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Development of Exoplanet database “ExoKyoto” aiming for inter-comparison with different
criteria of Habitable zones
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observation and analysis of exoplanets by using Dipol-2 of T6@ telescope at Haleakara
mountain
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UV space telescope for exoplanetary systems

“EE B0, 8H BEL MLk . 45 OF. RA BF

*Hiroki Horikoshi', Shingo Kameda?, Go Murakami’, Masahiro Ikoma', Norio Narita’

1 MHEKERXEFIEPHARERL 2. KX FPEFPEL. 3. FHNEMERAREBTEHRZHARR. 4 ERKEXE
PR REHIIKRENFER, 5.BlYXNE

1.Graduate School of Science, Rikkyo University, 2.School of Science, Rikkyo University,
3.Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 4.Department of
Earth and Planetary Science, Graduate School of Science, The University of Tokyo, 5.National
Astronomical Observatory of Japan

1995F ([CREARENKRINTHSHZ L DERINTON. BETIF1900@EU EOREMREIN TS, &
fe. —BBOEETIIASIERICET IBEHRMATSNTUL D,

HERE KBRADHOREDASEMZLLLRT S & MEKIFEBENAZO\C ERMFENTHD . COBRFEIC
BEYIDONERICL > TERIND, 2T, BE(CHITIBREDRLEZ. BREERFHI(FIZISXT—DONOKE
HEREE D, ZC T AMARTRBREAITOBRIRFOFRN CKEK130.6 nm) ZERMMERERFE(ICK D> TR
HIBEEBIELTULS,

XEFFTEOADENGLTCLBINT. BEDHKEFIRYITIS—ITRCL > TREADFMNCE{LL TERAT
Nd, >T. BEDHDORYIS—ITRARKREL, EBEDEGHERDINEITNE. REDOER IS HED
HEREFEAUTEEDHEDHMIDICENTE, BERAUNITSICENRTE S, BREED/N\ESTILY -V
FEOAVOT. HERMEREED/\EI TV —VICHFEETDE. NEFREFERCED, Ry TIS5—I Tk~
FRELHED, Tle. EREEEG. FHR130nmHETEHTAEER DI NI LA LT, T TARMAERTE. HEKAME
BEEDN\ES TV —VICERETDIERELTRIEIT >R, CNED. REDERIIEFEDHK DTS
CENTE BEOEBEOIV RS IANEBLEIEBIENAREE LD, BEOKBR. O | BIROBE(IIEE
[C§EL\e o, BREICF/N\Y TILVFHEEEREEBX KON DOEWROERRE CRIBEEAIT INERL D C
EMNRENTz,

NASAYPESATIRE SN TL\ DIFRABE N RIRRIFIAIE—HRATH D, INAREHIFTHOEMNEEEZEDT
RETEFHE, 2R IAXRBERCRHME U EENMNELERBEORREZREIL TL\D, AEKRTIE. AH
FRORENAR & BEERRNLERIRBEDHERRIC DV THEREKRT 5,

F—U—F ZARE. BMNE. FHEEER

Keywords: exoplanet, ultraviolet, space telescope

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS11-P@3 -



PPS11-P04 HAMERSER S EA2016EAS

BepiColombo HRXHREIKEHFEE=V 3V
BepiColombo Euro-Japan Joint mission to Mercury
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JUICE/GALA-] (2): Science objectives of the GAnymede Laser Altimeter (GALA) for the JUICE
mission
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The JUpiter Icy Moons Explorer (JUICE), led by European Space Agency, has started development
toward launch in 2022 (arrival at Jupiter in 2029, and Ganymede orbit insertion in 2032), and we
are now developing the GALA instrument onboard JUICE spacecraft collaborating with German Aerospace
Center (DLR) and other institutions in Europe. Primary objective of GALA is to acquire the key
information for understanding the evolution of icy bodies and to play an essential role in the
JUICE's purpose: exploration of deep habitat.

