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NASA’ s Planetary Science Missions Present and Future Plans

*James L Green'

1. NASA Headquarters

Planetary Science missions have revolutionized our understanding of the origin and evolution of the solar
system. Planetary scientists are also enabling human space exploration by studying and characterizing
planetary environments beyond Earth and identifying possible resources that will enable safe and
effective human missions to destinations beyond low Earth orbit. Robotic explorers are gathering data to
help us understand how the planets formed, what triggered different evolutionary paths among planets,
what processes are active, and how the Earth formed, evolved, and became habitable. To search for
evidence of life beyond Earth, we’ ve used this data to map zones of habitability, studied the chemistry of
unfamiliar worlds, and revealed the processes that lead to conditions necessary for life. In addition, we
have significantly increased our ability to detect, track, catalog, and characterize near-Earth objects that
may either pose hazards to Earth or provide destinations and resources for future exploration.

NASA’ s Planetary Science Division (PSD) and space agencies around the world are collaborating on an
extensive array of missions exploring our solar system. NASA has always encouraged international
participation on our missions both strategic and competitive and other Space Agencies have reciprocated
and invited NASA investigators to participate in their missions.

NASA PSD has a fleet of assets and partnerships that are focused on the exploration and understanding of
the Solar System. Indeed, we are living in a golden age of discovery with a large number of operating
missions ranging from orbiting Mercury to heading for beyond Pluto.

In my talk | will present an overview of current and possible future PSD missions. As we have we just
launched OSIRIS-Rex, and announced the Discovery Program selections, we continue the implementation
of the New Frontiers mission and the InSight mission. As our present fleet of missions continue to provide
immense amounts of data from the Moon, Mars, and all the way to Pluto, we continue work to deliver
NASA's contributions to fly on international missions such as ESA's JUICE mission consisting of one
U.S.-led science instrument and hardware for two European instruments: the radar, ultraviolet
spectrometer, and the particle environment package.

Future NASA Mars missions include NASA’ s InSight lander designed to study the Mars interior and the
Mars 2020 rover that will produce rock cores from a geologically diverse sight for potential future return.
In addition to the strong international scientific program at Mars, NASA is developing the capabilities
needed to send humans to Mars in the 2030s and beyond.

The exploration of the outer Solar System has recently revealed remarkable information regarding

“ocean worlds” such as Europa and Enceladus, which have oceans or seas of liquid water beneath their
icy surfaces. The Cassini mission has discovered vast oceans of liquid hydrocarbons on Saturn’ s moon
Titan and a submerged salt-water sea on Saturn’ s moon Enceladus. Titan also has seas and lakes of
liquid methane/ethane on its surface. With these new discoveries, small worlds have become a primary
focus in the search for possible life elsewhere in the Solar System.

But regardless of the destination, international partnerships are an excellent, proven way of amplifying the
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scope and sharing the science results of a mission otherwise implemented by an individual space agency.
The exploration of the Solar System is uniquely poised to bring planetary scientists, worldwide, together
under the common theme of understanding the origin, evolution, and bodies of our solar neighborhood.
In the past decade we have witnessed great examples of international partnerships that made various
missions the success they are known for today. As Director of Planetary Science at NASA | will continue to
seek cooperation with our strong international partners in support of planetary missions.
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JUICE/GALA-J (1) : The Ganymede Laser Altimeter (GALA) for the
JUICE mission - Introduction and current status
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JUICE (the Jupiter Icy Moon Explorer) X v > 3 V& H = X 7 L —H—5E&t GALA (the Ganymede
Laser Altimeter) DBES LU 7OYV 7 NEBICODWTIRET 5,
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Variations of lo's volcanic activity seen in Jupiter's extended sodium
nebula
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lo, which is one of the Galilean moons of Jupiter, is the most volcanically active body in the Solar System.
Volcanic atmosphere is ionized and picked-up by Jupiter's co-rotating magnetic fields. This plasma
distributes in Jupiter's inner magnetosphere and forms a structure called lo plasma torus. Major
constituents in the torus are sulfur and oxygen ions, and most of these ions have emissions lines at UV
wavelengths. Although this is a minor constituent, NaCl+ should be included in the torus since Cl+ ions
was detected from the ground, and neutral sodium atoms show the most distinct emission at sodium
D-line wavelengths in the torus. Not only in the torus, sodium emission can be observed also in a vast
region whose extent is 1,000 Juipter's radii around Jupiter. This structure is called Jupiter's sodium
nebula, or Mendillo-sphere. This means these sodium atoms have enough velocity to escape from
Jupiter's and lo's gravitational-spheres.

These sodium atoms seem to be originated from sodium chloride in lo's volcanic gas. This gas becomes
lo's ionospheric plasma. Pick-up of these NaCl+ ions from lo's ionosphere and their subsequent
destruction in the plasma torus produces fast from of neutral sodium atoms, then Jupiter's sodium nebula
is formed. This sodium nebula can be observed from the ground using small telescopes.

We have been making observations of Jupiter's sodium nebula atop Heleakala in Maui island, Hawaii, and
found the nebula shows variations that seem to correspond to those in lo's volcanic activity. Since 2013,
we have been making the observations in conjunctions with the Hisaki and Juno spacecraft. The most
distinct event during this campaign was seen in 2015. Other than this, several minor enhancements were
observed.

In this presentation, we will show latest sodium data that is representative of lo's volcanism. Also,
comparisons of the sodium data with Hisaki’ s torus data and lo's infrared observations will be shown.

F—UO—R:A4F, KE, KX

Keywords: lo, Jupiter, volcanism

©2017. Japan Geoscience Union. All Right Reserved. - PPS07-03 -



PPS0O7-04 JpGU-AGU Joint Meeting 2017

NANR=ZRI PNV E—b VIV TICEZBTODRIRY MUEL
A Survey of D-type Spectra on the Moon based on Hyperspectral
Remote Sensing
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A new method to constrain the termination ages of lunar tectonic
structures
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3D collision simulation of sintered dust aggregates
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Heating inside a highly-porous dust aggregate
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al.1992). ZZhbH, TRIFERZELBVWI RN YT A MIEWTH, YUTA NITICEEN S REHE
THEOPBEICLZ2RATEEN LFIT2UEMLH . ZITAMETIE, EBHEDFRIAICL2B@MELE
BL, K¥RNTITVTFA NDBENECETLERTZONEKRDE. ZORKR, 7EILT 7 RAKDERIEIC
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Collisional Growth and Internal Density Evolution of Icy Dust
Aggregate in Disk Formation Stage
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Planetesimals are building blocks of planets so it is important to investigate when and where
planetesimals form in protoplanetary disks. However, there are some obstacles to form planetesimals from
dust by collisional growth. One of the most serious barrier is the radial drift of macroscopic dust
aggregates toward the central star due to the gas drag. On the other hand, it is suggested that highly
porous dust aggregates break through the radial drift barrier. In the minimum mass solar nebula model,
highly porous icy dust aggregates can grow to planetesimal-sized objects by direct collisional growth
inside the disk (Okuzumi et al. 2012, Kataoka et al. 2013). However in these studies, it is not considered
when the collisional growth begins in protoplanetary disks. If there is no process that suppresses
collisional growth of icy dust aggregates, collisional growth may begin from the protoplanetary disk
formation stage.

To investigate how the disk evolution in disk formation stage affects the collisional growth and internal
density evolution of porous icy dust aggregates, we have calculated the evolution of radial size
distribution of icy dust aggregates using the disk model including mass accretion from molecular cloud
core developed by Nakamoto & Nakagawa (1994) and Hueso & Guillot (2005).

As a result, we find that icy aggregates cannot become highly porous as previous studies (Okuzumi et al.
2012, Kataoka et al. 2013), and they suffer the radial drift without growth to planetesimal-sized object.
Because the small dust particles from molecular cloud core contribute the growth of aggregates in earlier
phase of their growth, the aggregates cannot have many voids until they become large size that collisional
compression works effectively. This result suggests that a process that suppresses collisional growth of icy
dust aggregates in early stage of protoplanetary disks is present and the age of planetesimals would not
be very young.
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Dust and gas co-evolution with dust-gas backreaction in
protoplanetary disks
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Planetesimal formation has to overcome two major barriers. The first one is the radial drift barrier. Dust
particles in protoplanetary disks feel a headwind from the surrounding disk gas. Due to the gas-dust
friction, dust particles lose their angular momentum and drift inward. The second one is the fragmentation
barrier. The collision velocity of dust particles can be too high for the particles to stick together.
Recently, Gonzalez et al. (2017) have shown in their 3D SPH simulations that the backreaction from dust
to gas affects the disk gas structure so that the dust particles can overcome these barriers. In their
simulations, dust particles pile up due to the fragmentation or rapid growth. This dust concentration
provides a positive torque for the surrounding gas and makes the gas moving outward. The modified gas
structure prevents dust particles from drifting inward. However, Gonzalez et al. (2017) have only
performed simulations with large viscosity and specific disk conditions, hence how the effect of the
backreaction depends on disk parameters is still unclear.

Here we present analytic expressions of gas and dust velocities in protoplanetary disks including the
effect of backreaction from dust to gas. These analytic formulas allow us to describe the dust and gas
co-evolution including the effect of the frictional force from dust particles. The analytic formulas suggest
that the backreaction forces the gas move outward even if the dust-to-gas mass ratio is lower than the
standard value of 107, as long as the gas viscosity is small. We also present the results of 1D and 2D
dust-gas two-fluid simulations to demonstrate the backreaction changes their evolution. We find that
when the viscosity is small or the dust-to-gas mass ratio is high, the outward motion of the gas provides a
positive surface density gradient in some part of the disk.

#_'7_ |\ Jﬁ&n,u\%%ﬂﬁ

Keywords: protoplanetary disks
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Rocky Planetesimal Formation by Gravitational Instability of a Porous
Dust Disk
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Recently, it is proposed that porous dust aggregates are formed by pairwise accretion of silicate dust
aggregates, which can avoid the radial drift and fragmentation barriers during their growth if the dust
monomer size is on the order of nm [1]. Indeed, it is suggested that dust monomers in protoplanetary
disks are not same as sub wm-sized interstellar dust grains, but they have experienced evaporation and
condensation [1]. Moreover, matrix grains in primitive meteorites [2] and interplanetary dust particles [3]
contain nm-sized grains.

We investigate the gravitational instability (Gl) of the disk consisting of porous dust aggregates of
nm-sized silicate monomers. We calculate the equilibrium random velocity of the dust aggregates
considering gravitational scattering and collisions among them, gas drag, and turbulent stirring and
scattering according to Michikoshi & Kokubo (2016) [4], and then evaluate Toomre’ s stability parameter
Q [5]. The condition for the Gl is defined as Q < 2 taking into account the non-axisymmetric mode [6].

We find that for the minimum mass solar nebula (MMSN) model at 1 au, the disk becomes gravitationally
unstable as the dust aggregates evolve through gravitational compression if turbulent strength is < 5x
10°. We also derive the critical disk mass and dust-to-gas ratio for the Gl as a function of .

References: [1] Arakawa, S., & Nakamoto, T. 2016, ApJL, 832, L19 [2] Toriumi, M. 1989, Earth and
Planetary Science Letters, 92, 265 [3] Keller, L. P., & Messenger, S. 2011, GeoCoA, 75, 5336 [4]
Michikoshi, S., & Kokubo, E. 2016, ApJL, 825, L28 [5] Toomre, A. 1964, ApJ, 139, 1217 [6] Toomre, A.
1981, in Structure and Evolution of Normal Galaxies, ed. S. M. Fall & D. Lynden-Bell, 111-136

Figure 1. (left) Toomre’ s Qin the m- o, plane at 1 au for the MMSN disk with @= 107", where m, is the
mass and o, is the mean internal density of the dust aggregates. The dash-dot, solid, and dash contours
correspond to Q= 1, 2, and 4, respectively. The dot line shows the evolutional track of dust aggregates.
Figure 2. (right) Disk parameters for the Gl at 1 au. The red triangle, blue circle, and black square shows «
= 10'2, 10'3, and 10™, respectively.

