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Habitable zone (HZ) is defined as an orbital range around a main sequence star where planets could have liquid water on tt
surface (e.g., Kasting et al., 1993). It is, however, noted that, liquid water cannot exist on the surface of a planet without sufficien
greenhouse effects of the atmosphere due to some greenhouse gasses, sucnas@), even if the planet is orbiting within
HZ (Tajika, 2008) In this sense, HZ is not a sufficient condition but just a necessary condition for the planets with liquid water.

There should be, however, an orbital condition for the planets which are close enough to their central stars to warm the climat
to have liquid water without any other greenhouse gasses except water vapor in the atmospheres (Tajika, 2008). Such a conditi
is named here "Water World Regime’ (WWR).

In this study, the condition for WWR is estimated using a one dimensional (1-D) energy balance climate model with a radiation
model for steam atmosphere. The 1-D radiative-convective equilibrium model of Nakajima et al. (1992) is adopted for outgoing
infrared flux from the planet.

The orbital range of WWR is found to be approximated by an annual mean insolation from 243.4 to 293.9 W/m2. When
the central star is the sun and orbital eccentricity is 0, the inner and outer boundaries correspond to 0.84 AU and to 0.94 AU
respectively. This range is very narrow compared with the traditional HZ (0.84Lt87 AU). This is because WWR is defined
here as the condition for the planets without greenhouse gas in the atmosphere except for water vapor in contrast to the traditior
HZ which implicitly assumes strong greenhouse effects of the atmosphere. Among the extrasolar planets discovered so far, the
are 12 candidates for the planets which satisfy the WWR condition.
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Water-rich terrestrial planets like the Earth are expected to be found in the extrasolar planetary systems in the near future. T
discuss habitability of planets, we have to investigate characteristic features of climate system of the water-rich terrestrial planet:
One of the key factors which controls climate is "obliquity”, that is, the inclination of planet’s axis. Considering a large influence
of obliquity on the solar energy distribution on the planetary surface, obliquity variations could induce large climate change
on the planets. The climate of the Earth has been stabilized on long timescales by a negative feedback mechanism involvir
removal of CO2 from the atmosphere by weathering of silicate minerals on land followed by carbonate precipitation in oceans
and continuous supply of CO2 from the planetary interiors to the atmosphere via volcanism. This mechanism should be require
for water-rich extraterrestrial planets to maintain warm climate stably. Without this mechanism, the climate of planets cannot
be stabilized against changes in the various climate forcings. Considering that the amount of weathering is strongly influence
by surface temperature and the area of continent available for weathering, and that temperature of continent responds to tl
insolation more rapidly than that of oceans, long-term climate mode would be different under different obliquity or geography.

While the climate of extraterrestrial planets with high obliquities was investigated by Williams and Kasting (1997), there are
few studies which systematically investigate the effects of obliquity change on the climate of the planets with carbonate-silicate
geochemical cycle. In this study, we therefore investigate systematically the climate of the water-rich terrestrial planets with &
negative feedback mechanism of carbonate-silicate geochemical cycle under various obliquities, semi-major axes and differe
geographies.

We tested with 3 different geographies; "Slice” (continent is distributed at the same fraction for each latitude.), "Equatorial”
(supercontinent is centered around the equator.) and "Bipolar” (supercontinent is centered around both poles.). We found the
while the "permanent ice-cap mode” (partially ice-covered throughout the year) and the "seasonal ice-cap mode” (partially ice-
covered seasonally) exist stably at low obliquities, the ranges of semi-major axis for these climate modes shrink and finally
disappear with an increase of obliquity. This is because latitudinal gradient of annual mean insolation becomes smaller witl
an increase of obliquity, resulting in meridional heat transport to be insufficient. When carbonate-silicate geochemical cycle is
taken into account, the ranges of semi-major axis for all the climate modes expand at any obliquities, compared with the case
without carbon cycle, indicating that the carbon cycle strongly stabilizes the climate for the planets with any obliquities inside the
habitable zone. These features are found at any geographies. Dependence of obliquity on climate modes is quite different amo
different geographies. The climate is cold for lower obliquities at Equatorial geographies, whereas the climate is cold for higher
obliquities at Bipolar geographies. This characteristic of climate modes at Slice geography is intermediate, but is closer to thos
of Equatorial characteristic. The results derive from a negative feedback of carbonate-silicate geochemical cycle. If continent i
centered on the equator, at the same semi-major axis, pCO2 decrease with the decrease of obliquity, because weathering occ
effectively throughout 1 year at lower latitude where annual mean insolation and land fraction are large. In contrast, if continent
is centered on poles, pCO2 decreases with the increase of obliquity at the same semi-major axis, because weathering occ
effectively throughout 1 year at higher latitude where seasonal insolation largely changes and land is the largest.
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Surface environment of extrasolar terrestrial planets has been discussed in terms of presence of liquid water. Kasting et ¢
(1993), for example, estimated habitable zone (HZ) in which the planets are able to have liquid water on its surface. They founc
that the inner and outer limits of HZ are 0.95 and 1.37 AU, respectively. They also considered the change of HZ due to stellal
evolution, and suggested that HZ moves outward and diminishes with time. In their study, sufficient amount of greenhouse gas |
assumed, but it has not been verified quantitatively.