Jovian icy moon Ganymede, which is the largest moon in the Solar System and the primary target of
the JUICE, can be said to be one of the typical solid bodies along with terrestrial planets in
terms of its size and the intrinsic magnetic field originated from the metallic core. However,
current knowledge provided by previous explorations is extremely limited since it comes from only
several fly-bys. The JUICE will uncover the whole picture of Ganymede by the first “orbiting” in
the history around extra-terrestrial moon. Expected new big picture of the origin and evolution of
Ganymede will not only be a key to unveil the origin of diversity among the Solar System bodies,
but also contribute to understand exoplanets with a wide diversity.

The GALA will measure a distance between the spacecraft and the surface of icy moons and acquire
the topography data (globally for Ganymede, and fly-by region for Europa and Callisto). It will be
a first-ever laser altimetry for the icy object. Such information makes surface geologies clear and
tremendously improves our understanding of the icy tectonics. By comparing their tectonic styles on
the rocky planets/moons, GALA data leads to reconsider the Earth’s plate tectonics. In addition,
the GALA will confirm a presence/absence of the subsurface ocean by measuring tidal and rotational
response, and also the gravitational information reflecting the interior structure will be greatly
improved. In addition, strength and waveform of laser pulse reflected from the moon’s surface have
information about surface reflectance at the laser wavelength and small scale roughness, and
therefore we can see degrees of erosion and space weathering without being affected by illumination
condition through GALA measurements.

In order to interpret and understand such measurements, accumulated studies for the Earth over the
years will be effectively utilized: e.g., the data for surface topography, roughness and albedo
will lead to describe the icy tectonics through the knowledge from terrestrial glaciology and
experiments on impact and deformation process. The tidal measurements by GALA will also be a window
to see its interior based on our knowledge and experiences cultivated through the past geodetic
observations, e.g., the SELENE mission for the terrestrial Moon.

Characterization of the icy moons will be achieved not only from the GALA measurements but also
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synergy of other scientific instruments onboard JUICE spacecraft, for examples, surface images
taken by optical camera (JANUS) will confirm the position of GALA laser footprint to complement the
GALA “point” data for precise topographic mapping. A radar sounder (RIME) and a radio science
experiment (3GM) probe the interior structure, especially interior of the icy crust to figure out
an occurrence of tectonic features. A visible and infrared imaging spectrometer (MAJIS), an
ultraviolet imaging spectrograph (UVS) and a sub-millimeter wave instrument (SWI) will acquire a
surface and atmosphere compositional data. A magnetometer (J-MAG) monitors moons’ inductive
response to the Jovian magnetic field and probes the subsurface ocean with the help of a particle
environment package (PEP) and a radio and plasma wave investigation (RPWI). The GALA works closely
together with these instruments and plays a leading and a supporting role to clarify the whole
picture of Ganymede and other icy moons.
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JUICE/GALA-] (3): Performance model simulation of Ganymede Laser Altimeter (GALA) for the
JUICE mission
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The laser altimeter GALA (GAnymede Laser Altimeter) is one of the payload instrument of JUICE
(JUpiter ICy moons Explorer) project led by ESA to be launched in 2022. GALA is developed by the
international collaboration by Germany, Japan, Switzerland, and Spanish teams.

In order to clarify the requirement on the interface conditions between modules of GALA, we
developed the performance model of GALA based on the model of BELA (Bepi-Colombo Laser Altimeter).
The performance model quantifies the link budget, range accuracy, albedo measurement accuracy, and
probability of false detection (PFD). In the performance model, background noise from scattered
sunlight from the Ganymede surface, surface and bulk dark currents of APD, noise floor of APD-TIA,
shot noise, and speckle noise are taken into consideration. Black-body emission from the Ganymede
surface is also taken into account while its influence to SNR is negligible compared with other
noises. EMI noise shall be included after the evaluation of the verification model.