F—T— R HBEWK. REBERAR, EHAFRE. BEES R

Keywords: planetesimal formation, protoplanetary disk, gravitational instability, porous dust aggregate
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Condition of the efficient formation of dense dust clumps due to the
streaming instability
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Planetesimal formation is the key process for the planetary system formation. There are, however, many
theoretical difficulties to form planetesimals. The fragmentation barrier is one of the most serious problem
for planetesimal formation (Blum & Munch, 1993). The maximum size of dust particles is limited to about
millimeters to centimeters by this barrier. We need a model to connect these small dust particles or
pebbles to planetesimals.

The streaming instability is one of the promising process to form planetesimals (Youdin & Goodman,
2005; Johansen et al., 2012). This instability can form the dense dust clumps consisting of millimeter- or
centimeter-sized particles. These dense dust clumps are sometimes gravitationally bound and are
considered to form planetesimals by subsequently self-gravitational collapse.

Whether the streaming instability can form dense dust clumps depends on the particle size and the
dust-to-gas ratio of protoplanetary disks. Carrera et al. (2015) conducted a parameter survey to find the
critical dust-to-gas ratio for strong clumping due to the streaming instability at each particle size.

In this study, we focus on the efficiency of the formation of dense dust clumps. We conducted 2D
simulations of dust-gas system like Carrera et al. (2015). We investigated how much dust particles
contribute to clumping in the parameter space where indicated as being appropriate for formation of
dense dust clumps by Carrera et al. (2015). Then we compared the mass of the entire dust particles that
contributed to clumping with the mass of solar system planets, looking for conditions suitable for solar
system formation. We found that a sufficient amount of particles contribute to clumping when dust-to-gas
ratio is 0.04 even though the dust particles have relatively small radius about T mm.

F—U—F: RIGRERME. MREWN. RERTK
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Effects of magnetically-driven disk winds on type | migration
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Magnetically-driven disk winds would alter the surface density slope of gas in the inner region of a
protoplanetary disk (r < Tau), which in turn affects migration of low-mass planets (type | migration).
Recently, the effect of disk wind torque has been considered, showing that it would carve out the surface
density of the disk from the inside out.

The direction and rate of type | migration depend on the surface density slope of gas and saturation of the
corotation torque. We investigate migration of low-mass planets in disks evolving via disk winds. In
MRI-active disks, the surface density slope can be flat in the inner region, and migration of super-Earth
mass planets is suppressed. In MRI-inactive disks, in which a positive surface density slope can be
achieved, planets in the sub-Earth mass range may undergo outward migration.

It has also been pointed out that the wind torque induces global gas flows (wind-driven accretion), which
may modify the desaturation effect of the corotation torque. Then, we investigate effects of wind-driven
accretion (global gas flows) on type | migration. In MRI-inactive disks, in which the wind-driven accretion
dominates the disk evolution, the gas flow at the midplane plays an important role. If this flow is large, the
corotation torque is efficiently desaturated. Then, the fact that the surface density slope can be positive in
inner region due to the wind torque can generate an outward migration region extended to super-Earth
mass planets. In this case, we observe that no planets fall onto the central star in N-body simulations with
migration forces imposed to reproduce such migration pattern.

F—7— R EEHRBAERERA. 94 71%E. RAEXRERAR. NKGHE
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Terrestrial magma ocean origin of the Moon: A numerical study of a
giant impact incorporating the difference of the equations of state for
liquids and solids
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The origin of the Moon is one of the most important topics in the planetary science and geophysics.

Since the giant impact (Gl) scenario was suggested, it has been believed that the Moon was formed by the
impact of relatively large object (Mars-size) to a growing Earth.

Recently, however, the Gl has been challenged; the isotope ratios of particular elements show nearly
identical values for the bulk component of the Earth and that of the Moon.

This means that the Moon should have been formed from the proto-Earth originated materials.

However, previous numerical simulations of the Gl concluded that the Moon was formed from the
impactor.

In order to resolve this problem, several modified models to the Gl have been suggested.

However, most of them have difficulties to explain much higher angular momentum and the dissimilarity
of the FeO content.

Recently, a new model, to form the Moon from the Earth’ s magma ocean, is suggested.

According to this scenario, the majority of heating occurs in the terrestrial magma ocean, which results in
the ejection of the target-originated materials.

Since the formation of the FeO-rich magma ocean is a natural consequence of the formation of the
proto-Earth, this scenario can also explain the dissimilarity of the FeO content.

We carried out the numerical simulations of Gl in which the magma ocean is modeled with an equation of
state for liquid.

We show the comparisons of the Gl between liquid equation state and solid one.
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Collisional fragmentation of planetesimals in the giant impact stage
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The atmospheres on terrestrial planets are believed to be formed as a consequence of the impact
degassing and erosion of volatiles during the Heavy Bombardment Period. Despite their common origin,
there are distinct gaps in the noble gas abundances in the atmospheres on Venus, Earth, and Mars;
compared to Earth, Venus is enriched and Mars is depleted in noble gases roughly by two orders of
magnitude, respectively. The origin of these gaps has been poorly understood.

A possible mechanism to create these gaps is the partitioning of elements in the different surfacial
environments: the runaway greenhouse on Venus, the carbon cycle on Earth, and the CO,-ice formation
on Mars. Although noble gases are mainly partitioned into the atmosphere, the distinct environments on
the three planets create the differences in the noble gas concentrations in their atmospheres, leading the
differences in the escape rates of noble gases due to the impact erosion.

We calculated the evolution of early atmospheres during the Heavy Bombardment Period by solving
deterministic differential equations. Atmospheric components are, H,O, CO,, N,, and noble gases.
Because the abundances of noble gases are small, we treated both N, and noble gases as a component N
, in our numerical model. The new idea of this work is to consider the partitioning of elements between
atmosphere and other reservoirs. Whereas all volatiles are partitioned into atmosphere on Venus, H,0 and
CO, are partitioned into oceans and carbonates on Earth and into ice on Mars. We set the upper limits of
the partial pressures of H,0 and CO,, considering the phase equilibrium and the steady state of the
carbon cycle. Impact erosion of atmospheres and impactors are taken into account by using models of
Svetsov (2000) and Shuvalov (2009). We assumed carbonaceous chondrites from the main asteroid belt
as impactors. Total masses of impactors correspond to 1% of the planetary masses.

We found that the resulting abundances of N, and noble gases differ only by “10% among the three
planets. This is caused by the dominance of the replenishment of atmophiles over the erosion. The small
differences in the abundances were due to the differences in the surface temperature and in the size of
planets. The partitioning of elements was found to be less important for the abundances of N, and noble
gases in the assumed conditions, where the delivery of atmophiles dominates. We also investigated the
dependences on the impact erosion models, impactor size distributions, and types of impactors. Based on
the results, we discuss the implications for the origins of volatiles and early planetary environments at "4
Ga.

F—U—N:BAEREH ERWRAR. FHR
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Introduction

Both CO,and O, are important atmospheric components for climate and chemical evolution on early
Mars. Several lines of geological and geomorphological evidence show that early Mars has been once
warm sufficient to hold liquid water on the surface at least episodically in the late Noachian and early
Hesperian [1]. Although early Mars would not be warmed sufficiently by CO,, alone, climate models
presume the presence of a thick CO, atmosphere to decrease outgoing longwave radiation and to cause
effective collision-induced absorption. However, pCO, on early Mars is poorly constrained by
geochemical evidence thus far. On the other hand, the Curiosity rover has discovered Mn oxides in
fracture-filling materials in sandstones of the Kimberley region of the Gale crater [2]. Given pO, capable
for deposition of Mn oxides (pO, > "0.01 bar) [3], the findings of Mn oxides indicate that early Mars had a
substantial O, in the atmosphere.

The present study aims to further constrain the composition of early Mars’ atmosphere, especially the
CO,/0, mixing ratio, at the time when the Mn oxides were formed. We performed laboratory experiments
to generate Mn precipitates from Mn?" in solutions by introducing CO,/O, gas mixtures. We investigated
the compositions of Mn precipitates under various compositions of CO,/0.,.

Materials & Methods

The Mn®" starting solution with 20 mM and pH 8-9 was prepared in an Ar-purged glovebox, where PO,
remained < 107 bar. The starting solution was deaerated by pure Ar gas for more than 6 hours prior to
the use. Then, we introduced gas mixtures of pure CO, and artificial air (N,/O, = 4; pCO, < 1ppm) into
the starting solution at four different mixing ratios (CO,/0, = 2, 0.2, 0.02, and artificial air) in the
glovebox. Note that MnO, is thermochemically stable under all of these conditions. Solution samples were
collected in several times during the experiments. The samples were filtered through a membrane with
pore size of 220 nm. After the reactions, Mn precipitates were collected by filtering the rest of the
solutions using a membrane with 220 nm. Mn®* concentrations of the filtered solution samples were
measured using inductively-coupled plasma atomic emission spectroscopy (ICP-AES). The collected Mn
precipitates were analyzed with X-ray absorption fine structure (XAFS) and X-ray diffraction (XRD).

Results

Our results of the ICP-AES analysis show that Mn®" concentrations in the filtered solutions decrease over
reaction time, which indicate that a part of dissolved Mn?" was converted into solid precipitates. Despite
both the wide range in CO,/O, ratios and thermochemical stability of MnO, under the experimental
conditions, the results of XAFS analyses show that all of the Mn solid precipitates formed under these

©2017. Japan Geoscience Union. All Right Reserved. - PPS07-21 -



PPS0O7-21 JpGU-AGU Joint Meeting 2017

conditions are mainly composed of Mn carbonate, namely MnCO,. These results are consistent with our
XRD results. Our results show that MnCO, precipitated before the formation of MnO, even very low CO,
/0, of 0.02. This suggests that kinetics of formation of MnCO, and Mn oxides are the critical factor. On
the other hand, the major peaks of the XANES spectra for the collected solid precipitates at CO,/0, =0
(namely, pure artificial air) would be a mixture of Mn oxides and Mn(OH),,.

Discussion

Our results show that, in order to form MnO, in Mn?* solutions by reactions with CO,/O, gas mixtures, the
CO,/0, ratio should be lower than 0.02. Assuming pO, of "0.01-0.2 bar, which is capable to form and
preserve MnO, in sediments [3], the observations of both a lack of MNCO, and presence of MnO, in Gale
infer that pCO, on early Mars would have been less than 0.004 bar, or 4 mbar. This implies that early Mars
may have possessed a low-CO, and high-O, atmosphere.

[1] Ehlmann, B.L. et al. (2011). Nature 479, doi:10.1038/nature10582.

[2] Lanza, N.L. et al. (2016). Geophys. Res. Lett., 43, 7398-7407.

[3] Shaw, T. et al. (1990). Geochim. Cosmochim, Acta 54, 1233-1246.
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Flares on G, K, M-type stars are sudden releases of the magnetic energy stored around the starspots, like
solar flares. Recent high-precision photometry from space shows that "superflares", which are 10-10*
times more energetic than the largest solar flares, occur on many G, K, M-type stars including Sun-like
stars (slowly-rotating G-type main-sequence stars like the Sun) (e.g., Maehara et al. 2012 Nature). Such
superflares emit harmful UV/X-ray radiation and high-energy particles such as protons, and may suggest
that exoplanet host stars have severe effects on the physical and chemical evolution of exoplanetary
atmospheres (cf. Segura et al. 2010 Astrobiology, Takahashi et al. 2016 ApJL). It is then important to know
the detailed properties of such superflare events for considering the habitability of planets.