We investigate the conditions where planets hold liquid water, considering their surface temperature and the amount of greer
house gas. Surface temperature is estimated with one-dimensional energy balance model (North et al. 1981; Williams & Kasting
1997; etc.). The greenhouse gas is assumed to be & its amount in the atmosphere is controlled by carbonate-silicate
geochemical cycle, in which degassing rate is given and chemical weathering rate depends on surface temperature and pari
pressure of CQ

The results show that, with the degassing rate as much as that at present Earth’s value, planets can avoid snowball mode ur
1.05 AU from the central star. This limit may be much narrower than the one estimated from previous studies. However, if the
degassing rate of C{s higher, the outer limit moves outward farther from the central star. Under such condition, a planet has
higher partial pressure of GOwhich makes meridional temperature distribution much uniform, resulting in shrink of partial ice
cap.

The degassing rate of Gbecomes lower with time. In order to examine such effect, we consider thermal evolution of the
planet (Tajika & Matsui, 1992) and consider on the long-term stability of surface climate.
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Protoplanets form in a disk surrounding a young star. A low-mass protoplanet interacts with a gas disk gravitationally, which
leads to a decrease in its semi-major axis. This is called the Type | migration of a planet. It is believed that the Type | migration is
one of the most important physical processes in planetary formation. It is caused by the torques acting on a protoplanet by a dis
Recently, it was shown that a protoplanet is possibly trapped in a disk. Hasegawa & Pudritz(2011, MNRAS) comprehensively
examined various mechanisms to halt the planet migration in a disk. They showed that a protoplanet might be trapped at the ic
line, inside of which all the ice is evaporated and solid particles are composed of rocks and metals. The different opacity laws ar
used inside and outside of the ice line, resulting in a steep and shallow temperature distributions in the inner and outer region
respectively. The large corotation torque acting on a protoplanet due to the steep temperature distribution suppresses the negat
Lindblad torque in an inner region. On the other hand, the corotation torque on a protoplanet is too weak to cancel the negativ
Lindblad torque in an outer region. A protoplanet inside and outside of the ice line moves toward the ice line and is expected tc
accumulate at the ice line. However, it was shown that density waves can be altered by a thermal structure of a disk (e.g., Yama
& Inaba, 2011, MNRAS). It is not clear if protoplanets accumulate at the ice line even when we include dissipation processes
in a disk. We make global two-dimensional hydrodynamic simulations and systematically examine the total torque acting on &
protoplanet by an optically thick accretion disk, taking dissipation processes in a disk into account.

We study the type | migration of a protoplanet in disks with various opacities. We find that the total torque acting on a
protoplanet by a disk strongly depends on opacity of the disk. We adopt a realistic opacity model and find that the sign of the
total torque could change around the ice line of a disk. It is found that the total torque becomes zero in the region inside of the ic
line if the timescale for the viscosity is nearly equivalent to the turnover time in the horseshoe orbit. This means that the accretiol
rate of the disk needs to be smaller than 2x16olar mass/yr for the protoplanet to move outward in the optically thick accretion
disk. Furthermore, using the N-body simulations, we investigate whether the accumulation of protoplanets around the ice line
can accelerate further growth of protoplanets or not.
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An highly accurate semi-analytical EOS along Hugoniot curves
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Recent rapid development of shock compression technology has revealed many exciting properties of geologic material
under highly shock-compressed states. A number of very sophisticated thermodynamics-based equations of state (EOS), suct
SESAME and M-ANEOS, have been developed. These numerical EOS codes, however, use many model parameters to reprodt
experimental data. Thus, it is difficult to find the optimum model parameters uniquely, requiring extensive experiments covering
a wide range of thermodynamic conditions.

