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MMXを盛り上げる為の研究



Two Leading Hypothesis

capture
origin

capture

impact

disk

supported by spectral features supported by orbital elements

giant impact
origin

Dark & Featureless: D-tyep? Circular & Equatorial

Craddock (1994, 2011)
Citron et al. (2015)
Rosenblatt et al. (2016)
Hesselbrock & Minton (2017)
Hyodo et al. (2017ab, 2018b)
Canup & Salmon (2018)

Burns (1978)
Murchie et al. (1991)



Two Leading Hypothesis

capture
origin

capture

impact

disk

supported by spectral features supported by orbital elements

giant impact
origin

Dark & Featureless: D-tyep? Circular & Equatorial

Craddock (1994, 2011)
Citron et al. (2015)
Rosenblatt et al. (2016)
Hesselbrock & Minton (2017)
Hyodo et al. (2017ab, 2018b)
Canup & Salmon (2018)

Burns (1978)
Murchie et al. (1991)

You can forget about this during my talk



Two Leading Hypothesis

capture
origin

capture

impact

disk

supported by spectral features supported by orbital elements

giant impact
origin

Dark & Featureless: D-tyep? Circular & Equatorial

Craddock (1994, 2011)
Citron et al. (2015)
Rosenblatt et al. (2016)
Hesselbrock & Minton (2017)
Hyodo et al. (2017ab, 2018b)
Canup & Salmon (2018)

Burns (1978)
Murchie et al. (1991)

You can forget about this during my talk



Mars system exploration

C. BICKEL/SCIENCE; MARS 2020 ROVER MODEL/NASA/JPL-CALTECH

MMX
• Sample from Phobos
• 2024-2029 mission

Mars 2020
• Combination of several missions
• Sample from Jezero crater
• 2020-2031(?) mission



MMX
• Sample from Phobos
• 2024-2029 mission

Mars system exploration

C. BICKEL/SCIENCE; MARS 2020 ROVER MODEL/NASA/JPL-CALTECH

Mars 2020
• Combination of several missions
• Sample from Jezero crater
• 2020-2031(?) mission

Mars science

Martian moon science



MMX
• Sample from Phobos
• 2024-2029 mission

Mars system exploration

C. BICKEL/SCIENCE; MARS 2020 ROVER MODEL/NASA/JPL-CALTECH

Mars 2020
• Combination of several missions
• Sample from Jezero crater
• 2020-2031(?) mission

Mars science

Martian moon science

Two days ago: Finally, I can say it’s Phobos!



MMX
• Sample from Phobos
• 2024-2029 mission

Mars system exploration

C. BICKEL/SCIENCE; MARS 2020 ROVER MODEL/NASA/JPL-CALTECH

Mars 2020
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• 2020-2031(?) mission
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Martian moon science

Why Phobos?

Why not Mars?
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International Astronomical Union (IAU)

Craters: 
An evidence of “numerous” impacts on Mars

10km

Craters within 500 Myr
(Hartmann 2005)

N(>1km) ~ 4×104



Impact ejecta from Mars to its moons

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

Simple cone-shape distribution model



Hyodo et al.  (2019) SciRep

Impact ejecta from Mars to its moons

e.g. vimp=12km/s, θ=45deg

×

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

Simple cone-shape distribution model

3D SPH simulations Orbital calculations



A Big Bonus on Phobos sample Ⅰ
Significant update of the impact ejecta from Mars to its moons
✦10-100 times larger in mass than the previous estimation (                                    )
✦Total of ~1000 ppm Mars fraction in Phobos regolith  

   ↪ more than 34 Martian particles in 10 g sample (median value)

Chappaz et al. 2013
Ramsley&Head 2013

300μm

Cubic Martian particles

A statistical argument



Hyodo et al.  2019, SciRep

A Big Bonus on Phobos sample Ⅱ

Random nature of impacts
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Phobos sample potentially covers all its geological eras and 
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A Big Bonus on Phobos sample Ⅱ

vimp=12km/s

×
Less shocked 

(<5GPa) included 

meltingnon-melting

to Phobos

Random nature of impacts

MMX is not just “Mars moon science”

↓  

“Mars system science” (and the 1st MSR!?)

↪that can “time-resolve” geochemical information

 about the evolution of Martian surface environments
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Impact origin of the Moon

Canup (2004) 
Movie credit: Hyodo

A giant impact forms an impact debris
(e.g. Canup 2004, Cuk et al. 2016)



Hyodo et al. (2015) ApJ

Impact origin of the Moon

Canup (2004) 
Movie credit: Hyodo

A giant impact forms an impact debris
(e.g. Canup 2004, Cuk et al. 2016)

The Moon accretes from spreading debris
(e.g. Ida et al. 1997, Kokubo et al. 2000, Hyodo et al. 2015)

RRoche ∼ 3RE

Accretion of the Moon completes at ~3RE (e.g. Salmon & Canup 2010)



Elemental abundances in Earth & Moon

1. Constancy in 
abundance (& 
isotopes!) of 
refractory elements

2. Strong 
depletion in 
volatile elements 
relative to Earth’s 
mantle

Volatile loss

Credit: P. Sossi



Existing Models

Viscous spreading & vap/liq separation
(Charnoz & Michaut, 2015, Canup et al. 2015)

Synestia & Rain-out
(Lock et al. 2018)

1)Mass loss from Earth-Moon disk requires unrealistically high temperatures (>100,000 K)

2) Physics of these disks are poorly known

3) Fraction of material ejected beyond Roche Limit uncertain



Distance btw Earth and Moon

Outward migration of the Moon proportional to 1/Q (Tidal ‘Q’ factor) 
Poorly known

Likely current Tidal Q values (~100)

The Moon stays below ~6REarth 
for <103-105 years with Q=10-1000



Tides
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Free space (vimp << vesc)

Hill sphere

Tital field: @1.1RRoche (vimp~0.6vesc)

Hyodo & Ohtuski (2014) ApJ
Hyodo & Ohtsuki (2015) Nature Geo.