In this presentation, we present statistical properties of superflares on G, K, M-type stars on the basis of
our analyses of Kepler photometric data (cf. Maehara et al. 2012 Nature, Shibayama et al. 2013 ApJS,
Notsu et al. 2013 ApJ, Maehara et al. 2015 EPS). We found more than 5000 superflares on 800 G, K,
M-type main-sequence stars, and the occurrence frequency (dN/dE) of superflares as a function of flare
energy (E) shows the power-law distribution with the power-law index of -1.87-1.9. This power-law
distribution is consistent with that of solar flares.

Flare frequency increases as stellar temperature decreases. As for M-type stars, energy of the largest flares
is smaller ("10°° erg) compared with G,K-type stars, but more frequent "hazardous" flares for the habitable
planets since the habitable zone around M-type stars is much smaller compared with G, K-types stars.

Flare frequency has a correlation with rotation period, and this suggests young rapidly-rotating stars (like
"young Sun") have more severe impacts of flares on the planetary atmosphere (cf. Airapetian et al. 2016
Nature Geoscience). Maximum energy of flares and flare frequency also depends on the area of starspots,
and this suggest existence of large starspots is important factor of superflares.

The statistical properties of superflares discussed here can be one of the basic information for
considering the impacts of flares on planet-host stars.

F—T7—R:7L7. FT7S—FHEREKE. N\EYE) T«
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The effect of spectral type of central star on climate and climatic
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The climate of the Earth depends on both insolation and the amount of greenhouse gases, especially CO,
, in the atmosphere. Owing to a negative feedback mechanism in carbonate-silicate geochemical cycle
system (so called the “Walker feedback” ), the amount of CO, in the atmosphere (pCO,) is regulated so
that the climate of the Earth may be warm (i.e., the climate is warm enough for liquid water to exist on the
surface of the Earth). However, if the CO, degassing rate via volcanic activities is below some critical
value, the Walker feedback mechanism cannot maintain a sufficient amount of CO,, and the Earth
becomes globally ice-covered. Here, the critical value of the CO, degassing rate is a critical condition
under which the Earth becomes globally ice-covered owing to a large ice-cap instability. Since albedo of
ice depends on the spectrum of the insolation, the critical condition for the Earth to be globally
ice-covered is expected to be different from previous estimates when the central star is different from the
Sun. The difference in the spectral type of the central star due to different mass also results in different
evolutionary timescale of its luminosity which affects the habitable zone (HZ) around it. In this study, we
examine the climate and the climatic evolution of the Earth-like planets around different-mass stars.

We use a one-dimensional energy balance model coupled with a carbon cycle model to estimate the
climate, and the planetary albedo model is improved in order to examine the effect of the difference in
the spectrum of the insolation from the central star. The evolution of the climate is examined based on the
evolutions of CO, degassing rate and insolation, which are estimated by a parameterized convection
model coupled with a mantle degassing model and a luminosity evolution model, respectively. Four types
of stars (i.e., M-, K-, G-, and F-type stars) are considered.

Comparing stars with different mass (e.g., M- and G-type stars), pCO, of an Earth-like planet around a light
star (i.e., the M-type star) tends to be lower than that of an Earth-like planet around a heavy star (i.e.,
G-type star) for the same luminosity and CO, degassing rate. This is because the peak wavelength of the
insolation of the light star is longer than that of the heavy star, and because the ice absorbs
longer-wavelength radiation more than shorter-wavelength radiation. As a result, the critical CO,
degassing rate is less in the inner region of the HZ around the light star than in the region around the
heavy star. However, when the Earth-planet is in the outer region of the HZ, and pCO, is high owing to the
Walker feedback, the critical CO, degassing rate of the Earth around the light star is almost the same as
that of the Earth around the heavy star especially in the outer region of the HZ because the surface
albedo does not affect the planetary albedo owing to the dense atmosphere. Thus, regardless of the
spectral type of the central star, the timescale for the warm climate of Earth-like planet is about 4 billion
years which depends, not on the insolation, but strongly on the evolution of the CO, degassing rate of the
planet. These results indicate that we should search for the inner region of the HZ around young stars to
find Earth-like habitable planets.
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Modeling Dust Cloud Structure in Super-Earth GJ1214b: Implications
for the Atmospheric Metallicity
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Recent transit observations have revealed that many exoplanets have featureless spectra. Such spectra
indicate extremely metal-enhanced atmospheres or the presence of opaque clouds at high altitude.
Although thick high-altitude clouds prevent us from directly probing the atmosphere beneath them, their
existence might provide us some information about the dynamics and/or composition of the lower
atmosphere. However, it is still unclear how atmospheric dynamics and composition would affect cloud
structure in exoplanets because most previous studies neglected or at least parameterized the growth
microphysics of condensate particles.

In this study, we aim to understand the relationship between the atmospheric metallicity and the vertical
extent of dust clouds. Recently, we have developed a new cloud model that takes into account the vertical
transport of condensate particles and particle growth via both condensation and coalescence (Ohno &
Okuzumi 2017). With our cloud model, we examine the vertical distributions of dust clouds in GJ1214b as
a function of atmospheric metallicity.

We find that the cloud top reaches beyond 10 bar for atmospheric metallicities of 10x solar abundance,
but does not reach the height of 10™° bar for all choices of the model parameters. From timescale
arguments, we find that the dust cloud structure can be classified into three regimes:
Condensation-Diffusion regime, Coagulation— Diffusion regime, and Coalescence-Sedimentation regime.
The maximum height of the cloud top occurs at the transition of the Coagulation-Diffusion and
Coalescence-Diffusion regimes. Comparison between the maximum height of the cloud top predicted
from our model and the height indicated from the observations of GJ1214b rules out atmospheric
metallicities of 1-100x solar abundance for this particular exoplanets. Consequently, our results suggest
that the atmosphere of GJ1214b is depleted in hydrogen as suggested by previous independent
modeling, or the cloud in GJ1214b is composed of haze particles produced by photochemical reactions
at high altitude.
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The structure of mantle convection in super-Earths of various sizes
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The structure of convection in the mantle of super-Earths is one of the most important issues in studies of
their thermal history and surface environment which is linked to the habitability of planets. In our past
studies (Miyagoshi et al., 2014 AplL, 2015 JGR), we showed that the effects of strong adiabatic
compression substantially reduces the activity of hot ascending plumes and the efficiency of convective
heat transport in massive super-Earths(about ten times the Earth’ s mass).

In this paper, we show that how convective structure changes as the mass of the planet increases. In the
Earth-like size planet, hot plume activity is high, but the activity is reduced as the planet mass increases.
When Mp (the planet mass divided by the Earth’ s mass) exceeds 4, hot plumes become faint compared
with cold ones and their activity becomes negligible. The dimensional thickness of the lithosphere
increases as Mp increases in spite of the increasing Rayleigh number. The rms velocity of thermal
convection does not significantly depend on Mp. These results suggest that plate tectonics becomes
harder to operate as Mp increases.

We also explored the initial transient stage of thermal convection in massive super-Earths. When the
shallow mantle is initially hotter than expected from the adiabatic extrapolation from the deep mantle, as
expected when the planet is formed from giant impact, transient layered convection continues for as long
as several to ten billion years before it yields to a whole layer convection that occurs as the structure in
the statistically steady state. Our results suggest that the interior of many of massive super-Earths may be
still in the transient stage rather than the steady state now.
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An improvement of a 1D thermal evolution calculation scheme based
on mixing length theory
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Viscous heating in shock-comminuted rocks: A reappraisal of the
shock melting threshold by using a shock physics code
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Impact melts are among the most curious geologic samples because they provide clear evidence of
hypervelocity collisions between two planetary bodies at several km/s. Thus, the required shock pressure
for incipient melting after pressure release has been studied extensively. It is widely assumed that
pressure release is an isentropic process. This assumption is expected to be valid when the shocked
matter behaves as a perfect fluid. Since the archived shock pressure under typical collisions between two
planetary bodies is thought to be much larger than the Hugoniot Elastic limit, the yield strengths of both
intact and comminuted rocks have been neglected in a lot of cases. In this study, we focused on collisions
at relatively low velocities, which are that the effects of the material strength cannot be neglected. The
effects of internal friction in comminuted rocks, i.e., the yield strength of shock-comminuted rocks, on
thermodynamic behavior on an entropy-pressure plane were investigated using the iSALE shock physics
code to revisit the threshold of incipient melting against the peak shock pressure. We will present a
preliminary result obtained through the numerical experiments at the meeting.

A vertical impact of a sphere onto a flat target are numerical modeled in a two-dimensional cylindrical
coordinate. The analytical equation of state (ANEOS) for dunite were used for both projectile and target.
Impact velocity was fixed at 6 km/s, which is slightly lower than the bulk sound velocity of dunite. The
projectile radius was divided into 50 cells, which is thought to be large enough to investigate the shock
pressure distribution with a high accuracy. We assumed that the projectile and the target have any
temperature gradients at initial. The initial temperature was set to 220 K, which is close to a
radiative-equilibrium temperature at the main belt region. The constitutive model for dunite
parameterized in Johnson et al. (2015) was also used with the same input parameters except for the
coefficient of internal friction. Lagrangian tracer particles were inserted into each computational cell. We
stored the time variation of pressure and entropy into the tracers.

We found that the entropy gradually increases during pressure release in the case of a highly-frictional
target contrary to the assumption of isentropic release. A larger value of the internal friction leads to a
larger increase of entropy. We also found that the shock melting occurs after "40 GPa shock compression
under our experimental conditions if we used a typical value for the coefficient of the internal friction. This
value is lower than a widely-used threshold for shock-induced melting. Our results suggest that (1) the
shock melting occurs at a lower impact velocity than previously thought and that (2) the input parameters
of the constitutive model in numerical models largely affect the thermodynamic response of geologic
materials.

Acknowledgement: We appreciate the developers of iSALE, including G. Collins, K. Wiinnemann, B.
Ivanov, J. Melosh, and D. Elbeshausen.
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Efficiency of material separation caused by magnetic field in outer
space recognized for solid particles in general

“EE TR FE AR AIF ER
*Chiaki Uyeda’, Kentaro Terada', Keiji Hisayoshi'

1. RKIRKFERFRREZMER FHMRBFER

1. Institute of earth and Space Science Graduate School of Science Osaka University

SRR DORSHDEERICEVWT, WBEERBANT (V2774 8 4 VEV R, T4 8RIB. €8

F) DHEHICEET &N, BATHELSHER>TWS, LHIALANS, ChETOFEHERE, REFNET
&, EELTHIZEEBAROEBEERMNEE SN, MGEEFRNFEOHEBEERICOVWTIET2ICHRLE SN
TIhh ot —AH. FTEHEBYEMROIRG TIE. Y/ 71 BIEIMPEBRAREDY I MIBLTAH
DORYDPEBRINTVWED, TS IEYMEOERY/#IEREICERT 2 NEESR] ICHEIIRKEEZILONT
&, BEMEBE, BIFARPISEES B RBEOEFR T, ZTOMMEICK S THBEODOARAANILLE
TEHIEEREL, SSICZORIFEERENEEICKELE T, MEBEEOHILERX (emu/g)DIHICIKET DI E
ERE L2, 50, ACEREEZAWVS & T, EBORMEN TS L UOBHENFOERD. MEOREE
TEILDBIND I L ZHRELIDT, TOBHREZHRET 5[3]. —MICHI BT, NFRICKET MIB
RTFVIvMICES>TEIZERIINDD, TNHETOMIBZETIE, B, 7 o )BMES & URVERMEY
BOATHHMDNAMEEZIONTEL,
LROSBMOBEMUEERARZENT, NNIDRY IV RE1.8mDY v+ 7 NATET I, ERFEOBNENER
BERESHRL, TORYIARIC. 14T LHBATERLZNEOBMSEIR (1.5x2.0x2.0cm) %%E

