending on impact velocity), whereas 75u impacts
produce a GEL melt depth of only 6–20 km. The vaporized mass is
less than 1% of the molten mass.

Global melt depths of tens of kilometres have been argued to be
sufficient to erase the signature of the dichotomy7; however, GEL
depths do not represent the highly heterogeneous distribution of melt.
The distribution varies with impact characteristics. For all but the
highest energies (nominal crater size #10,000 km), melt is largely
contained within the crustal excavation boundary and extends to
depth (Figs 1 and 2). Depending on impact angle, 50–70% of the melt
resides inside the excavation boundary, 25–30% is deposited outside
the boundary and the remainder is ejected from the planet. Most re-
deposited material is of crustal composition and results in a thickening
of up to ,60% compared with the original crustal thickness.

In areas where crust is removed and the mantle melts, fresh crust
that crystallizes is likely to leave a difference in crustal thickness. The
amount of mantle melt, and hence the thickness of the new crustal
layer, is dependent on impact conditions.

For highly energetic and fast impacts, the shock wave produced is
sufficiently strong to induce antipodal effects including crustal
removal and melting. These are inconsistent with the lack of observed
topographic, gravitational or magnetic anomalies antipodal to the
proposed impact location. Thus we only consider viable simulations
that produce antipodal features smaller than 10u in diameter.

We consider the effect of numerical resolution on the simulation
results. The resolution and fidelity of post-impact crustal features in
these simulations is higher than that of previous three-dimensional
SPH studies. For simulations with a particle smoothing length of
150 km, the basin major axis, ellipticity, antipode size and melt cover
differ from the nominal 118-km resolution simulations by an average
of 28%, 21%, 228% and 216%, respectively, for nominal 10,000-
and 12,000-km craters. Thus the qualitative conclusions are robust.

Combining the crust and melt distribution results, we find a ‘sweet
spot’ in parameter space, where the simulations show striking sim-
ilarity to the observed Mars dichotomy features (Figs 1, 3 and 4).
Importantly, this range represents impact conditions that are prob-
able in light of the age of the dichotomy10 and probability distribution
of the impact angle11,22. This parameter space ‘sweet spot’ is at impact
energies of ,(3–6) 3 1029 J, impact angles of 30–60u and impact
velocities of 6–10 km s21, which imply impactor diameters of
1,600–2,700 km. These favoured simulation conditions encompass
the range of uncertainty in the geometry of the observed crustal
anomaly. The early age of the dichotomy is consistent with the
expected timing of the influx of large impactors. These objects are
also expected to have similar orbital velocities23, resulting in impacts
at or slightly above Mars’s escape velocity ($5 km s21). The most
likely impact angle11 is 45u.

Results from the large parameter space explored by the simulations
provide new insights pertinent to global-scale impact processes
thought to prevail in the early Solar System. Our simulations provide
quantitative constraints for the previously only hypothesized extent
of surface melting, planetary disruption and crustal removal as a
function of impact energy and geometric characteristics. The pre-
dicted melt distribution over the surface may provide a heterogen-
eous geochemical signature observable by future Mars missions.