Satellite system is not always a miniature version of planetary system

planet

rotation
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Equilibrium Temp.

Case of isolated moon

Case of Moon mass = 1 MMoon

Moon at 5REarth

Moon at 1RRoche

Temperature required to escape from the Moon

Ts >105K(!) is required to escape from the Earth-Moon system
(e.g. molecular mass > 20g/mol for moderately volatile elements)

1
2

v2
the >

GM
R

Hill sphere

Moon
Magma ocean, Ts

∞



Research question:
Is hydrodynamical escape assisted by Earth Tide?

Magma
(Moon)

Hill sphere
vapor

liquid

Temperature constrains:
Li/Na systematics (Magna et al. 2006) 

and 
Cr isotope systematics (Sossi & Fegley 2018)

↓
Magma ocean temperature of Ts=1600-1800K

for volatile loss



Governing equations 

Structure
• Assume a surface temperature set by the lunar magma ocean Ts

• Solve the ‘Parker wind’ equations (Parker, 1963) in Earth’s tidal field

Euler Equations 
For two-phase flow: 

Mass conservation in steady state

Conservation of linear momentum

Energy budget

Allows calculation of exact velocity of the gas at the Lagrange points

Acceleration due to the rotating frame

X(r): liquid fraction ( ) 
ρliq

ρliq + ρvap

ρ = ρliq + ρvap

ρ
∂C̄VT

∂r
=

P
ρ

∂ρ
∂r

+ L(T )ρ
∂X
∂r

ρv
∂v
∂r

= −
∂P
∂r

+ ρA(r)

∂ρvr2

∂r
= 0



Models

Dry model: adiabatic gas with no condensation
↪ lowest energy case (no release of latent heat)

Wet model: vap/liq equilibrium with the surface
↪ energy gain from the release of latent heat

Magma ocean (an infinite reserver of BSE; assumed)
↪ Temperature (Ts) as input

The adiabatic EOS: 
P(r) = αρ(r)γ

P(r = RMoon) = Psat(Ts) Xs: liquid fraction at the surface
↪an input

Droplets: BSE (assumed)

Equilibrium: 
P(r) = Psat(r)

Sonic point

r r
Hill radius

Mass flux: F = ρVr2

Solve the ‘Parker wind’ equations (Parker, 1963) in Earth’s tidal field

Mass flux:  
 

F = Fvap + Fliq
Fvap = ρV(1 − X )r2

Fliq = ρVXr2



Magma ocean (a infinite reserver of BSE; assumed)
↪ Temperature (Ts) as input

The adiabatic EOS: 
P(r) = αρ(r)γ

P(r = RMoon) = Psat(Ts)

Sonic point

Mass flux: F = ρVr2

Escaping of the gas: Dry model

Hill radius

Ts=2200K

Ts=2000K

Ts=1800K

Ts=1600K

Ts=1400K



Escaping of the gas: Wet model

Moon at 5REarth

Moon at 3REarth

Magma ocean (a infinite reserver of BSE; assumed)
↪ Temperature (Ts) as input

Xs: liquid fraction at the surface
↪an input

Droplets: BSE (assumed)

Hill radius
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Equilibrium: 
P(r) = Psat(r)

Mass flux:  
 

F = Fvap + Fliq
Fvap = ρV(1 − X )r2

Fliq = ρVXr2



Fate of volatile particles

Coupling time = 5 orbits β=0.2 (Ts=2300K, ρ=3g/cm3)

@5 REarth@5 REarth

After escaping from Hill sphere of the Moon, 
gas/dusts never comes back to the Moon



Composition
(Earth’s Mantle-like initial)

Saturation vapour pressure:

Values of K and γ determined experimentally for each metal species (Sossi et al. 2019)

Total pressure:

Activity
Coefficient

Mole fractionEquilibrium constant



Na – K – Zn fractionation 

Xs: liquid fraction at the surface
↪an input

Droplets: BSE (assumed)

Equilibrium: 
P(z) = Psat(z)

Hill radius

Case of 5REarth, Xs=0.5

Magma ocean (a infinite reserver of BSE; assumed)
↪ Temperature (Ts) as input



• Vap/liq Parker wind equation is considered
• Tides assisted the loss of volatile vap/liq from the Moon
• 200-20000 yrs at Ts=1500-2000K may reproduce volatile depletion on the Moon  

(depending on dry/wet models, distance to the Earth and X ← reasonable values)

Summary
Inspired by binary stars and close-in exoplanets, 

Earth’s tides are considered for the volatile loss from the Moon

Future works: Droplets composition, Radiative heating/cooling, 3D calculations, etc

Charnoz,.., Hyodo,.. Nature Geo. Under review



• Isotopic differences expressed as variations in parts per 10,000
• Variations arise from nucleosynthetic differences (mass-independent)
• Earth and Moon are indistinguishable in each system (Cr, Ti, O)

Moon and Earth were formed from identical building blocks

Warren (2011)

Chemical similarities



Thermodynamic model of lunar atmosphere 

Evaporation reactions determined from experiments are used 
to calculate the gas species present in the lunar atmosphere