Such complex EOS’s have widely been considered necessary because physics behind the EOS of highly shock-compress
geologic materials is very complicated. In fact, recent experimental result using high-power laser have revealed further intricate
properties of silicates under high compression conditions, such as large departure of isochoric specific heat Cv from Dulong-Pet
limit due to molecular dissociation and ionization . In order to incorporate such complex properties into a thermodynamics-base
EOS properly, physics behind these materials needs to model well.

Such thorough understanding of material properties is essential for building a versatile EOS for hydro-code calculations
However, many planetary applications requires only thermodynamic properties along Hugoniot compression curve. For example
estimation of the fractions impact melt/vapor and the final molecular composition of impact vapor plume requires only the
entropy gain due to initial impact shock. In this study, we propose a semi-analytical formula of on-Hugoniot EOS derived from
the differential form of Rankine-Hugoniot equation and compare it with conventional EOS’s and experimental data.

Most condensed matter under shock compression is known to follow the linear velocity relation between particle velocity
Up and shock velocity Us:

Us=Co +sUp, (1)

where Co, and s are bulk sound velocity and a constant, respectively. This relation is known to hold for a variety of materials
over a wide range of impact velocity. Despite the wide applicability of this relation, most EOS’s do not take advantage of this
relation. Besides the Up-Us relation (1), we use only general thermodynamic relations, the differential form of Rankine-Hugoniot
relations, and Gruneisen EOS. From these relations, we obtain ordinary differential equations for temperature T and entropy S

For extremely high-pressure shocks, Cv is not approximated by a constant value well; it may become well above Dulong-
Petit limit. The effect of specific heats can be calculated easily with our new EOS. Although there is good agreement among
different EOS’s at relatively low shock pressures ("150 GPa), different EOS'’s yield significantly different results at higher shock
pressures (several hundred GPa). This scatter results from the fact that there are not many experimental data available in t
higher shock pressure range. Under such conditions, our EOS is useful because it does not require many data points to ma
accurate predictions along a Hugoniot curve. It can also be used as an anchor for the more sophisticated EOS for Hugoni
conditions.

Furthermore, because Cv is a very important property to characterize condensed matter, the capability to derive C
from temperature data is very useful. A couple of examples of comparisons between our recent experimental data and ot
EOS predictions are obtained. The quartz data at 150 GPa requires Cv significantly larger than 3R, but the shock temperatur
of diopside at 300 GPa is consistent with the Dulong-Petit value. Such difference in Cv among different silicates is of great
importance in planetary science.
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Low-velocity impact experiments on equal-sized planetesimal collisions
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We investigated shock-induced decarbonation of non-porous calcite in an open system at a wide range of peak shock pre
sures using a two-stage light gas gun and a quadrapole mass spectrometer. A new experimental technique that avoids chemi
contamination from the acceleration gas from the gun was developed. We also conducted high-speed imaging and spectrosco
observations simultaneously to investigate the validity of our experimental procedure. We newly found that the decarbonatior
efficiency along the Hugoniot curve changes around 50 GPa, which is close to the predicted pressure for incipient decarbonatic
by ANEOS. Although shock-induced decarbonation was detected at the pressure lower than 50 GPa as well as the previous exp
imental studies, decarbonation may be caused by local energy concentration due to shear banding, resulting in low decarbonati
efficiency. We constructed a simple theoretical model for shock-induced decarbonation during isentropic release based on tf
entropy method and the lever rule under our experimental condition. The predicted CO2 amount as a function of peak shoc
pressure agrees well the experimental results5 GPa, strongly suggesting that the shock-induced CO2 amount is determined
only by the entropy for the peak shock state, incipient and complete decarbonation at the ambient pressure. We can use the n
method for the quantitative measurements of the chemical composition of impact-induced gases from solid materials without an
modification. The new technique is very useful to investigate the required peak shock pressure for vaporization/devolatilizatior
of geologic materials and the final chemical composition in impact-induced vapor clouds.
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Development of the extending probe for lunar and planetary heat flow measurement
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Distribution of element abundances within achondrites
Distribution of element abundances within achondrites
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Our understanding of the history of the solar system relies heavily on the analysis of meteorites. Many meteorites that fall tc
earth are achondrites, which are derived from the moon, mars (shergottites, nakhlites, chassignites) or from asteroid parent bodi
(eucrites, howardites, diogenites, ureilites, iron meteorites etc). The chemistry and petrology of the different chemical groups o
achondrites is known to differ substantially, which raises the question as to whether there are also major chemical difference
within each/any of the various achondrite chemical groups.