METHODS SUMMARY
SPH is a lagrangian method in which matter is represented by point masses
smoothed over a particle radius (smoothing length), with density and internal
energy computed according to kernel-weighted summation and by the conser-
vation of mass, momentum and energy16. Pressure, as a function of internal
energy and density, is computed with the Tillotson EOS, and pressure gradients
and self-gravitating forces accelerate the particles. Our simulations conserve
energy and angular momentum to better than 1 part in 2,000. Simulations are
run for 26 h of model time, after which the r.m.s. particle velocity does not
appreciably oscillate. We assume an olivine composition of Fo75Fa25 (ref. 24).
Density (r0 5 3,500 kg m23) (ref. 25), bulk modulus (K 5 131 GPa) (ref. 26),
heat capacity26 and heat of vaporization (Hvap 5 10.013 MJ kg21) (ref. 27) are
measured material values; the nonlinear Tillotson compressive term (B) and two
of the Tillotson EOS fitting parameters (b, U0) are set to the average of those
published for basalt, granite, anorthosite low- and high-pressure phases, and
andesite (B 5 49 GPa, b 5 1.4, U0 5 550 MJ kg21); b varies by only 8%. The
remaining Tillotson EOS fitting parameters are identical for all given rocky
materials (a 5 0.5, a 5 5, b 5 5). The olivine Hugoniot internal energy curve
is on average 15% lower and 11% higher than the experimentally determined
pure forsterite and fayalite curves, respectively, for 0–200 GPa. Using a forsterite
EOS with Tillotson parameters fitted to the experimental curve results, on aver-
age, in 8% more melt (impacts of 8,000–12,000 km) and similar melt distri-
bution. Both the mantle and crust are composed of olivine because a single-
particle basalt layer would be numerically unresolved. The core is composed of
iron and the impactor of basalt. The SPH code was modified to initialize with
randomly distributed particles of prescribed composition, internal energy, pres-
sure and mass as a function of radial position. Transient oscillations are damped
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Figure 4 | A favoured impact hypothesis compared with Mars’s crustal
thickness. Post- to pre-impact simulation crustal thickness ratio (a), and
model thicknesses (based on gravity and topography10, revised by Neumann
et al., manuscript in preparation) (b). Superimposed are the Andrews-
Hanna et al. dichotomy boundary2 (black line) and the crustal excavation
boundary from the simulation results (blue line). Impact simulation
characteristics: 3.1 3 1029 J (nominal 10,000-km crater), 6 km s21, 45u,
impactor diameter 2,230 km. Crustal excavation boundary centre2 (star)
shown at 66uN, 206uE. In a, the crustal thickness is computed at a 2u
resolution and smoothed over a 10u-diameter cap area.

Impact angle (degrees)
0 20 40 60 80

Impact angle (degrees)
0 20 40 60 80

1.1

1.2

1.3

1

2,000

4,000

6,000

8,000

10,000

12,000
1.4

0

M
aj

or
 a

xi
s 

(k
m

)

El
lip

tic
ity

a b

Figure 3 | Major axis and ellipticity for impact energies of 3. 1 3 1029 J and
5.9 3 1029 J (red and blue, respectively). a, Excavated cavity major axis;
b, ellipticity. Shown are impact velocities of 6 km s21 (solid line), 10 km s21

(dashed line) and 50 km s21 (dotted line). Major axes and ellipticities of
mapped dichotomy boundary ellipse fits2 are shown (black dashed lines),
representing the range of possible boundary locations (reported uncertainty
of 6 100 km). A ‘sweet spot’ emerges for these impact energies and at impact
velocities of 6–10 km s21 and impact angles of 30–60u.
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Marinova et al. (2008) Nature

Thus the computed crustal excavation boundary size is a robust
result. In addition to this boundary, we consider the integrated
amount and spatial distribution of melt, crustal thickening and the
extent of antipodal disruption.

The distribution of crust and surface melt are calculated as a frac-
tion of the material within the top 150 km. An ellipse is fitted to the
crustal excavation boundary (the contour of 50% crustal fraction) in

polar coordinates, with the origin centred on the excavated region.
Our analysis of the impact melt and its distribution shows that pre-
vious assumptions about melting during planetary-scale cratering
events have been oversimplified.

In contrast to smaller, half-space craters, whose size and melt
production dominantly scale with the impact energy21, for plan-
etary-scale impacts we find that impact velocity and impact angle
fundamentally affect the crustal excavation boundary, its ellipticity,
and the amount and distribution of melt. In particular, we identify
possible impacts that are consistent with the crustal distribution of
Mars.

Planetary-scale impacts penetrate into the mantle. The resulting
rarefaction wave completely removes the surrounding crust, which
re-impacts elsewhere on the planet or is ejected to space. The size of
the crustal excavation boundary is representative of the size of the
crustal thickness dichotomy that is likely to remain, neglecting later
geologic crater modification. Simulation results show that the crustal
excavation boundary size increases with increasing impact energy.
For a given impact energy, the boundary size decreases with increas-
ing velocity and with increasingly oblique impacts (Figs 2 and 3a).
For smaller, half-space impact craters, a deviation in circularity is
only present for highly oblique impacts9,15 (.80u). In contrast, our
planetary-scale impact simulations show that with increasing impact
energy, the removed crustal region becomes significantly elongated at
relatively shallow angles (Fig. 3b).

