
火星衛星フォボスとデイモスの 
起源と進化の現状理解

Ryuki Hyodo (ELSI, Tokyo Tech),  
Thanks to S. Charnoz (IPGP), H. Genda (ELSI, Tokyo-Tech), 

K. Kurosawa (Chiba Institut.), T. Nakamura (Tohoku Uni.)  
and  

MMX science team 

Phobos

Deimos
Related papers:
Rosenblatt, Charnoz, … Hyodo, … (2016), Nature Geo.
Hyodo et al. (2017a), ApJ
Hyodo et al. (2017b), ApJ
Pignatale, Charnoz, … Hyodo, … (2018), ApJ
Hyodo & Genda (2018), ApJL
Hyodo et al. (2018), ApJ
Hyodo et al. (2018) in prep, Astrobiology



ຊͷ༰

1. Dynamical origin and evolution of Martian moons  

2. Physical & chemical properties of Martian moons  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Phobos and Deimos

aP = 2.76 RM aD = 6.92 RM
ac = 5.9 RM

MM = 6.1 � 1023 kg MP = 1.0 � 1016 kg MP = 1.5 � 1015 kg

eP = 0.01511 eD = 0.00024
IP = 1.0756 deg ID = 1.7878 deg

Phobos is migrating inward, and will break apart or hit on Mars in 30 Mrys.

Orbits: very circular (e ~ 0) and parallel to the Mars’ equatorial plane (I ~ 0).

rP = 1.85 g/cc rD = 1.48 g/cc
Mars

Phobos Deimos

synchronous
orbit

equatorial plane

Tide: Deimos is migrating outward because of tidal interaction with Mars

Black & Mittal (2015) Nature Geo.

Spectra: featureless & very dark (similar to D-type asteroids)
e.g., Murchie (1999) JGR

e.g., Rosenblatt (2011) A&A Rev.



Deimos: 7RMars 

共回転半径: 6RMars

Phobos: 5.7RMars 

約40億年前の軌道

Deimos: 7RMars 

ロッシュ半径: 3RMars

潮汐進化 潮汐進化
( 2 cm/年 )

Phobos: 2.76RMars 

現在の軌道



Two Leading Hypothesis
MMX is a JAXA’s sample return mission to Martian moons 
Primary goal of MMX mission is to solve moons’ origin

capture
origin

capture

impact

disk

supported by spectral features supported by orbital elements

giant impact
origin

Dark & Featureless: D-tyep? Circular & Equatorial
->This talk



Impact Origin?

If this happens on Mars, 
satellites with e ~ 0 and I ~ 0 
may be naturally formed.

Giant impact hypothesis for Moon

Phobos and Deimos are small. 
à small impactor is sufficient

Craddock (2011) proposed the impact
which made northern lowlands on Mars 
(Borealis basin) may create Martian moons.

Topography of Mars

Marinova et al. (2008) showed
the impact condition to form the Borealis basin
-> we use the same impact conditions to form Martian moons



Borealis Basin-forming Impact

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

C
ru

st
al

 th
ic

kn
es

s 
(k

m
)

0

20

40

60

80

100

0.5

1.0

1.5

b

a

N
or

m
al

iz
ed

 c
ru

st
al

th
ic

kn
es

s

0.0

2.0

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.
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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

Extensive melt
cover
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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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Impactor mass : 3% of MMars
Impact velocity : ~ 6 km/s
Impact angle: ~ 45 deg

Sweet Spot



Inner Massive and Outer Light Disk 

Formed disk is relatively massive.
~ 1020 kg : 10,000 � Phobos

Impact simulation (SPH method)
Smoothed Particle Hydrodynamics

Mars

Massive disk

Less massive disk

Roche limit

Synchronous orbitHyodo, et al. (2017) ApJ



Accretion in Outer Light Disk

Mars

synchronous
orbit

An example result of N-body simulation

More than 2 satellites (typically ~ 5) are formed, 
because the system is NOT enough dynamically excited.