To help answer this question we utilized a database that we compiled from meteorite element abundances and terrestrial fro
peer-reviewed papers, building on existing published databases [1-4]: we then used element abundances from these database
analyze the major, minor and trace elements chemistry of achondrites. The meteorite database comprises 28,742 bulk chemi
abundances from 2,112 meteorites compiled from 121 peer-reviewed papers published between 1953 and 2010: represent
78 atomic elements, 20 major chemistry analyses and a wide range of petrologic and chemical types. The terrestrial databa
comprises 71,245 bulk chemical abundances compiled from 2,848 rocks, from 66 peer-reviewed papers published between 19
and 2011.

The results of our analysis suggest that there is no significant difference in major chemistry of most meteorites within the
majority of achondrite groups. However, there can be significant differences in major chemistry for aubrites and iron meteorites
We also find that lodranites, aubrites and some meteorites from the moon and mars can also contain anomalous metal a
trace elements. These anomalous element abundances often differ by many times the mean of their particular achondrite grot
which might suggest that metals and other atomic elements have been injected/ depleted by hydrothermal/alteration or by oth
processes.

We found it difficult to analyze the major chemistry of iron meteorites due to a lack (absence) of major chemical abundances
Given that most iron mines on Earth use major chemistry for rock/material type interpretation we recommend a concerted effor
to obtain better coverage of the major chemistry of iron meteorites.

The implication of this research is that a potential might exist for finding metal and trace element resources on the moon, mars
or even on some asteroid parent bodies.

0O 0O 00 O : meteorites, achondrites, element abundances, distribution, major chemistry
Keywords: meteorites, achondrites, element abundances, distribution, major chemistry
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Shock-wave decay and shock metamorphism of laser-shocked minerals
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It is important to recover the shock-compressed samples for understanding the synthetic mechanism of high-pressure pha:
shock metamorphism and shock-melt vein in meteorites. In the past, many impact experiments have conducted by using explosi
or gas guns. In fact, although high-pressure phase in meteorites is recovered by the impact experiments (impact velocity |
1.5km/s and shock pressure is 26GPa) [1], the impact velocity in these methods is limited below 10km/s less than second esca
velocity on the Earth. Recently, impact experiments at the velocity over 10km/s were conducted by using projectiles which were
accelerated by high-power laser [2].

We developed the recovery technique of the laser-shocked materials at higher pressures (130-460GPa) in high-power las
system and estimated the pressure range of the production conditions from analyzing the structure of the shock metamorphisi
We used the single crystal olivine (from San Carlos, USA) which is a major mineral of meteorites and of the Earth. We used the
aluminum recovery cell. On this cell, titanium plate was located in the front of olivine to prevent the sample from being blow
off. We used GXII/HIPER laser system at Institute of Laser Engineering (ILE), Osaka University [3]. The deformation, fracture
and phase identification of the recovered olivine were observed comprehensively by optical microscopy, field emission-scannin
electron microscopy (FE-SEM), electron backscatter diffraction (EBSD) and micro-Raman spectroscopy.

We recovered about 100 wt.% of the sample. There were some distinctive structures in the recovered sample. We estimats
the shock wave attenuation rate from the distribution of these structures. The attenuation rates were 2.2-2.9 in our experiment
These attenuation rates were larger than that in previous experiment [4] and simulations [5, 6].