Scientific requirements on GALA performance is summarized into the following four criteria: [1] For
Europa fly-by, PFD is less than 0.2 from an altitude of 1300 km or lower, [2] Under the worst
observation condition for albedo and surface slope of GC0500 (Ganymede Circular Orbit whose height
is 500km), the accuracy of the ranging is less than 10 m and PFD is less than 0.2. [3] Under the
nominal observation condition of GC0500, the accuracy of the ranging is less than 2 m and PFD is
less than 0.1. [4] Under the best observation condition of GC0500, the accuracy of the ranging is
less than 1 m and PFD is less than 0.1.

Returned laser pulse is converted to analogue signal in Japanese Analogue Electric Module (AEM),
then to digital signal and transferred to Swiss Range Finder Module (RFM). RFM applies matched
filtering to the digital signal to determine the range as accurately as possible. The signal
processing in RFM constrains the performance of AEM, therefore, GALA-J] developed its own matched
filter simulation aiming to determine the signal-to-noise ratio (SNR). The matched filtering in RFM
is a convolution of signal and Gaussian filter whose width in time domain is adjustable. The
filtering is thus equivalent to moving average weighted by Gaussian filter in time domain. In this
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simulation, the length of range gate is 8192 and the sampling frequency is 66.7 MHz which is lower
than the current design of ADC of 200 MHz. The band-pass filtering by trans-impedance amplifier of
APD (APD-TIA) is taken into account by filtering the return pulse and APD noise by 100 MHz. By
changing input SNR and width of the Gaussian filter, the lower bounds of the output SNR that
satisfy the system requirements are investigated. The requirements for the input SNR obtained by
the investigation are then confirmed well below the analogue SNRs calculated by the performance
model.

The return signal is assumed to have a Gaussian form in both spatial and time domain in this
performance model, however, the broadening occurs on a reflection by the surface topographic
roughness and filtering processes in AEM and RFM. These effects on the results are now investigated
and will be shown at the poster presentation.
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JUICE/GALA-] (4): Electronics and detector development for Ganymede Laser Altimeter (GALA)
for the JUICE mission
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JUICE/GALA-] (5): Radiation analysis for Ganymede Laser Altimeter (GALA) for the JUICE
mission
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The radiation environment around the Jupiter consists of electrons and protons that are trapped by
the Jupiter’s magnetosphere, solar energetic particles and galactic cosmic-rays. The trapped
electrons are the most harmful to devices on the JUICE because the trapped electron flux is the
most intense and the its penetrability is relatively higher than the other charged particles. The
solar energetic particles are of secondary importance in spite of the lower flux because its energy
spectrum is hard and the high energy protons easily penetrate a shield.

The most sensitive device to radiation on the GALA is the avalanche photo diode (APD) to detect the
laser pulses returned from the Ganymede’s surface. The maximum tolerance, total ionizing dose
(TID), is relatively lower than the other devices and is 30 krad. Thus, an adequate shielding is
required to reduce the degradation of the performance of the APD. In order to estimate the
radiation dose at the APD, a simulation application, GALA-sim and GALA-analy, based on Geant4 [1]
and ROOT [2] was developed by GALA Japan to estimate the radiation dose during Jupiter cruising.
The application can import for a radiation analysis a three dimensional CAD model which is produced
as a result of our structural and strength design of the GALA instrument. It also can estimate the
influence of secondary neutron production by nuclear reactions in JUICE in addition to the primary
trapped electrons and the solar energetic particles.

The preliminary three dimensional model of the GALA Transceiver Unit (TRU), GAL-TRU-i1.4-Shielding,
was developed to analyze the radiation dose during the JUICE mission. The average thickness of mass
around the APD in this model is 11.4 g/cm’ which corresponds to aluminum which 42 mm thickness. The
TRU was irradiated with trapped electrons and solar energetic particles by the GALA-sim based on
Geant4 version 9.6.p03 and 10.01.p01 and TIDs at the APD due to trapped electrons and solar
energetic particles were estimated. They are 21.2 and @0.72 krad (Figure of safety, FoS=2),
respectively, if calculated by Geant4.10.01. The sum of TIDs fell below the maximum tolerance of
the APD (30 krad). The radiation dose due to the trapped electrons is 30 times higher than that of
solar energetic particles as expected. It is found that the trapped electrons with an energy of
10-40 MeV mainly contributes the TID. No dependency on the versions of Geant4 was observed and both
results are consistent each other within 3% difference. The result was also confirmed by the
calculation by FASTRAD [3].