The pattern of crustal redistribution depends upon impact angle.
Although angles above ,60u result in a distinct rim-like feature, less
oblique impacts (,45u) produce widespread crustal thickening but
no short length-scale variations, in agreement with dichotomy char-
acteristics (Fig. 4; contrast with Supplementary Information). In
cases with high ejection velocity, the flight path of ejected material
is of the order of the radius of the planet; thus the ejected material is
distributed globally.

Melt production and distribution are also strongly dependent on
impact energy, velocity and angle. The total amount of melt increases
with increasing impact energy, and at constant energy and low
impact angles exhibits a weak maximum at intermediate velocities
(10–20 km s21). Melt significantly decreases with increasing impact
angle. As an example, for a nominal 10,000-km crater, head-on (0u)
impacts produce a Mars global equivalent layer (GEL) melt depth
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Figure 1 | Summary of simulation results. Shown are the impact
characteristics resulting in extensive surface melt cover (.25% of the
surface), significant melt outside the crustal excavation boundary, presence
of antipodal crustal disruption, presence of a thickened annulus of crust
around the crustal excavation boundary, and the directions of increase in
ellipticity and basin size. The results at a given energy are averaged over
impact velocity. A ‘sweet spot’ of impact conditions emerges for which the
resulting simulation characteristics closely match the observed Mars
dichotomy features2. A compatible hypothesis is found at an impact energy
of ,3 3 1029 J, velocity ,6 km s21 and, importantly, an impact angle of
,45u. These parameters represent probable impact conditions in the early
Solar System3,11.
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Figure 2 | Change in melt distribution and crustal removal boundary with
impact characteristics. Crustal excavation boundary, nominal crater size
and a fit by Andrews-Hanna et al.2 to the dichotomy boundary are overlaid.
The melt distribution is computed at a 2u resolution and smoothed over a

10u diameter cap area. The surface melt cover fractions are 25%, 8%, 71%
and 12%, respectively. Note the changes in features with impact energy
(nominal crater size), velocity and angle. The planet has been rotated to
centre the excavation boundary at approximately 260u downrange angle.
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火星質量の3%ほどの天体が
~ 6 km/sで ~ 45度で衝突すると
ボレアリス盆地ができる





Phobos

Deimos

✔

✔

内側で形成された巨大衛星が
フォボスとディモスの集積を促進

108 runs (37%)  out of 288 runs
yielded two moons

91 runs (32%) yielded larger 
inner moon and smaller outer 
moon like Phobos and Deimos.



particles at this stage can be written as
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where Ω is the Keplerian orbital frequency and f is a factor of
unity. Using =a R10 Mars, we calculate ~ ´( )t f9 10coll

4 yr.
In contrast, the precession rate of the argument of pericenter

ω and the longitude of ascending node Ω around Mars is
much shorter than the above collision timescale as estimated
below. The precession rates due to flatness of Mars
( = ´ -J 1.96 102

3) can be estimated by (Kaula 1966; Hyodo
et al. 2017)
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where n is the orbital mean motion of particles. Assuming
=a R10 Mars, e=0.8, and i=45°, we calculate the timescale

of precession t p w= ~w ˙2 35 yr and t p= W ~W
˙2 37 yr,

respectively. Thus, precession occurs quickly and forms a
torus-like structure before they collide.
Once the orbital direction is randomized, the orbits of the

particles cross and collision velocities become comparable to
local Keplerian velocities at around pericenter (Hyodo et al.
2017). Assuming that particles collide at their pericenter, the
collision velocity is about