Part of this work was performed under the Joint Research of Institute of Laser Engineering, Osaka University.
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Analysis of volatile components and recovery samples of laser-shocked Murchison mete
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It has been suggested that organics in meteorites and comets has delivered building blocks of life to the early Earth during th
late heavy bombardment [1]. However, there has remained a missing link in the subsequent chemical evolution of these smz
bodies via their interaction with the early Earth. Although the shock experiments have been reported by using gas gun (e.g. [2];
which is an efficient method for consideration about impacts of meteorites and comets, these are performed under a closed sy
tem at lower impact velocities due to the experimental restrictions. Recently, the shock experiments using high-power laser hav
been available [3] under an open system at higher impact velociti@® km/s). In this study, we have conducted a laser-shock
experiment for Murchison meteorite under more realistic condition of impact events in order to identify the produced volatile
components that might have been contributed to abiotic synthesis of organics and chemical composition of atmosphere in th
early Earth.

Finely ground Murchison meteorite, CM2 chondrite, was used as starting material. Silica powder, which did not contain or-
ganics, was also used as a standard sample. Both samples were pressed into pellets in a diamond anvil cell. The thickness ¢
diameter of pellets were about 100 um and about 3007850 um respectively. The aluminum foil of 50 um thickness was located ii
front of the sample as the ablator for the laser and for preventing the sample from blowing out. The laser-shock experiments wer
conducted using GEKKO XII/HIPER laser at Institute of Laser Engineering, Osaka University, Japan [4]. The laser wavelength,
pulse duration, and spot diameter were 1053 nm, 20 ns, and 0.4 mm, respectively. The experimental shock pressures were ab
400 GPa and 200 GPa. The shocked sample was recovered by aluminum box or double glass vial. The ejected volatile comp
nents were analyzed on site by quadrupole mass spectrometry (QMS). The recovered material inside of the cell was extracted
solvent, and it was analyzed by gas chromatograph mass spectrometry (GC-MS).

The produced volatiles were the components with mass numbers of 16 and 26 at 400 GPa, and of 34 at 200 GPa, which cou
be identified as Cli C;H,, and H'S, respectively. Although small amounts of tiny solid particles have been recovered in the
cell, some of them were possibly derived from aluminum foil, and it is not sure whether they are indigenous from the mete-
orite. No compounds were identified by GC-MS analysis of the solvent extracts of the cell. The producin @ study is
partly consistent with the discussions by [5] that an atmosphere generated by impact degassing would tend to ¢Qiabr CH
composition derived from the impacting bodies. These impact-induced volatiles were reducing species and might have worke
effectively for abiotic synthesis of organics in the early Earth.
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Infrasound and Seismic Observations of the Hayabusa Reentry
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The Hayabusa, the world first sample-return minor body explorer, came back to the Earth, and reentered into the Earth’
atmosphere on June 13, 2010. The Hayabusa Sample Return Capsule (H-SRC) was the third direct reentry event from the inte
planetary transfer orbit to the Earth at a velocity of over 11.2 km/s. The H-SRC and the H-S/C reentries are very good analogu
for studying bolide size meteors and meteorite falls. We, therefore, conducted a ground observation campaign for aspects
meteor sciences. We carried out multi-site ground observations of the Hayabusa reentry in the Woomera Prohibited Area (WPA
Australia. The observations were configured with optical imaging with still and video recordings, spectroscopies, and shockwave
detection with infrasound and seismic sensors. In this study, we report details of the infrasound/seismic observations and thos
results.

To detect shockwaves from the H-SRC and the H-S/C, we installed three small aperture infrasound/seismic arrays as the ma
stations. In addition, we also installed three single component seismic sub-stations and an audible sound recorder. The infrasou
and seismic sensors clearly recorded sonic boom type shockwaves from the H-SRC and disrupted fragments of the H-S/C. Tl
audible recording also detected those shockwave sounds in the human audible band. Positive overpressure values of shockwa
(corresponding to the H-SRC) recorded at three main stations are 1.3 Pa, 1.0 Pa, and 0.7 Pa with the slant distance of 36.9 k
54.9 km, and 67.8 km (i.e., the source altitude of 36.5 km, 38.9km, and 40.6 km), respectively. These amplitudes of shockwawvi
overpressures are systematically smaller than those of theoretical predictions. The incident vectors of the shockwave from tt
H-SRC at all the three arrays are estimated by F-K spectrum and agree well with predicted ones. Particle motions of groun
motions excited by the shockwave from the H-SRC show characteristics of typical Rayleigh wave.