The total non-ionizing dose (TNID) which is the energy deposition on a material via non-ionizing
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processes such as Coulomb scattering, nuclear elastic scattering and nuclear reactions, and results
in displacement damage is also estimated based on the theory of non-ionization energy loss by [4]
with the help of GRAS [5]. The TNID due to the primary trapped electrons, the primary solar protons
and the secondary neutron at the APD is 7.52x10’MeV/g (FoS=2) which is equivalent to the 50 MeV
proton flux of 1.75x10" cm™?. The contributions of each particles to TNID were 71%, 24% and 5%,
respectively.

In summary, we have developed a simulation code to estimate the radiation damage of the devices in
GALA instrument. We found the reasonable solution for the radiation shielding of the APD. The
results of calculation are used for the radiation test of the APD at a beam irradiation facility
and the improvement of the design of TRU.

[1] S. Agostinelli et al., Nucl. Instr. and Meth. A506 (2003) 250-303.

[2] R. Brun and F. Rademakers, Nucl. Inst. & Meth. A389 (1997) 81-86.

[3] TRAD, http://www.fastrad.net/

[4] I. Jun et al., IEEE Trans. Nucl. Sci., 50 (2003) 1924-1928.

[5] G. Santin et al., IEEE Trans. Nucl. Sci. 52 (2005) 2294-2299.
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JUICE/GALA-] (6): Optical/thermal/structural design for the receiver part of the Ganymede
Laser Altimeter (GALA) for the JUICE mission
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We present Optical/Structural/thermal design for the receiver part of the Ganymede Laser Altimeter
(GALA) for the Jupiter Icy Moon Explorer (JUICE) mission. JUICE is a mission of ESA to be launched
in 2022, and GALA is one of the payloads of JUICE. For the laser altimetry, GALA emits and receives
laser pulses at about 500 km altitude above Ganymede. Wavelength, energy, and repetition frequency
of the laser plus are 1064 nm, 17 mJ, and 30 Hz, respectively. Reflected beam from the Ganymede
surface is received by the receiver telescope with 25 cm diameter aperture, re-focused by the BEO
including a narrow band-pass filter, and then detected by the APD detector. In the international
collaboration, GALA-Japan will develop the Backend Optics (BEO), the Focal Plane assembly (FPA)
including an avalanche photo-diode (APD) detector, and the Analog Electronics module (AEM) in the
receiver chain.

Thermal environment of GALA is unique: The Receiver telescope and some parts are cooled to
intermediately cryogenic temperature by radiation to the cold surface of Ganymede and deep space
while the APD detector has to be kept at 25 degree in its operation time. Many parts of GALA are
warmed by self-heating. Furthermore, GALA repeats observation time of 16 hours and data downlink
time of 8 (power of observation part is off) hours. So the thermal environment is dynamic.

On the other hand, GALA have to keep stability of optical performance, especially absolute
agreement of the optical axis of the emitter and the receiver and to the spacecraft coordinate
system. Radiation shield also has to be mandatory. Considering these conditions, we are carrying
out design of optics, structure and thermal design for the BEQ, FPA, and AEM. The current baseline
design, the BEO is simply consisting of a collimator lens, a narrow band-pass filter, a focusing
lens supported without adhesive. The material used for the structural material of both BEO and FPA
must have small thermal expansion and good radiation shielding. Iterative studies of thermal
analysis of whole GALA and the optical/thermal/structural design is ongoing.

F—D— R JUICE, GALA. b%/BvEiEsast
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Non-destructive material identification of volatile particles using translational motions
induced by magnetic field gradient
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Internal oceans of icy moons of gas giants of our solar system are among recent hot topics in
planetary sciences. Newly discovered evidence for hydrothermal vents in the liquid ocean of
Enceladus (Hsu et al., 2015) is still fresh in our memory. Presence of the internal oceans is one
of the necessary conditions for extra terrestrial life, although interaction of liquid water with
the lithosphere of the icy moon in concern via, say, the hydrothermal activity, is also
indispensable. It, therefore, worth revisiting the problem of internal oceans of Jupiter's Galilean
satellites with icy surfaces at this time of coming successive Jovian probe missions such as Juno
(Bagenal et al., 2014), JUICE (ESA, 2014) and so on.