L. Z0ORICERESLUEBEZEY MLk, LEBOEREEZ AT AR - EERSBZAICHEE L100Pak TRIE L
7=. ABRRNFOEFIIHIBARADNRZRKICRZIUEICEY hEhhTEY, BMUNEHDORBE RIS, REMERF
FRFEODOARAANLE L, —F. BN FIEEEHO0OFRICIERE L7 (BhEdYouTube: Magnetic
separation of general solid particles realized by a permanent magnet%£88), —f%IC. x&h75 @ IC EEFR
I 5T T, BEERX BEmONFICEEINDZWEESHIX. (1/2)mXB0)~2 =(1/2)mV(T)*2 DT R
F—REFAICHKS ., BLBO)XMHMBOMISHRE. VT)IXRIHEEEART., BI5VT)IEmICIREES. MEE
BOXDIHMKET 2=, LEOYMESHNRIRT 5, SORASNEZRNTFORENS., TR FDXEHK
HHENED, TASEEETEEE —BLE, ChICEYVERALAZ2BN RO T RILF—RERICHK > THE
TLECEDERSINZ[3]. BALEXEDEGERIZ, BAROETELYMEBEDEDSGEE%=IZIFH/NA—LTS

Y. BRRTFEERODEEDS. MEEEOXEOERE HIFHER] ICL>THERIWIBZIEERBT S, &
DZERFHEBMIS T 2MEIMORERBICH-REAREZRHELA S, FLRENZTEIEBRNFORS
AR EZR D BENZ VA, SEODBERRMIE. ZODORLEEEE LTHEFATE %,

References

[1] K. Hisayoshi, S. Kanou and C. Uyeda : Phys.:Conf. Ser., 156 (2009) 012021.
[2] C. Uyeda, K. Hisayoshi, and S. Kanou : Jpn. Phys. Soc. Jpn. 79 (2010) 064709.
[3] K. Hisayoshi, C. Uyeda and K. Terada : Sci. Rep. (Nature Pub) 6 (2016) 38431

F-—U—F: MESRE. BSA. REEME. BHEENE

Keywords: material separation, field gradient, diamagnetic anisotropy, paramagnetic anisotropy

©2017. Japan Geoscience Union. All Right Reserved. - PPS07-28 -



PPS07-29 JpGU-AGU Joint Meeting 2017

KEEAD I L —4 —TERER : ZROHELN I L -9 —MXHRICEZ D

98
=

Cratering experiments with spherical targets: The curvature effects on
the cratering efficiency
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MESSENGER(MErcury Surface, Space Environment, Geochemistry, and Randing) (%] T /K £ ® @ B #hE
ICEBRASNEBEEHTHY ., 2011EHISHAEICODE>THIGZIZILH E T 2EMRESRANA1T o/, D
T—HICEDE, KEDIY TR MR=XENT Y 3y I DEHMLTFIR EAMBIRE S N7 (Winslow et al.,
2013), T SICHBEZELT 2HMRBMIBICE > TKEIT7 THEEINIMIBOMEH, S, ML GEE
MILICKEI T OHEZEHHE S 7/z(Johnson et al., 2016),

LHL, 5D&ZAKENBHIZGOEHELE L TIKEDHEHDOENAKEWVWT EICKDERELDOHD
ZRINTWS, RICEBORH CERZERRAEZ DI ENTENIE. BRR (RIHRER) ODESEE
SIEEED/NRZAYDODEERE, REOHNBESGEEEBEICODLWTLYBEDORWEREFON D Z &'
BIND, ZITCARETIIKENSBEISGEEORRFEE RIEE 27-DICHBEHOERZE LTY T
V—5—FT 4RI VRAICEB L, ¥R MNER—XIIREDEERIGE KBREDNT VA TREINDD
T, YTV —5—FT 1 RY YV RARIHNREIBLTEIDIIEE R VBB,

SO DFEKRTIH, FITMESSENGERZEE#DEE LIZ15KEEDNDRY MVEBT—9D0 6T R M R—X
DREBEEEL. TNEYTY—5—FT 1 AYVRICEHR, ILICZFORBEECEREITT 5 I & TKENERE
BORBEEERARBERICOVWTRET 5,

F—TO—R:KE XvtvIv— ¥TRIR=-X
Keywords: Mercury, MESSENGER, Magnetopause
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BAEEBITICE 27 L —9 —HFRERS OFHA

ZETINEDHE

Measurement of crater ray length by analysis of lunar images: A
comparison with Z model

AT BB A BBF . FEEZ?
*Kinoshita Toshiki', Akiko Nakamura', Koji Wada?

1 MPFREXZREFFRANUBREFER, 2. TEIEAZREREHREV 54—
1. Department of Planetology, Graduate School of Science , Kobe University, 2. Planetary Exploration Research
Center, Chiba Institute of technology

IL—9—DERILBONDIERRXEICHIDIBERITRE. BE. ¥BI—FEA>LBEEHCE W
SHLULEICHRT B Z &N TE W (Holsapple and Schmidt, 1987), MR T L —9 —MHEY (F65&4&
Iz ¥4 &continuous ejecta) DEEMANY DNOBERREADF > TWEFRTEZ/NATA—9—%FIR
TEDHINARTHENERIET D7D, TNSEEEBILTZIEEEZ D,

SOIZBEREFE M <SP OMICL > THLONBEREBEIT Lz, Y FILE L TRERDKFELEDKeplerd
EREOEEBICEET 2ERTkmEBEDNMNIELR I L —9—13@2A V-, £, TV I/IRBMETILTHS
ZETIVDLEHSNZIVIVIBESI LB TE28EEERT 27-HOICMIBEIRICE WTERD XFTEEHE
D EofEEEmE L. BEPROAEEERE Lk, HISESHI EEOEFMHAERE VL —§ —BERTHEL
Lzt D, HEAIARETHE, REKFELZBEVEDNSEVEDICELIEBICDN., EEBROATE
I EFOEA%EZRL., JL—9—BEROMEREABICLTZOEEHIELLLTWVWS, ZOERIOBLZF4LY
L—4—EBERUROII I IEHLHHFTHY ., ZETIWOERNIBEATEDZEEZ D,

ARDERNSZETIVEBERT 2O TIRAVWEHINZNEII L —9 —BRLLEDEE TIE. HE
WEEBICRE LTV T V79 I EEAMICHEBINAT S 798, ZORTHICEEMEFERAT DI EICL
U, H5ABAICOAEREBENEZHLIHERDEDTH S EIREL=(Kadono et al,, 2015), 2 F W, BEWE
INEIRIE. ZTOBMOARAICHEINAEIV V95D IIE2EE AT, ZDREDT T, EAFBROAE
BlRE HFIBDBEAVWTCZET VDO FRINIEAFZRICBIIZ IV IV YDE.RFEL, JL—9—E
REDBERICOVWTERRT 5,

F—TO—R AR VI8 NP
Keywords: crater ray, ejecta, Kaguya
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ITER—ZHREZAVZNREERONIGRREICS T HEERLFE
Correct correspondence selection between points on two asteroid
images using epipolar constraint

*KilIESE, K@ B B IEF
*Junpei Ohyama', Naoya Ohta', Naoko Ogawa?

1.BEXRE. 2. FHMEMRRFEEE
1. Gunma University, 2. Japan Aerospace Exploration Agency (JAXA)

P RI2R EDNXEDRETIE, NEXBOHREREMINNZREICEE L AZRICEEINZEGRIOE
TIBMENEL D, ZOREBORICIE. ER>UEBEI OB INEKRET, MNEXELORA—=SOEELE
THNEZRETIVHENH D, CNEZERLEAFVWVTEITITO HIC. BIROBEHEAZHEL. ZhEFh
DOERTOHHROBUEZTICHISEI S A,  OFHEEREE T TIREFBIEENZ < EENs, L
L. AiEEEL>UBI ST LAKICER LOFGRICKY I DERTHIIER—FHREAVSGZ &
T, BN ZRETEZIENTEDZEEIONDS, ARETHIDERZIT o7, ERTIZIAXATIER L 7=/)
HREOFERAIRY LAEGRE BV, ERIFHIZAKAZE(Alcantarilla et al. 2013)& AWz, 7=, IELUVIHD
BELDOHEIFBERICE o7, TOER., FHROELUEDAH TRGERE LIZBEICEMRENCE% TH > -
BT, IER—SWEREAWVDZICLYITRICALELE, TOZELY, NEEBEROTHFRENETT
ER—SHEREAVWD I EIIEMNTHDEEZIOND,

F—T7— R TER-Z#R, ERTH. NBEBEK. WHHR. AKAZE

Keywords: epipolar constraint, fundamental matrix, asteroid image, point correspondence, AKAZE

correspondances without epipolar constraint correspondances with epipolar constraint
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INBREBERDOWIGRIREZ BRI E L7SIFT E AKAZED M RELLER
Performance comparison between SIFT and AKAZE for corresponding
point computation on asteroid images

L0 g, Km EH. R)IIEF
*Hiroki Yamaguchl , Naoya Ohta', Naoko Ogawa®

1.BEXRE. 2. FHMEMRRFEEE
1. Gunma University, 2. Japan Aerospace Exploration Agency (JAXA)

P RI2R EDNXEDRETIE, NEXBOHREREMINNZREICEE L AZRICEEINZEGRIOE
TIBMENEL D, ZOREBORICIE. ER>UEBEI OB INEKRET, MNEXELORA—=SOEELE
THNBZRETI2LENH D, IhE2BEHRULEBEEZAVTCEETITI HIC. BIROBEERZ2HEHT I, 0D
FiEE LTSIFT(Lowe 2004) & MHEN 2 D RIFARFEE T > TV S Z & A ST % (Takeishi et al.
2015), LD LSIFTId4FFCRESNTH Y., FREBMICE > TR INDPEEEL L2561 H 5, —HSIFTD
’ﬁt:?agfénf:AKAZE(Alcantanua etal. 2013) & MHENZEHICITZ D & D BFHIRIE N, ZITEARET

IREERETRE LIEBEICSIFTEAKAZEDMRER LB L 7=, EERTIXIAXATHER L 72/NERE DIREY
’E‘r?%%&btﬁ{%%%ﬂ%mto BFERE L THEIND ROBUISIFTO AL % W (I Z (X6000F2E)H. AKAZETH

ZTOEMDEDICIETDRBOFH At I N2 (B2 (E300072E), FAMEBAZZ TRE LAEKE
'comr.:@IEﬁﬁ%citin%(n,£$3o~40%)'c AKAZEDBN 2155 (BRERANSIFT 36% Xt L TAKAZE
2% b HB, TDIELYVNREDORIGRIREZEZE LT, AKAZELEEANTHDEEZAON D,

F—7— N :SIFT. AKAZE., NEEBER. BRFH. JiER
Keywords: SIFT, AKAZE, asteroid image, feature point, point correspondence

feature points by SIFT common feature points feature points by AKAZE
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Bk E KK (1566)Icarus & £ DR —EIRIERXA2007 MK6 DT 7~ 448l
JeER A

Near-Infrared Photometry of Near Earth Asteroid (1566) Icarus and
2007 MK6

HBHRE' B EREC, BE £ ) EEL PR NEAES Blbe Le—L]

*Yuri Sakurai', Seitaro Urakawa?, Jun TAKAHASHI®, Tomoyasu TANIGAWA?, Sayuri NAKAMURA?®,
George HASHIMOTO'

1. AILKEXRZRERBZAER. 2. ARZAR—ZA— e, 3. EERIXE. 4 ZHHEESRK . 5. @ILKEESE
fvd

il

1. Department of Earth Sciences, Okayama University, 2. Japan Spaceguard Association, 3. University of Hyogo, 4.
Sanda Shounkan Highschool, 5. Okayama University

HEREEA KK (1566)IcarusD BEAHRIE S TIL /M LIBEDREN DR T B EEHLNTVW S HERER2.28
B WD LEIFTRW2.27268E & #HEINT WS (Warner, 2015). 7=, #EKk#EEXRAE2007 MK61Z, #EEt
BOHERI SlcarusE IR E T ERETH B Z ENREBEINT LS (Ohtuska et al., 2007). BERTkmIZED
IcarusiCIEYORPEHIEN B W T HENEL RDAREMEIH D & 52EZ D E, [YORPHRICK o TlcarusDH
REHANEL Y, lcarusHh 52007 MKEA D H L7z, DHDBFE Tlcarusid2007 MK6IC A EENE % 5E
L, BE®DIcarus® BEzEARAIL2. 2B B L W E D LR W2.2726BFBICHR o721 EWHRRAILI TR I ENTE
3. ZORGRERIET 572, XY FRXEBD2mA P I-EEEE & ERMIREEENICERE VT, J, H,
Ks?D3/3> R Tlcarus& 2007 MK6IZxt L T3BREKERYEERZ S IR > 7. 2007 MK6A Icarush 58 L 7=
DTHNIE, MEDORFARY MULEZALTHZ EHFIND. £, BVBAXRICOHRLEARSIE, REDRK
EICIEDHICE > TEH LAFHRAEOREA FEAEZTTAVHLVWEINEET 3. REICFHELICE
HT 28— HENEINERTEHIET, DROTKEEERTTZIENTES.