�

We need a trick which can enhance or force 
the accretion of satellites in the outer disk.

a [Rmars]

5 satellites!

If it’s empty here!



Formation of Big Moons  
from Inner Massive Disk 

Phobos Mass

From massive inner disk (10,000�Phobos), 
a huge satellite (~ 1000 x Phobos) can be formed.

This huge satellite moves outward up to 4.4Rmars due to the 
gravitational interaction with the disk.

�

�



Rosenblatt, Charnoz, … Hyodo, Genda et al. 2016, Nature Geo.



Rosenblatt, Charnoz, … Hyodo, Genda et al. 2016, Nature Geo.

共回転半径(a)

(b)

(c)

(d)

(e)

およそ

４０億年前 巨大衝突による重たい内側円盤と


軽い外側円盤の形成

火星

巨大衛星の形成と外側移動によって

外側円盤で小衛星形成が促進

火星へ落下 火星潮汐による

軌道進化

Phobos Deimos

外側に小さな小衛星が２つ形成され, 

内側の円盤は無くなる

現在
残った２つの衛星が現在観測される



Creations and Destructions of Phobos?

Hesselbrock & Minton 2017
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High-Resolution SPH Simulations

Hyodo, et al. (2017) ApJ

Conditions:
・NSPH=3×106

・M-ANEOS
・θimp=45degs

・Vimp=6km/s
・mimp=0.03MMars

Outcome:
・Mdisk=5×1020kg



Debris just after the Ginat Impact

Hyodo, et al. (2017) ApJ



Giant impact by Vesta-to-Ceres impactor?

Canup & Salmon 2018

Physical, thermodynamical & compositional properties are similar to Hyodo et al. 2017 

・θimp=45degs

・Vimp=7km/s

・mimp=5×10-4MMars 

・Mdisk=5×1018kg



Building Blocks

particles at this stage can be written as

p= W⎜ ⎟⎛
⎝

⎞
⎠ ( )t a fr2

3
2

, 7coll p

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

=
+
-

( )v na
e
e

1
1

. 10peri

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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impactor

Mars

mixture
~50% of Martian 
materials coming 
from the mantle

disk composition ejected depth

Phobos and Deimos contain Martian mantle materials

Hyodo, et al. (2017) ApJ



Thermal and Physical Aspects

Hyodo, et al. (2017) ApJ
two different-sized solid particles, rp1 and rp2, are well mixed
( <r rp1 p2) with their mass fraction of rp1-sized particles f and
that of rp2-sized particles - f1 . The total surface area of the
larger particles can be written as

p= ´ ( )S N r4 , 112,tot 2 p2
2

where = -( )N f M m12 disk 2 is the total number of rp2-sized
particles. The sum of the cross section of the smaller particles
can be written as

s p= ´ ( )N r , 121,tot 1 p1
2

where = /N fM m1 disk 1 is the total number of rp1-sized particles.
The ratio between the total surface area of the larger particles
and the total cross section of the smaller particles can be
written as

s
=

-⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ ( )S f

f

r

r
4

1
. 132,tot

1,tot

p1

p2

In our case, if we consider =r 0.1p1 μm with f=0.05 and

=r 100p2 μm with f=0.95, we can calculate ~
s

0.08S2,tot

1,tot
.

This means that all surfaces of the large particles can be
covered by 0.1 μm sized small particles. Thus, although the
building blocks of Phobos and Deimos are the mixture of
different-sized particles, 0.1 μm particles condensed from
vapor are likely to be representative of the surface properties.