=
+
-
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e
e

1
1
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The collisional velocity is between 1 and 5 km s−1, and the
specific impact energy becomes ~ –10 106 7 J kg−1 (Figure 6).
Some fraction of this impact energy is used for temperature
increase, melting, and vaporization. Since the latent heat
of melting for silicate (~ ´6 105 J kg−1 for forsterite in
Navrotsky et al. 1989) is smaller than or comparable to the
specific impact energy, we expect that most of the colliding
particles melt again. On the other hand, since the latent heat of
vaporization for silicate (~107 J kg−1 in Pahlevan & Steven-
son 2007) is larger than the specific impact energy, we expect
that vaporization due to the collision cascade of particles in the
disk does not effectively occur. When melting occurs, using the
same arguments in Section 3.3 and assuming a collisional
velocity of 1–5 km s−1, meter-sized particles become ∼100 μm
sized droplets, followed by quick solidification.
During the initial particle–particle collisions, the kinematic

energy is damped and eccentricity decreases. Thus, successive
collision becomes much less energetic, and further melting
impacts are less likely to occur. Without melting, it is not
simple to determine the typical size of particles after the
particle–particle collision. Therefore, the size distributions of
the final building blocks of Phobos and Deimos are expected to
be very wide, from meter-sized particles fragmented during the
giant impact, to 100 μm particles fragmented during subse-
quent collision cascade, down to 0.1 μm particles condensed
from silicate vapor (Ronnet et al. 2016) produced during the
giant impact.
Surface features such as spectral properties are related to its

grain size (Pieters & Noble 2016). We consider the case where

Figure 3. Results of SPH simulations ( = ´N 3 105). Left panel: disk mass at different impact angles. Right panel: disk mass fraction that originated from Mars (red
points) or from the impactor (blue points) at different impact angles.

Figure 4. Cumulative fraction of disk particles that originated from Mars
against their original depth from the surface of Mars ( = ´N 3 106 with an
impact angle of q = 45°). The black solid line represents the case where all
disk particles are considered. The dashed line represents the case where only
particles whose equatorial circular orbital radius is beyond R4 Mars. We take the
radius of Mars (before the impact) as 3228 km from our SPH simulation.
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火星からの放出深度

火星衛星の材料物質
円盤の組成

衝突天体

火星本体

衝突天体物質と火星物質の混合物質

火星物質の約半分は、火星マントルから放出

Hyodo, Genda et al. (2017) ApJ



捕獲説

capture

impact

disk

disk

衝突説

火星衛星の起源

確率的に極めて低い 作れた！
もしくは、何か見過ごしているかも・・・



リモセン観測とサンプル分析

捕獲説 衝突説

岩石学
鉱物学

鉱物の非平衡な
混合、含水鉱物、
有機物

ガラス、
火成岩的組織、
高T & P 相

化学組成
コンドライト組成、
揮発性元素に富む

揮発性元素
の欠乏

同位体組成 始原的な太陽系同位
体組成

火星と衝突天体の
両方の組成 詳細なリモセン観測、

その場観測、
サンプル分析



2.5. Validating computations from specific impact events on Mars

Table 2 lists four sample impacts on Mars where we compute
the approximate mass of Mars ejecta that impacts Phobos from

outbound and inbound trajectories and the thickness of deposits
that are distributed across the geographic surface of Phobos from
these events. As reference events, these impacts are used as
examples to assess the validity of general predictions.

2.6. Intersections of Phobos with outbound Mars ejecta

Ejecta plumes generally begin as a toroidally shaped expanding
cone with an outermost angle of !901 (Melosh, 1984; Richardson,
2011) (Figs. 3 and 4). The total volume of a 901 cone that extends
from the surface of Mars to the average orbital altitude of
Phobos¼2.25#1011 km3. The volume of the cone that is inter-
sected by the volume of Phobos as it passes through the center
axis of the cone¼3.81#106 km3. Thus, during an intersection with
outbound Mars ejecta fragments, the orbit of Phobos at most
sweeps proportionately !1.7#10$5 of the volume of the ejecta
fragments in the cone (3.81#106 km3/2.25#1011 km3).