IcarusDERAIIZ2015FE6 A18H "6 B21HIC, 2007 MK6DERAIIL20165E6H15H 6 18HICERKL
2. NICOBRBERICHRRAEEIEHEEZARBFICAND I ENTERD 277D, HRREEIEHEEIXTHICE
BRLU/-. BEEIITNRRKADEEICHDC2VEIEEFEW, EHEEDZ /Y RDOEB I F2MASSO A4 OV {E%:
fFRA L. Icarus&2007 MK6ZNZFNICDWTRFRARI MLERET DL EHIC, BEICEERIRHR
R MNVDOEAED SREDARE—ICDOWTHELRL. £/, lcarus& 2007 MK6DRETRARY ML ALY S
ZET, BRICOWTERLE.

F—T— R NRE, AL, HERELEXRE
Keywords: Asteroid, Photometry, Near-Earth Objects
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Bk $EE KK (1566)Icarus & £ DRE—EIREIERKA2007 MK6 D v #4785
&

Observation of near-earth object (1566) Icarus and the split candidate
2007 MK6

SE)ERKRER'. KIR BSOS RSB #BNS. AT A& fElL FMO. =i 7% BA B, -
—&°, BIE SRS, BE AN, BHBEES. KA BRYS @dLbe Ls—L° BH KRB &N
INEES, BiE £, B BE'. Otabek Burhonov'?, Kamoliddin Ergashev'?, {Fik Z+° =H
N EL S SHER Bx " BOBEES AR ER

*Seitaro Urakawa', Katsutoshi Ohtsuka?, Shinsuke Abe?, Daisuke Kinoshita®, Hidekazu Hanayama
® Takeshi Miyaji°, Shin-ichiro Okumura’', Kazuya Ayani®, Syouta Maeno®, Daisuke Kuroda®,
Akihiko Fukui®, Norio Narita®"?, George HASHIMOTO?, Yuri SAKURAI®, Sayuri Nakamura®, Jun
Takahashim, Tomoyasu Tanigawa”, Otabek Burhonovm, Kamoliddin Ergashevm, Takashi Ito®,
Fumi Yoshida®, Makoto Watanabe'®, Masataka Imai'?, Kiyoshi Kuramoto'*, Tomohiko Sekiguchi15
, MASATERU ISHIGURO'®

1. HEFENTEEABRRAR—2A— MR, 2. RERERY h7—7. 3. BEAKE, 4 BuIFRKE, 5 BIXX
B, 6.EEXXA, 7. 72NN FAY—EYI— 8. REKRE, 9. HMUKZE, 10. EERIKAZE, 11. =HEEES
. 12. Ulugh Beg Astronomical Institute Uzbekistan Academy of Science. 13. EILIERI X%, 14. biEEKXRE, 153k
BEHBEKRE, 16. VIILKE

1. Japan Spaceguard Association, 2. Tokyo Meteor Network, 3. Nihon University, 4. National Central University, 5.
National Astronomical Observatory of Japan, 6. Bisei Observatory, 7. Astrobiology Center, 8. University of Tokyo, 9.
Okayama University, 10. University of Hyogo, 11. Sanda Shounkan Highschool, 12. Ulugh Beg Astronomical Institute
Uzbekistan Academy of Science , 13. Okayama University of Science, 14. Hokkaido University, 15. Hokkaido
University of Education, 16. Seoul National University

Background & Aim: A numerical simulation proposes that the origin of near-Earth object 2007 MK
(hereafter, MK®6) is a near-Earth object (1566) Icarus (hereafter, Icarus) [1]. In addition to it, the orbital
parameters of the daytime Taurid-Perseid meteor swarm are in good agreement with those of Icarus. Thus,
it is considered that MK®6 is split from the parent object Icarus by a rotational fission and/or an impact
event, and the produced dust became to the daytime Taurid-Perseid meteor swarm. To confirm such a
hypothesis, we need to obtain the observational evidence that the color indices of Icarus and MK6 are
same. Moreover, if MK6 split by the rotational fission due to the YORP effect, the rotation period of Icarus
would be shorten compared with the past rotation period. When the MKG6 split by an impact event, the
rotation period of MK6 would shorter than the spin limit of 2.2 hours. We require the observation for
Icarus and MKG6 to test these hypotheses.

Observations: We conducted the observations for Icarus in 2015 and MK6 in 2016, respectively. The
observation summary is shown as followings: Icarus (June 2015): Nayoro Observatory 1.6 m Pirka
telescope of the Hokkaido University (visible photometry), Ishigakijima Astronomical Observatory (IAO)
1.05 m Murikabushi telescope (g} R, and /. band simultaneous photometry), Maidanak Observatory (MO)
0.6 m telescope (R band photometry), Nishi-Harima Astronomical Observatory (NHAQO) Nayuta 2.0m
telescope (J, H, and K, band simultaneous photometry), Lulin and Kinmen Observatory 0.4 m telescopes
(visible photmetry), Lowell Observatory (LO) 1.1 m, 1.8 m, and 4.3 m telescopes (visible photometry and
visible spectroscopy), MK6 (June - July 2016): IAO 1.05 m Murikabushi telescope (g’ R., and /. band
simultaneous photometry), MO 1.5 m telescope (R band photometry), NHAO Nayuta 2.0 m telescope (J, H
, and K band simultaneous photometry), Lulin Observatory 1.0 m telescope (visible photometry), LO 1.8
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m and 4.3 m telescopes (visible photometry and visible spectroscopy), University of Hawaii 2.24 m
telescope (visible photometry), Okayama Astrophyscial Observatory 1.88 m telescope (g} r, and z'band
simultaneous photometry).

Results: Previous studies indicated that the taxonomic type of Icarus is an S-type or a Q-type [2][3]. We
obtained that the color indices g'- R, and R; - I are 0.828 £0.027 mag and 0.397 £0.025 mag,
respectively. These are consistent with the color indices of an S-type asteroid. Moreover, the color indices
implied the slight rotational color variation, though the further data analysis is needed. On the other hand,
the color indices and the rotation period of MK6 have not been revealed in the previous study. In addition
to the color indices of Icarus, we will present the result the color indices of MK6 and the rotation period of
both Icarus and MK®6.

References: [1] Ohtsuka K. et al. (2007) ApJ, 668, L71-L74. [2]Chapman C. R., Morrison D., and Zellner B.
(1975) Icarus, 25, 104-139. [3]Hicks M. D., Fink U., and Grundy W. M. (1998) Icarus, 133, 69-78.

F—T— R NRKE, AL, HERELEXRE
Keywords: Asteroids, Photometry, Near-Earth Objects
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FIEXERARTOEARICEZYRANT IV 754 S DG
Sintering of icy dust aggregates due to turbulence in a protoplanetary
disk

*BEFBET WBEHE—

*Kiriko Kodama1, Sin-iti Sirono'

1. AHERERZRIREZHERR
1. Graduate School of Environmental Studies, Nagoya University

FIBRERABIIAREY A MR FTERINTWS., Y2 MK FORNERRIREFMBRDE—R
TYTTHZDT, YA MIMNFNAERRTEINEDNEMBIEIEEETHD. ¥ X MIRIFICIIIKS R
NEBRYAMDH D, AHETEBLTWBKIZANT TS A ML, MBAIND EFEEIETT . B
EIIREBBNNSLKREZARICHEI BT ZEKTHY, YRAMNTIVTFA MDERETDEIRAMDORE
BOxy IhRERTS. BELAESANTI)TA MIERTZEHIQDRYBRKRTERLLARDZDT, FEiEDE
THBREFMHRONBICEHEYT 5.

FHRBRERAR T, BRIIPOLEOTRABHTHS. FEEMIDY R MIRLFICEL > TREIZEST
578, ABRKEDOY A MR FOAMBEING. FDD, ERICE>TKIRANT T 54 MHERDHA
BREMOICEZEIND &, BEESECTREELHS.

Sirono, (2011, ApJ, 735, 131) T, FEE COREDHENOBRENET T IDICBLERY A LRT—ILH
TEINTWS. LHL, BITHETIEKIZANT IS4 NOMEARADEEIFEREINTWRL., ZITH
HETIE, BEYIAL—YavIckYRIRANTI)SA NOREABEOEEF #EH L, ALREEEEEL
T2 A LRT—ILARD .

GZAKNTTYTA4 NOMEABEOEENFERICK 28 E, RDLDEDENICLZLED2DOTHS. AL
BMELEEREY I 2L —>a Vv THEETZIET, BYRANTIVS54A NOEBEHEZEHRT 5. —ERHERE
T2&, YRANTTVETA NODBITEBREICARS. EEREICARZETDY A LRT—ILIEEEY A1 LR
T—ILEBETHE. DHNEERETE, EYANTIUS A MIABRNERAAE LTFICHE, SETHD
MERMICEETDEMBETD. 207D, BRELAEYANT IS A NOLIKERE & ICEBMT 5. B
B ICHR < IK7E L TW B =8(Sirono, 2011, ApJ, 735, 131), KFRA N7 F )54 MIEEMEETH 2 HE
REULOEIARBRT DL, MBERRICHEITZETHERTIERETS. BEVIaL—Yavic
£oT, BREEERRL, BELEYZANTIIVSA1 NOEIGEZEHL, ZIHhOBEIMLRT—ILER
%.

BAES A LART—ILIZEBRAL T ICONELRY, BBRAIGPY AN ITYUSA MO =LA k
RRETH D, ALREXICLIEEST2ICED. ABRKREE COERIE, A0 Ta4IEKELTWS., 77
D4 MORRICONA /RO T 4 BTN, HTHROBEEEBICH L, FitaEEaEglrHRTs I en
#HFsha., LHL, NEWTFIVSA MDDV ETEEET S E, ABRKAE TOERIETIICTASRVD
T, ABRREOHENOEEIC K ZBEITET LRV,

F—T— K RIARERAE, BE. &R
Keywords: protoplanetary disk, sintering, turbulence
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HESNHREOAXEMNEBRNTOL M
Distribution of captured planetesimals in circumplanetary disks and
implications for accretion of regular satellites

KRB AH ER?
*Ryo Suetsugu’, Keiji Ohtsuki?