4. Summary and Discussion

The origin and dynamical evolution of the two small Martian
moons, Phobos and Deimos, are intensely debated. Craddock
(1994, 2011) have proposed that Phobos and Deimos may form
within a debris disk that formed by a giant impact. Recent
works have shown that they can be formed by accretion within
a debris disk that is formed by a giant impact (Rosenblatt et al.
2016; Hesselbrock & Minton 2017). These previous works
mostly focused on explaining the mass and orbital properties of
the two moons, but a detailed analysis of the disk properties
(that is, the building blocks of the Martian moons) has scarcely
been done. In this work, we performed high-resolution

SPH simulations and investigated the detailed structure and
thermodynamic properties of an impact-induced Martian
moon-forming disk.
We have considered the canonical Martian moon-forming

impact, whose impact energy is ´3 1029 J and impact angle is
45° (Citron et al. 2015; Rosenblatt et al. 2016), which can form
the Borealis basin (Marinova et al. 2008). We showed that the
resulting debris disk is expected to experience two stages of
thermodynamic evolution:
1. As a direct consequence of the giant impact, the disk

material is heated up to 2000 K, with an entropy increase of
1500 J K−1 kg−1, and thus most of the disk material is in liquid
phase, but a small amount of material (less than 5wt%) is
vaporized. The size of the liquid droplets is regulated by shear
velocity and surface tension during the ejection phase on
impact, and they become meter-sized droplets followed by
quick solidification to solid particles (Section 3.3).
2. The solid particles initially have large eccentricities. Then,

they experience precession around Mars, due to mainly the
Mars J2 term. After the orbits are randomized, their orbits cross
and collide with an impact velocity of 1–5 km s−1. These high-
velocity collisions can partly result in melting and form at
minimum ∼100 μm sized particles from meter-sized particles
(Section 3.5).
Ronnet et al. (2016) have shown that if the building blocks

of Phobos and Deimos are formed from a magma disk, the size
of particles becomes too coarse (0.1–1 mm) to explain the
observed spectral features of their surfaces. In contrast, if they
experience gas-to-solid condensation, the size of the particles is
expected to be smaller than 2 μm and explains the observed
similarities between the spectral properties of D-type asteroids
and that of the Martian moons’ surfaces (Ronnet et al. 2016). In
this study, we have shown that a small amount of disk material
is expected to vaporize: less than 5% during the initial giant
impact phase (Section 3.2). The gas-to-solid condensation of
this vapor material can form ∼0.1 μm sized particles (e.g.,
Ronnet et al. 2016). The total mass of these 0.1 μm sized
particles is small, but their total cross section is larger than that
of other larger particles. Thus, the mixing of these fine grains
and other larger particles (100 μm to few meters in size) may be
able to reconcile with the observed surface properties of
Phobos and Deimos. Therefore, the above two stages of

Figure 5. Thermodynamic properties of Martian moon-forming disks just after the impact against their expected circular orbital radius (t = 20 hr in the case of
= ´N 3 106 with an impact angle of q = 45°). Red points show disk particles that originated from Mars, and blue points show those from the impactor. The solid

line represents the averaged values of nearby particles. Left and right panels show the temperature and entropy of the disk particles, respectively.
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disk materials:
almost fully molten
low vapor fraction (< 5%)

particle sizes:
melt fragmentation:  ~ 1 m
vapor condensation:  ~ 0.1µm

disk evolution:
further fragmentation 
from ~ 1 m to 100 µm

featureless
Ronnetetal.(2016)ApJ

Melosh & Vickery 
(19991) Nature

very dark (FeS, C)
Pignatale, …, Hyodo (2018) ApJ

space-weathered Anorthosite
Yamamoto et al. (2018), GRL



Chemistry in the Disk



Dust Chemistry depends on impactor



Volatile Loss from Building Blocks

Hyodo, et al. ApJ submitted
Outer parts of the building blocks: Opacity tau < 1 (yellow points)

Blazing Mars
(1000-6000 K) 

Building blocks

Escaping

Hydrodynamic Escape & Radiation Pressure may remove volatiles?