The intersection of Phobos with outbound ejecta also depends
on the timing of the impact on Mars relative to the location of
Phobos in orbit. An expanding outbound 901 angle ejecta cone
intersects only a portion of a sphere defined by the average
altitude of Phobos. At the present-day altitude of Phobos (5980
above the surface of Mars), the total surface area of the
sphere¼1.10#109 km2. The area of the sphere that is intersected
by the 901 angle ejecta cone¼7.52#107 km2. Thus, on average, for
a given primary impact site on Mars, an outbound plume has a
!7% (7.52#107 km2/1.10#109 km2) likelihood of intersecting
Phobos when Phobos is overhead (Fig. 3).

During the outbound intersection, the Mars ejecta plume
continues to disperse into space beyond the orbit of Phobos or

Fig. 3. Derived from Video 1 of our Blender/Bullet physics model (SOM), this simulation shows the dispersion of ejecta from an impact on Mars and the relationship to the
present-day orbit of Phobos. For visibility, Phobos is shown at a geometric scale that is 20# larger than actual. 10,000 test particles simulate a toroidal ejecta plume from
Mars. Red particles represent the highest velocities relative to Mars. Blue particles represent the slowest velocities. Launch velocities in this sequence are limited to !4.0–
5.2 km/s. The surface angle of ejection varies randomly from !30-45 degrees from the vertical, corresponding to ejection angles that may be characteristic of higher velocity
spalled ejecta (Melosh, 1989, p. 64). In panels a. through d. progress of the outbound plume is shown from 6 min to 56 min since the primary impact on Mars. In panel d., at
minute 56, particles have already begun to disperse before Phobos has traveled through 1/2 of the outbound plume. See Video 1 in SOM for a continuous simulation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Derived from the same Blender/Bullet physics model simulation shown in
Video 1 (SOM), Video 2 (SOM) shows a wider view of the dispersing ejecta plume
154 min after a primary impact on Mars. At minute 154, returning inbound ejecta is
beginning to intersect !1/2 of the orbit of Phobos. As can be observed in Video 2
(SOM), after 25 h !10 inbound test particles are located within the orbit of Phobos
and after 100 h only a single inbound particle crosses the orbital altitude of Phobos
approximately once every 80 min. This strongly suggests that the volumetric flux
density of inbound Mars ejecta diminishes by approximately an order of magnitude
during each orbit of Phobos and that the flux of inbound flight no longer
contributes significantly to the exposure of Phobos to Mars ejecta beyond the first
1–2 orbits of Phobos after the impact on Mars. See Video 2 in SOM for the animated
simulation.
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放出物

フォボス

フォボス

フォボスに火星表層の物質が！？

⽕星への隕⽯衝突で、⽕星物質が
衛星フォボスへ降り積もる

Ramsley & Head (2013), Chappaz et al. (2013)



隕石衝突計算・放出物軌道計算

Figure S1. Snapshots of two example impacts with vimp = 12 km/s for the case of a head-
on impact (left panels) and a 45-degree impact (right panels). The color 
contours represent temporal particle velocity. All lengths are normalized by the 
projectile radius (Rp). The contact between the projectile and the target occurs at the 
origin. Only SPH particles in a thin cross section with y = −0.02 Rp to 0.02 Rp are plotted. 
Time (t) is normalized by the characteristic time for projectile penetration ts = 2Rp/vimp. 
Projectile materials are shown in light gray.

Figure S13. Same as Figure S12, but for the case of Deimos.
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1000粒⼦中、少なくとも
１粒⼦は⽕星表層物質

> 1000 ppm (= 0.1 wt%) 

MMX計画 : フォボスから10 g 以上持ち帰る
粒⼦サイズ
D = 1 mm     à > 10,000 粒⼦ à 10 粒⼦
D = 300 µm  à > 300,000 粒⼦à 300 粒⼦

⽕星物質

MMX帰還試料中の火星表層物質



Hyodo, Kurosawa, Genda, et al. 
(2019) Sci. Rep.

全火星史解読



まとめ

MMX計画では、大目標の１つとして
火星衛星の起源に決着をつける
捕獲説 or 衝突説 or 他の説？

帰還サンプルは極めて貴重
始原的小惑星(D型?)、火星物質(地殻・マントル)

火星表層物質
全火星史解読へ。火星生命の痕跡は？