1. ERERKE, 2. FKRE

1. University of Occupational and Environmental Health, 2. Kobe University

REXTEREDERZREDOEYICIZ, BEIRAEKLTWVWS, 2O LAFHERZFIFNNECEREORERE
RELTWVWDE, TOLOEAREOHHNERICE WTRERY ICEASNAREABRATHEIHRELZL
ZEZbnTWa, REOHEEMRET N TR, AREABICEETIZ2HARARELEITRAL TS B9 MA
ADEFYMENMFEDOELMBYPELEZ LN TWVWS, £I5D. WEDHEHEZAVWCEXRYEDORARE
RABEADOHQBREFANTHRL S, HEOMBE RS> LERNERERDODT A MY A XZDEDEIT TR
< B ARERERYE(TIOM-1Tkm)b, AREARICHBI NI 2 EBELNMIA >, L LA

. BREARICHRSNCERYEOHABRNTOERDHIE. BHEOHRPHEELLICKERTEEZEZD
k%@bb? FEAERPINTUWERY, ZITAMETEEAREARISOAREBRICE > THES W
BRET A AOBERYEDORAREMRRA TOER LA 2NENEZAVWTHEANL, SHEOKER. AREMER
ICHBHEINHBER. BEE BTHAEICRETZE0, BITARICAEKRTZED, ZLTHESINT
AEZEELTWCEDOD=BRICHETEDZIENALSHER >, TNOLDHEHBBEZRDOLHER., RE
DAREDHY LABENREL TWBRFHICBE VW THESNAHRENDHT DI e’ bA ok, TLREN
BREEOHREDOX vv TICL 2 KD HEERLHE. AREARNOHBESI N HEAEOEREE X
Fry TOLKREEHITHEP LTV tﬁ%b#tﬁoto SONBEFERRZD &IC. AREAER
ICBITBY AN EHESNAHBEOEEE ZHREICREE Y. ThoOkBBT o,

F—U—R:RE, HE
Keywords: planets and satellites
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FEEEEXEICK 2/NKRED—BFFEE
Temporary Capture of Small Bodies by an Eccentric Planet

a0 58T, HAE %
*Arika Higuchi', Shigeru Ida®

1. REIFEKRZE, 2. RERIFEARFMIKE IR
1. Tokyo Institute of Technology, 2. Earth-Life Science Institute

We have investigated the probability of temporary capture of asteroids in eccentric orbits by a planetin a
circular or an eccentric orbit by analytical and numerical calculations. We found that in the limit of the
circular orbit, the capture probability is "0.1% of encounters to the planet's Hill sphere, independent of
planetary mass and semimajor axis. In general, the temporary capture becomes difficult, as the planet's
eccentricity (e,) increases. We found that the capture probability is almost independent of e, until a
critical value (epc) that is given by "5 times of Hill radius scaled by the planet's semimajor axis. For e,> epc,
the probability decreases approximately in proportional to ep'1. The current orbital eccentricity of Mars is
several times larger than ep°. However, since the range of secular change in Martian eccentricity overlaps
e, the capture of minor bodies by the past Mars is not ruled out.

F—O—F: KEBE. NRE

Keywords: Martian moons, asteroids
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MO AREEDEBARICKEFT DA/ —F14 VDMUE
Position of Snow Line Depending on Spatial Distribution of
Magnetorotational Instability in Protoplanetary Disks

ZAR. BER
*Shoji Mori', Satoshi Okuzumi'

1. REIEKRFREIR BER hIKRERNER
1. Department of Earth and Planetary Sciences, Tokyo Institute of Technology

FHRBRERABICEVWT, KR MNIEFENEDEEDKED % Lo, MBEFRICEVWTEEREE AR
LTW3, ZRICMA. KA MIBRBEREDBEORFRE LEELTEY., REFERBRICEWVWTKY R
NODHEEMBD Z LIE, REWRDARLTEMDEREEZ D LETERM RV, KR ME, KOFREE
BRI =FAVUETHEETEIEDNTE, R/ —FAVDOMNBERELTWIHABDEE#EAIERT S
CENBICEETHB, ABIEETDETIE. R/ —54 UHEETZHBRAIZAZNICEVNDT, BE
HRADEAIRIF—HDEFIMEICE > TEBRINABA/AHBICERL. ABRNAOBEEBSEERET S EE
ALNTWS, bbb, ZOMMENRICK->T, ABRFERMEDR / —F4 VOMENZEINTWLS
(Oka et al. 2011),

FMENMEREZET 20, MALNFERICEFRT 2900 LRESND, LHAL. TO&DR/REGHT
LHEIBENTHZ DI TIEAVL, REARERMABRICS FTZERORERD 1 Dk, MiHEABHREDEE
ERICK > TBIERIZMIOEARARETH D, LHLIDEEIL HRAOBHEHILEMNS VHEEOREER
TOHRIDEEZIOLNTWVWS, ZOLDRGHE, ARNBTOROERN+IICECIST. MEADERE L
FERARIVICK W EDNBHRUMIAAE LI 2L —2a vICK>TERENTULS (Hirose & Turner 2011),

AFETIE, TOFERICEBL, MBIERBEICEOVWLABDEEEEERD., X/ -S54 VOLABEARHA
R3, BRWICIZ, BEBEE S SHESHEEE LZIRTOMIRATELZITV, BohAIXILF—8%
EODHEHOLEBRAMBERBEE R/ —F14 VOMNEEKRDZ, FEFEOHER. ARKFEARMNSIRT—IL
N MNEEDEI T, IRLVF—BERNZKNEE DAL, INhiE. Hirose & Turner (2011)D
BREFELRW, £, TONMRROFRKEOMNE CHEEIRILF—DIEBRINDZERELT. R/ —F4
YOREBERD, TORR, FOE~NOBEEBRERNI0°M,, /yearDEZTDR /) —F 4 VOB, Kl
HTOMAEZRET D E3auTHDIDICTH L, 3AT—IL/NA FEEOS I TOMAEZRET % &£0.7aulcid
e o, ZOFERIE, R/ —F4 VOB’ ABDOMIERBEICE > TRKELLEDLY DB LER
THEDTHS, £z, ITRIVF—EEROWHISICH T 2EEEICOVWTERAR, MHOHIGHEICTT S
2/ =4 VDAEBEDKRFHICOVWTEERT 5.

*—7— K : RABERMAE. WSRENE. 2/ 51>
Keywords: Protoplanetary disk, Magnetohydrodynamics, Snow line
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Effect of Planetary Spin on Giant Impacts

HE EA " MR E—aR°

*Natsuki Hosono'*?, Eiichiro Kokubo®

1. REBKRZE, 2. B{LEMEAM. 3. BiIXXA
1. Kyoto University, 2. RIKEN, 3. NAOJ

In planetary science, impact phenomena between two objects play an important role, e.g., the
Moon-forming impact.

Thus, to date, a lot of numerical simulations of giant impacts are carried out.

A potentially important effect on giant impacts is the spin of colliding bodies.

However, most previous works neglected the spin.

It is more natural that the bodies have pre-impact rotations.

In this work, we systematically investigate the effect of the spin on giant impacts.

We employ the Density Independent SPH, which is an improved version of the standard SPH method.
We show the dependence of the collisional outcome on the spin period.
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Impact cratering on a silica dust layer with high porosity and the effect
of porosity on the crater size scaling law
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Recent planetary exploration revealed that small bodies in the solar system could have a large porosity as
large as 80% for comet nuclei and less than 75% for asteroids. Impact craters found on such highly
porous bodies were recognized to be quite different from that found on rocky bodies without porosity,
that is, there were several craters on their surface which sizes were beyond their radius. These large
craters were supposed to be formed by pore collapse during the impact compression and so it was
recently classified into a compressive type crater. Classically, the impact crater is classified into two types
depending on the physical mechanism controlling the final crater size: they are a crater formed in a
gravity dominated regime and a crater formed in a strength dominated regime. These classical type crates
have been studied to construct the crater size scaling law, and now the p scaling law was widely accepted
to use for the planetary impact phenomena. However, the effect of porosity on this p scaling law for the
crater size was not clarified yet although limited studies have been conducted by Housen and Holsapple
(2003) and others. The mscaling law applicable for the porous asteroids is necessary for the impact
experiment on small asteroid Ryugu by Hayabusa-2 small carry-on impactor because one candidate for
the surface condition on Ryugu is fine-grained layer with a high porosity.

In this study, commercial amorphous silica dusts with the average particle size of 0.5mm and the density
of 2.2gcm™ (0 ) were used to prepare the target with the bulk porosity from 50% to 78%, and the target
was simply consolidated by the cohesion force of Van Der Waals force with the tensile strength from 100
Pa to 10* Pa. We made impact cratering experiments using this porous target to study the effect of the
porosity on the crater morphology including the crater size. Impact experiments were conducted by using
a horizontal type two-stage light gas gun set at Kobe University and a glass bead projectile with the
diameter of 2mm and the mass of 10 mg (mp) was launched at the impact velocity at 3.60 kms™'. The
projectile was impacted on the target surface normally set in a large vacuum chamber less than 20 Pa.
The crater morphology was found to change with the increase of the porosity, that is, the shallow dish
type crater was observed on the target with the porosity of 50% having the tensile strength of 10 Pa, and
as the porosity increased the impact spherical cavity was formed to grow and expanded below the shallow
dish crater. The recovered target was hardened by epoxy resin and cut at the center of the crater to
observe the cross section to measure the cavity diameter (D), the depth of the crater (d) and the diameter
of the shallow dish crater. The relationship between the distension (a=p /0 ) and the normalized cavity
diameter, w =(0 D/mp)1/3, was found to follow the empirical equation of = ,=3.82%', where r, , is bulk
density of the target, and the relationship between the distension and the normalized depth, = =( 0,
d/mp)”3, was found to follow the empirical equation of D=3.Oa1'0. While the crater diameter of the
shallow dish crater found at the entrance of the cavity was recognized to be constant irrespective of the
porosity. These empirical equations could be used to incorporate the effect of porosity on the crater size
scaling law.
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Probability distribution of impact strength on the target simulating
meteorites and implication for the size dependence of asteroid
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Impact strength of asteroids is one of the most important physical parameter to control the size frequency
distribution of asteroids in the main belt. The impact strength has been studied in the laboratory using
cm-scale targets simulating various type asteroids such as rocky, icy and metal bodies, and these previous
studies revealed that the impact strength strongly depended on materials and internal structure such as
porosity. However, actual collision among asteroids happen at the scale of several orders of magnitude
larger than that at the laboratory scale. Therefore, the size dependence of the impact strength is quite
important to consider the asteroid collision. There is a traditional theory for material strength and it is well
known that the material strength follows probability distribution: it scatters according to Weibull
distribution. This probability distribution of the material strength is theoretically connected to the size
dependence of the material strength: so called the Weibull statistical fracture theory. This size
dependence is confirmed at the static deformation condition so far, then we try to extend this Weibull
theory to the dynamic deformation condition corresponding to high-velocity impact for the purpose of
asteroid collisions.