Volatile Loss from Disk

6 Hyodo et al.
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Figure 4. Mass fraction of vapor phase that satisfies �esc < 1 during the orbit from pericenter to apocenter using the data
obtained in SPH simulations (Hyodo et al. 2017a). The mean molecular masses at di↵erent temperatures are obtained by
calculating the condensation sequence starting from T=2000K and P = 10�4 bar, whose initial composition is the result of an
equal mixture of Martian material and di↵erent impactor materials (Mars, CV, CI, EH or comet-like materials). As temperature
decreases, the mean molecular mass becomes smaller since only more volatile elements remain in the vapor phase. The color
contour represents the critical distance where �esc = 1.

where g is the gravitational acceleration, Fesc is the escape flux of major species, and b is the binary di↵usion coe�cient.
If mc is comparable to m, mass fractionation is significant, while if mc � m it is negligible. Here for simplicity, we
consider a water-dominated vapor in the disk, i.e., m = 3.0⇥ 1026 kg (equivalent to 18 g mol�1). The escape flux Fesc
is roughly estimated as

Fesc ⇠
Mesc

mS�t
(6)

where Mesc is the total escaping mass (⇠ 1018 kg, which corresponds to 30% of the vaporized disk mass), S is the
escaping surface area (⇠ 1014 m2, which corresponds to the surface area of Mars), and �t is the typical duration of
hydrodynamic escape. When we consider one orbit of the disk (�t ⇠ 1 day), Fesc is estimated to be 1024 m�2 s�1.
Since the order of magnitude for b is 1022 m�1 s�1 for Tvap = 2000 K (Mason & Marrero 1970), and g ⇠ 1 m s�2,

mc/m ⇠ 108 (7)

Therefore, no mass fractionation would take place during hydrodynamic escape in the Martian moon-forming disk.

5. VOLATILE DUST DEPLETION BY RADIATION PRESSURE

~ 30% of vapor can escape
à ~ 70% of volatile 
      elements can survive

Hydrodynamic Escape

Radiation Pressure
Moderately volatile elements 
(condensation T > 1000 K) 
are selectively removed.

Hyodo, et al. ApJ submitted

�esc = GMMarsmvap

kTvapr
MMars: Mars mass, mvap: mean molecular weight of vapor, 

 k: the Boltzmann constant, Tvap: vapor temperature, r: distance to Mars



Distribution of the Debris  
within the Inner Solar System

Debris mass Mdebris ~ 2% of MMars
(Unmelted Martian Mantle ~ 0.02% of MMars) 

Hyodo, & Genda ApJL 2018

Mars&Disk



Distibution of Impact Debris  
within the inner Solar System

• Impacting asteroids would reset 40Ar-39Ar age and/or cause impact melts 
• Unmelted Martian mantle debris (~ 0.02% of MMars) can be the source of 

Martian Trojan (Olivin-rich)
Rare A-type asteroids (Olivin-rich) in Hungarian and Main belt

Hyodo, & Genda ApJL 2018



40Ar-39Ar Resetting Age Distribution

Bottke et al. 2015, Science



Take Home Message
A giant impact on Mars can

produce Phobos and Deimos
create the Borealis basin
produce the current Mar’s spin period

(Rosenblatt, … Hyodo et al. 2016)

(Marinova et al. 2008, Hyodo, et al. 2017b)

(Hyodo, et al. 2017b)

Building blocks of Phobos and Deimos:
Mixture of impactor’s and Martian materials

crust & mantle
Mixture of 0.1 µm and 100 µm – 1 m sized particles

Featureless & maybe dark (FeS, C) (Pignatale, … Hyodo et al. 2018)

(Hyodo, et al. 2017a)

Volatile loss is limited (Hyodo, et al. ApJ submitted)

distribute debris as Martian Trojan & A-type asteroids
(Hyodo,&Genda 2018, ApJL)



Summary (Expected Phobos & Deimos)
Bulk composition (rubble-pile object):
• ~50% Martian material (at the time of impact: ~4 Gyr ago)
     ◆ Martian crust and mantle (up to150km in depth)
• ~50% impactor material
• Particle size: 100µm-10m
• Volatile element would be depleted
• Aqueous alteration may recorded

In the regolith
• Dust condensed from the vapor produced by giant impact 
• Recently delivered material  
◆ Martian surface material  
   * ~150 ppm delivered within recent 10 Myr  
   * ~1500 ppm delivered within recent 500 Myr  
◆ Impactor material

Regolith

Impactor material

Martian material