We examine the relation between amplitudes of overpressures and ground motions, and consider the transfer function. W
define the transfer function as, Z(w)= gV, (w)/p(w), where, w is the angler frequency, p the pressure perturbation, r the density
of elastic media, ¥ the shear wave velocity of elastic media, andhe vertical ground velocity. Here the numerator represents
the pressure in the elastic media. The obtained value of transfer function is ™ 2 at frequency of around 8 Hz. We try to searcl
elastic properties of each site (r: 1300 - 1700 kty/mp: 1200 - 1700 m/s, V¥: 100 - 300 m/s) to explain the observation. The
optimum values are around r of 1500 kd/nv p of 1400 m/s and ¥ of 150 m/s. The effective depth of air-to-ground coupling
of this frequency range is very shallow and observation sites are covered with fine soil. Therefore the estimated values are full
suitable.
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Linear analysis of the vertical propagation characteristic of the Venus mountain wave
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Numerical modeling of cloud-level convection on Venus

o000 *o002%0000Y%000020000400001
HIGUCHI, Takehitd*, IMAMURA Takesh?, TAKAGI Masahird", MAEJIMA Yasumitsi#, SUGIMOTO Norihikd", ANDO
Hiroki®

l0opoo,?0000000000,%00000,4000000
IThe University of Tokyo2Japan Aerospace Exploration Agentijagoya Univertisty*Keio Univesity

O0Ooooo45-70kmi 0000000000 OCO00O0D0O0OOOO0O0ODOO VEGAO BalloconDOOOOOOOOO
55kmO000000000000O0OCO0DOO0ODOO0ODOO0O0DDOO0DOO0O0O0OOOO0OO0O0DO
O50-55kmO 000000000000 0000000000D00O000D0DO000DO00O0DoOOoOooOooOOon
0000000000000 0000o00OoDoO0oO0ODoODOnVenus Express§ 0000 Venus Monitoring Camera
00000000000000000 100kmO00000000000000000000000000000O0OO0OO0
O0000ooo0ooDooooooooooooooooon

Bakeretal[1998 0000000000 0ODO0OODOODOOOOO0OODOOOOOOOOOOODOOOOO 20000
0000000000 00oo00Doo0o0oo00oo00oDoO00ooo00ooDoooo0ooDooooooooon
0000000000000 00oo0o0ooo0ooo0ooo0o0oooooooo0DoDoDooooooOooooo
go000oooooooooooO0ooDodoood0ooooooooUooooooDoDOooDoOooooooooog
Oo0o0oooooooooooooon

0000000000000 0000000 CReSS[Tsubokiand Sakakibara, 2000 0000000000000
0000000000 Bakeretal.[1998N 00 0000000000000 DO0OO0OOOOO0OOOOOOODODO O
O0000o0oo000oDoOo00ooo0o0oooo000oDoo00ooo0oooo0oooOoDooooDoooooDoon

gogooo:00,00,0040
Keywords: Venus, convection, radiation

1/1



	PPS21-P01
	PPS21-P02
	PPS21-P03
	PPS21-P04
	PPS21-P05
	PPS21-P06
	PPS21-P07
	PPS21-P08
	PPS21-P09
	PPS21-P10
	PPS21-P11
	PPS21-P12
	PPS21-P13
	PPS21-P14
	PPS21-P15
	PPS21-P16
	PPS21-P17
	PPS21-P18
	PPS21-P19
	PPS21-P20
	PPS21-P21
	PPS21-P22
	PPS21-P23
	PPS21-P24
	PPS21-P25
	PPS21-P26
	PPS21-P27
	PPS21-P28
	PPS21-P29
	PPS21-P30
	PPS21-P31
	PPS21-P32
	PPS21-P33
	PPS21-P34
	PPS21-P35
	PPS21-P36
	PPS21-P37
	PPS21-P38
	PPS21-P39