We made impact disruption experiments by using a vertical type gas gun set at Kobe University. A nylon
ball projectile with the diameter of 10mm was launched at the velocity from 65 to 208 ms™', and was
impacted on the target surface normally. The targets were a gypsum-glass beads mixture (GG) with the
mean density of 1.9gcm™ or a gypsum-bentonite mixture (GB) with the mean density of 0.77 gcm™; both
had a shape of cylinder whose dimeter was 30mm. CG and GB targets were analogues of chondritic
meteorites, so the glass beads with the size of Tmm simulated a chondrule. The impact experiments were
conducted 10 times at the same impact condition for each target: the constant energy density (Q: the
kinetic energy of projectile divide by target mass) was applied to the target, and we measure the mass of
the largest fragment (LFM) at each time, then we noticed that the resultant 10 data were so scattered. We
studied the probability distribution of the largest fragment mass, and then we obtained the impact
strength (Q) from the largest fragment mass on the basis of the typical relationship between LFM and Q.
Impact experiments at two different energy densities were conducted for each target. We also measured
the tensile strength of GG and GB targets more than 10 times by the static deformation test to study the
probability distribution of the tensile strength.

We obtained the Weibull parameter (®) to characterize the probability distribution of the strength for the
tensile fracture: ®=7 and 8 for GG and GB target, respectively; they are similar to the values obtained for
basalt and granite. The cumulative probability, P, of the fracture for the materials is shown as follows
according to the Weibull theory, P=1-exp(-V/V( 0/ oo)q’) (eq.1), where V is volume of the target and ois
strength, and the suffix O shows the standard condition. The largest fragment mass recovered from impact
experiments was found to scatter so much; e.g. GG target showed the scattering in one order of
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magnitude. The average impact strength of GG and GB target for 20 experiments in each was obtained to
be 34 and 158 Jkg'1, respectively, and we tried to make the relationship between P and Q" according to
eq.1 by substituting Q for o, where Q was determined from each LMF using the typical relationship
between LFM and Q, then ®was obtained from the probability distribution of the impact strength: ®is 1.8
and 2.6 for GG and GB target. Thus, the size dependence of the impact strength could be estimated from
eq.1 setting P=0.5: Q*=Q, D™, where D is the target size and n is 1.6 and 1.2 for GB and GG target,
respectively.

F—TU— R GRERE., GRRAT—IAL NRE
Keywords: Impact strength, Impact scaling law, Asteroids
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Recent study on numerical simulations of large scale impact cratering showed that complex crater such as
a central-peak type crater was formed within the region where the materials composing the surface crust
lost their shear strength by high shock pressure, and that this fluidized region should have a rheological
property like Bingham fluid: it has a finite yield strength and behaves as Newtonian fluid beyond the yield
strength. Although there are a lot of studies on the large scale complex craters by numerical simulations
by using iSLAE, there is little studies to compare these simulations with laboratory experiments. Thus, the
numerical results should be confirmed by the laboratory experiments to assure their numerical models.
One of the most important points of the numerical model is rheological properties of the fluidized region
and how it behaves during the crater formation process. Then, we try to study the crater formation
process of fluidized material with various rheological properties such as yield strength and viscosity.

In this study, we used granular materials including various water contents in order to control the
rheological properties of target. Glass beads with the size of T00 wm and quartz sand with the size of

100 uwm were used for the target with the water contents from 0 to 24.5 wt.%, and we found that the pore
space in the granular layer was completely filled with water at the content larger than 19.3 wt.%. The yield
strength, Y, of the wet glass beads layer was measured by means of indentation tests and the obtained Y
rapidly increased from 1kPa to 50kPa when the water content changed from 0 to 3wt.%, then it gradually
increased from 50kPa to 100kPa until 17.5wt.%. Beyond the content of 17.5wt.%, the Y suddenly
dropped below 5kPa until 19.5wt.%. Moreover, the relationship between the Y and the indentation speed
for the wet glass beads layer with the content of 20wt.% was studied, and it was clarified that the Y of this
saturated layer was proportional to the square root of indentation speed. We used this wet glass beads
with various rheology for the high-velocity cratering experiments. The impact experiments were made by
using a vertical type gas gun set at Kobe University, and the target box was set below a wind shield in a
sample large chamber. The glass bead projectile with the size of 3mm was launched at the velocity of
170m/s, and the cratering process was observed by a high-speed digital video camera with the frame rate
of 2x10° FPS,

The crater shape was found to change with the water content: a bowl type for O to 3wt.%, a pit type with
fractured rim for 3wt.% to 17.5wt.%, and a pit type with deformed rim for > 17.5wt.%. The high speed
camera image was used to characterize the ejecta corresponding to the crater morphology. The bowl type
crater was associated with a continuous ejecta curtain, and the pit type crater with a fractured rim was
associated with many fragments composed of clumps. The pit type crater with a deformed rim formed
small amount of ejecta and was associated with low velocity ejecta curtain undetached from the surface.
The crater diameter was found to monotonically decrease with the water contents up to 18.3wt.%
irrespective of the crater morphology, but the crater depth decreased until 15wt.% and then it rapidly
increased from 15wt.% to 18.3wt.% corresponding to the pit type crater with a deformed rim. Thus, the
depth to the diameter ratio could be classified into 3 region depending on the crater morphology: it
simply increased from 0.1 to 0.5 for a bowl type, and it was a constant of 0.5 for a pit type with a fractured
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rim, and then it rapidly increased again for a pit type with a deformed rim. The crater depth could be
controlled by the yield strength of the wet sand, but the crater diameter could not be controlled by the
yield strength at the water content larger than 17.3wt.%. In this region, the wet sand showed
non-newtonian behavior, thus this rheological property might cause the decrease of the crater diameter in
this region.

F—U—R:EHEIL—Y— LAOTY— BREERRER
Keywords: Complex crater, Rheology, High-Velocity impact phenomena
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Performance report of solar wind ion irradiation equipment
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For understanding the evolution of the solar system, the material distribution in the early solar system is
important. Meteorites provide large information on materials of the solar system, but they do not retain
direct evidences for which parent body each meteorite came from.

The comparison between reflectance spectra of asteroids and meteorites suggest that the origins of
almost all meteorites are asteroids. However, there are clear differences between reflectance spectra of
asteroids and meteorites [references], which may be due to the space weathering on the surfaces of the
asteroids. Recent studies proposed the importance of the influence of the solar wind implantation on the
asteroidal surfaces in the near-Earth orbit [e.g. 1, 2]. Solar wind is composed of "95% hydrogen, "4%
helium and other atoms [3]. However, space-weathering effects by low energy proton and helium ions
consisting of the solar wind have not been understood well. In this study, we established ion beam
irradiation equipment in ISAS/JAXA. This equipment is composed of an ion gun, main chamber (ion
irradiation room), load lock chamber (sample preparation and FTIR measurement room), and FTIR. We
can select ions with a specific mass and valence using the electric and magnetic fields. The maximum
acceleration energy of ions is 5 keV. The reflection spectra of the irradiated samples can be measured
without exposing the sample to the atmosphere. The optical path of FTIR can be purged with nitrogen.
Therefore, the FTIR spectra of irradiated samples are obtained with minimized influences of adsorbed
water and atmospheric fluctuations. In this presentation, we report the performance (e.g. beam current,
beam shape) of ion beam irradiation equipment.

[1] C.M. Pieters et al., Science, 326(5952):568-572, 2009.
[2] T. Noguchi et al., MPS, 49(2):188-214, 2014.
[3] J.T. Gosling, Encyclopedia of the Solar System (Second Edition), pages 99 -116, 2007.
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Atmospheric Dynamics on Non-Synchronized Tilted Exoplanets:
Implications on Observed Thermal Light Curves

*X% MIE'. XiZhang®
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1. REIFRFZFRERETAHRRMKBRENZER, 2. HY 72T REY VIV IL—IRK
1. Department of Earth and Planetary Science, Tokyo Institute of Technology, 2. Department of Earth and Planetary
Science, University of California Santa Cruz

Various theoretical studies of atmospheric dynamics have investigated the dynamical structure on close-in
synchronized exoplanets and succeeded to explain the phase curve observations. As the planets are
farther away from their central stars, they are not likely to be tidally locked. Recent studies also begin to
examine the atmospheric dynamics on non-synchronized exoplanets (e.g., Showman et al. 2015);
however, they assume the planetary obliquity, the angle between orbital normal and planetary spin axis, is
zero that is usually not true for non-synchronized planets.

In this study, we investigated the atmospheric dynamics on non-synchronized tilted exoplanets with a 2D
general circulation model. We find that the temperature structure is considerably different from that on
the synchronized exoplanets. Non-zero obliquities induce the temperature structure that is dominated by
diurnal mean insolation if the radiative timescale is longer than rotation period but shorter than orbital
period. The temperature is dominated by annual mean insolation if the radiative timescale is longer than
both rotation and orbital periods. Seasonal variation as function of orbital phase is analyzed. We also
predict the shape of observed thermal light curves for non-synchronized tilted exoplanets. Our prediction
suggests that the amplitudes of light variation for high-obliquity exoplanets might be several times larger
than that for the low-obliquity exoplanets but the differences depend on the parameters such as the
radiative timescale and the line of sight from an observer. Furthermore, we find that the thermal light
curves for tilted exoplanets might have a peak after the secondary eclipse if they are transiting, whereas
for synchronized planets the phase curve peak always occurs before the secondary eclipse. Consequently,
our results suggest that the planetary obliquity has the crucial impacts on the interpretations of observed
phase curves for non-synchronized exoplanets.

F—T7— R RAXKE. KKBER. HEHIR
Keywords: Exoplanets, Atmospheric Dynamics, Thermal Light Curve
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Equilibrium chemical structure of extrasolar gas giant planets with
various elemental abundance and temperature profiles
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FIARERABCIT,. ‘AR ) ATIRREREOEWVCEL Y, 9FE(e.g, H,0, CO, HCN, CO,) T &ICR
J=JAVDMNBIRERZEEIOND, TDAH, ABRHAR - ¥XMHDC/OLLIE, FOLEN DS DEEREICE L
TELTZEEZOND, BIZIFH,0R /=54 v OAMATIE, %< DBERNIH,0DFHTY X NREISHEET
2—AH. KEDZIFCOREDHTHEARAICELXSZDT, HAHRTC/OAXRELL RS, £/, AEX
BRATAKERK[IDC/OLAREE SNAHTWVWED, BElIhiRy hJaES—DFIZIZC/0O™1 DHR
A5 EHEE, AEARTOER - KRESEZTETZ2EDEHEEMET S (e.g, Madhusudhan et al. 2011), T D
FRICHBE E BREAKOC/OLLZLLET 2E T, REXRKER - BEIOBRICHRZMA SN 2BI/REETINT
W5 (e.g., Oberg et al. 2011, Eistrup et al. 2016),

INETH~IF, ABROEZERIERY N7V B ERFEREFEOFEE2BVT. HBRNOR/ —F1 Y
MEEC/OLkDDHEN. TNOHLERETZDICE LD FIIERGFGAMR T I VRORAEEZEDTE L (e.g.,
Notsu et al. 2016, ApJ, 827, 113; 2017, ApJ, 836, 118), SEIF % £, FF Guillot et al. (2010, A&A, 520,
A27) DFEEEAWVT, FOENSOBRHTREZRAHABREARTORG EELYIE#EEEEE Lz, ZOL
T. RABRERIOEZHEEEREFHRREOBREZIRDZIANLL, FLENSDER. X UC, O, NOTHRAEM
b EEAICEZALIBRICOVWT, RAHRAREXRSOLEEHHEET>TWS, ZORBR, KKUERED
WA T B ECH,DEANENT 2MEANRZ 72, TLARORIMEBEDHZETEH. C/OLNKIFDEICL
RTEL BB E, RKITFETCH, HCN R EDERNIEMNT 2FRENRATE ., FBRTIE. RROFER
REBNANLEZLT, BRATHEONARATRABRERKIOILEREE DBEEICOVWTEHBRICERT D FETH
%,

F—T7— R KBERABE., HABEKRK. LZETH, C/Ok. R/ —51 V., RIGKERMHRE

Keywords: Extrasolar planet, Gas planetary atmosphere, Chemical equilibrium, C/O ratio, Snowline,
Protoplanetary Disk
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Simulation of the early Martian climate using a general circulation
model, DRAMATIC MGCM: Impacts of thermal inertia

HRE A 2EEsS SR EE. FE Ek
*Arihiro Kamada', Takeshi Kuroda? Yasumasa Kasaba', Naoki Terada’

1. RIEKRZEREFRELARR. 2. BLHREREAN FRBEESHIEMKE
1. Graduate School of Science, Tohoku University, 2. National Institute of Information and Communications
Technology

There are many fluid traces on the Martian surface supposed to be made before “3.8 billion years ago. If
they were made by the liquid H,O, the environment of the ancient Mars should be suitable for huge
amount of liquid water, at least under higher temperature and larger atmospheric pressure than today. In
order to reproduce such early Martian climate, several modeling studies have been performed so far. The
solar insolation at that time is thought to be "75% of today from a standard stellar evolution model. In this
condition, a preceding study using the LMD Martian General Circulation Model (MGCM), with vertical 15
layers up to "50 km altitude assuming the pure CO, atmosphere, showed that the surface temperature
above 273 K could not be reproduced in the range of the surface pressure in 0.1 - 7 bars [Forget et al.,
2013, hereafter F13], which is so-called the 'Early faint Sun paradox'.

In F13 the discussion of the effects of thermal inertia on the surface temperature was simplified, just
describing the differences of results between the soil (surface albedo of "0.22 in average and thermal
inertia of 250 ) s7/2m™ K'1, hereafter the unit is omitted) and ice (surface albedo of 0.4 and thermal inertia
of 1,000) surfaces. If ancient Martian surface was covered with wet and ice-free soil, the thermal inertia
should become much larger than that of today, with the surface albedo of lower than 0.4 (the ground
covered by ice). In this case, the results of surface temperature should be different from those which have
been shown in F13.

From this point of view, we performed the simulations of the ancient Martian environment, especially
focusing on the sensitivity of thermal inertia, using our improved MGCM, DRAMATIC (Dynamic, RAdiation,
MAterial Transport and their mutual InteraCtions) [e.g., Kuroda et al., 2005]. We assumed the pure CO,
atmosphere as F13. We have implemented the radiative effects of CO, gas assuming the sub-Lorentzian
profile [Fukabori et al., 1986] and considering also the collision induced absorptions [Gruszka and
Borysow, 1997]. For the comparison with F13’ s results, the obliquity, eccentricity, surface albedo and
thermal inertia are set to be the same as their standard simulation. Also the vertical coordinate of the
model is set to 15 layers to "50 km altitude, as well as F13, and horizontal resolution is set to 64x32
(5.625deg latitude by 5.625deg longitude). The radiative effects of CO, ice clouds are also considered in
solar and infrared wavelengths as well as F13, although the radiative effects of dust are not considered.
At first, in order to check the validity of our model, we simulated with globally constant thermal inertia of
250 (soil) for the globally averaged surface pressure of 0.1 -3 bars (realistic pressure range of early Mars).
The results showed that annual mean surface temperature in the equilibrium state increased with surface
pressure, but the annual mean temperature was “225 K for 2 bars and "237 K for 3 bars, far below the H,
O melting point. The infrared optical depth of CO, ice clouds reached the highest value of = 1.4 for the
surface pressure of 1.5 bars, probably because of the profiles of CO, condensation temperature and
simulated annual-mean temperature against surface pressure which indicated the most favorable
production of CO, ice clouds at "1.5 bars. The radiative effects of CO, ice clouds affect to increase the
global mean temperature for several Kelvins in maximum, while "10 Kin F13.

Next, we simulated with globally constant thermal inertia of between 1,000 (ice) and 5,000 (wet soil
assumption) for the surface pressure of 2 and 3 bars. The results showed that annual mean surface
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temperature in the equilibrium state greatly increased with increased thermal inertia. Daily mean surface
temperatures in northern low- and mid-latitudes and Hellas basin, where are in low altitude and
considered to be the places of ancient ocean/lake, are above 273 K almost throughout the Martian year
for 3 bars and thermal inertia of 5,000.

Our results suggest that the surface conditions could be the key of the existence of liquid water in early
Mars. The surface with high thermal inertia may be able to produce the surface temperature higher
enough to keep liquid water even with the pure CO, atmosphere under the solar insolation which was
“75% of today.

F—U—R: KB, ARE BEME. 2RXBRETIV. ¥70-L Y27y, BREEERIX
Keywords: Mars, paleoclimate, thermal inertia, GCM, sub-Lorentzian, collision induced absorption
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Stratified hybrid-type proto-atmosphere on accreting Mars
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KEEAD HI-W BRAEDITICE 5 &, KEIF CAl ERED R EH 1.8£1.0 Myr IRICIREBED 1/2 IZHK
RLU, &dH»237 - ¥ MLODMEDHEIT L TWEATREMEA SV (Dauphas and Pourmand, 2011). 2 D5 W
SENEIE, KEOEBIEANICEAKGREEFTEITLEZIEARBLTWS. — AT, RIARENAE
BLUEICRD EHMBENS H,O ZIELDHETI2BRMMNIVERRAREZ LIADH DI &5, RIAKEREE
HABLUVRARERDDONANSRBRBAKETK LIZTEELNH S, ZI THLIE, LEBHIEEH AR H
S5RY, FENRAZRAKS DSR2 EREFBRRIDOBMBED WTHANRTE L. TOBR, XKEMBMEIC 2
RAETILDSHEHEIND 4wt OBEOERMERS 25 A 56, £BEP 4 Myr LRICET $HE, &ER
FIARK[DER SN, RREEIET 2 XTI, MREEENEADRMR (1500K) 28R 2 &hbh o7k Z
DZEE, XIIXFT—2 v VOBRICE > TERENARTEORIT - vV MLOMEL IR L <ET LT
BEEIHB I EETRBT S,

LEDETFIEGET, BEARRD EMAZRARDIEHEEDBEEEZEDLOICEWSEALARVWERELTE
7. L L, EBICIEETR, 2 FILBFICL 2 BRENEIDA8EMENH 2. 72, MEMEFOERMEKRDIEEIC
DVWTEAREULHBEEZONS. RIAAKIDESPERERDIEEICE > T, KRDOBMEENKELED
LEEEMED D B.

ZFITAMETR, ERERESHRBEREOME, BL U FIBDY 1 LR — L EEREBOLEET 3
TET, BEARABD EBRARARDOEE N E-ERUNICOBREERDEDDORM LA ERIEFR & L
T IRAERZEFEDRWVT -6 Myr /85 A9 & LTEX. MRMENSBART 2BRMERD DRE (f
g ) D AW% DBE, SAEREEBPRBAEERICL ST, HARRRBICTRBREO LHICAEY
3. 0FY, WRICEDEBEAIFELAV. FEDFHHICL >TEEAZAED EBAREONREST 258, @B
BICKEDFORMMBIDEEZONS. EHRERBEICH T BKERD FOILERE & MRIEER & 1B R
HAOEEZ BEEARBTHICS T2 KREENSEEARARIBNOSRARAKRIBADKERATISVIRF
L DNRED. BERBROIA LRT—IUIE, BAZAKRGBICHEET 2 KRDFOHEES F, CEIZ I TRED
BZTENTED. ZDEE, BETHMDY A LR —ILITERBRBICER 102 ELUEXRE W, Thb 5, HFILE
K& BRAR, EEBBARICEEACELRV. ARINEALAVWERET 2 &, RBHRIE £, 2/1hE<T3
KONTHLGRS. f, A8 0.1 wth RKiBDIFE, REFAENRERT 2 RERE T, RERE 50O/
RISELRBW. =7, £ B 2wt% £ U HNS WSS, ERBREI’HERERL Y 6 LHRICHEY 2740, 2E
HABEMARAKRGBEFLCHRNIEL, RO IEEST 2AEMELN,HDZ. ZDE &, KROBNEENEL
TREEZOLNED, EENRRBHYICOVWTIE, REMBFTHTH 5.

F—U7— R RIAKE, RIBEAK
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Increase in ferrous ion by soaking basalt in acid water solution and UV
rays
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EER1 TR, TREICL2MBEIBBOPMOMRIC. BRFISHEITHZ %A TV ORBRELRAN, ZOHE
K. 0. 3FHZE (pH1) DEMTIZO0. O3HRE (pH2) OESFBREDHRAFVNARITHZ I DD
Mol

EHER2 TlE, BEK, B MBICELAHKAY I VAE. TREICENMRE B LAGEISERPISAT
HE2BHAFTVDREZRME L, ZORER, KMEEZRFLABEEIRE LAVWEELYE 1. SEEE, &
AFVDRENKELL BB &N bhoT,

DEDERRICEY, BEDKELTIHBEIHERTZ2ETIC. TREFOERAICKZBOPMICK Y KEDEK
A F DB ITHIETEEDLH D, SOHICKBIOBEYECEMRCICE>T, BIIHZIHKAAVITLWIEAL
AIREMEED D B,
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BIRERT, 77XV a vl UHE—MICERBATE L.
Origin of Solar system is explored by the question "Why?".
Operation of Planet was elucidated by Newton's law.

“Multi-impact hypothesis” that unifiedly explains Origins of Asteroid
belt, Moon, Jupiter's red spot, using Abduction.
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FFE0 3y (#REABEERINTOVWARVEEADRBRERDOFE) IC &L 2[00, MEMNLEKRERD
FHRTHRROBHOREHE—WICEHRATEZ 425, H—OKBROEL - BEROMIE2ZFA-EEBELT, ®
DORFEOELUI T EI N LEBET S.

FICEBEORNZ R~ 2RE0IE, RRLEREFTESL CEAVMKYMEBZORREEBOEMNRFERE L TEH
MTHS.

TIWFA R MRERE A —TZRID L X EICHEECERRAD K S W, FREBE)THOENIIEAL. ©
SHKREDHY T THAOBEFNICHR LONREBEFTDORRE Ao/, BICT Y MU A HERICEZR
(12.4km/s, 36.5K : EIX{REt & WEH) L TOBNREDERM(G0RE)ICKR I Nz, BRUBIZOKREXETH
UEHBE L -BNE T AV RIS —TY =01« VERER >z, BEIBAEDOTILFA VY NHEYREKIE
BOERERY, O MLERETL—MEROEKRDRREREARY, OFEERS MR ILSEERRORR
TEHB. OFL—b T I N IRV 5 F—OKERGRCEFERRRFORE HE L THERBEHE
OIK AT RS EIBHAERT7 VNS Y ABEOHEN RS N,

BICERAEEIAS S & BIUERDREIR T FEESkmOBRIEERICLEZY Y MLFHBE 7MYV RY
S—MTL—MBEELTL—MOHLAEWE, 7L — MEEDOEY AHDERE LS.

TL—bF9 M= ZDERESE, IRDIEMRERA, > NVERHBICL 27U N\T Y R EMBRBEAR
ICEBHHFRICEE. TL—MIE—XY MNDRETZOT,EBEIEKS TICEHICKEETS. 7L — MNERITER
O MLERTHY EAETICKYRENTIAY Y MLASART 5.

F—I—R:T7T78502aVICEBBEDMHEE—ERY OELTOREE. 714714 VR - F—TDZERIDIE
BREBAN=ZL, BOBR., NEXBTELBEADOER. AEXFRHOER. FEEEDEIR
Keywords: Elucidation of origin by abduction, actial proof by one-time evolution, Proof of Titius Bode's
Law, Mechanism of Accumulation, Origin of the moon, Origin of asteroid belt and meteorite,
Origin of Jupiter Large Red Spot, Origins of deep ocean floor
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The Origin of The Moon and The deep sea floor bottom and

_Plate- Tectonlcs elucldated with Multi- Impact Hypothesm
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