The latter three of the four Galilean satellites, Io, Europa, Ganymede and Callisto, are covered
with ice, while intense volcanic activity is ongoing on the Io’s surface due to the immense tidal
force of Jupiter. Those volcanic ejecta become a dense source of plasmas of Io origin, which
results in Io's footprints of Jupiter’s auroras (e.g., Bonfond et al., 2013). It is noteworthy that
the former three of the Galilean satellites have those footprints, while Callisto alone lacks in
them implying a very thin plasma environment around that moon as it is the farthest to Jupiter
without any significant source of plasmas from Callisto itself. This means that Callisto is least
subject to the plasma effect in terms of electromagnetic induction.

Another feature of Callisto that is worth noting is its orbital state. While the former three
revolutions are in the state of Laplace Orbital Resonance (Murray and Dermott, 1999), Callisto
alone is out of it. This may cause a significant difference in tidal force which each moon feels.
Tidal dissipation is one of the important factors (Chen et al., 2014) when we consider the heat
source that maintains the internal oceans of the icy moons, if any.

In this study, we reanalyzed the vector magnetic field data at the time of Galileo Probe flybys
around Callisto. Assuming a time-varying uniform external magnetic field (Khurana, 1997; Khurana
and Schwarzl, 2005) with a direction almost parallel to the direction of Jupiter looking from
Callisto, we calculated the induced dipole field generated by concentric spherical shells. As a
result, a conductive shell with a similar conductivity of seawater on the Earth was found when the
depth to it was constrained by an assumed phase diagram of water inside Callisto, which coincides
with previous studies (Khurana et al., 1998; Zimmer et al., 2000).

However, if the internal structure of Callisto is significantly different from those of Europa and
Ganymede in the sense that Callisto has experienced immature differentiation unlike rest of the
two, Callisto may provide a better platform for extra terrestrial life by an increased chance for
liquid water-lithosphere interaction. In this presentation, the obtained electrical structure will
be further examined comparatively with that of Europa known to date. Comparison with that of
Ganymede may be subject to another research because of the moon's peculiar intrinsic core field.
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This study reports preliminary results of our study about the effect of rough surface on thermal
inertia from thermal phase delay using thermo physical model (TPM). In the thermal modeling of
asteroid, information on the surface topography and surface roughness is indispensable for
thermophysical estimation, which is especially important to deduce thermal inertia of an asteroid.
This is one of the preparations for the thermo-physical observations of asteroid Ryugu using the
thermal infrared imager in Hayabusa2 mission.

For numerical approach using TPM, we produced rough surface models by deforming a spherical surface
mesh. We considered the effect of surface roughness on surface temperature as a function that
changes only the effective emissivity of the planetary surface, following the works of Davidsson et
al. (2009) and Leyrat et al. (2011).

We fitted the surface temperatures that were generated by the rough surface models to determine
whether the thermal phase delay can still be retrieved under rough surface topographies. We picked
only the surface temperatures on the equatorial zone. Quadratic least-square fitting is applied to
the data to deduce thermal phase delay.

We evaluated uncertainties in the estimation of the phase delay based on a series of data generated
in the diurnal motion. As a result, we found that the feasibility of thermal inertia from the
diurnal phase delay depended greatly on the observational geometry in terms of solar illumination
over the asteroid surfaces. The thermal phase delay could be determined without being strongly
affected by local topography under low solar phase angles. Considering the errors of phase shift,
the uncertainty of thermal inertia will be greater than 50% if the rough scale is greater than 9.6°
(RMS surface slope angle) from the case of low solar phase angle.
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Statistical analyses of bright ray craters on Ganymede: implications from Galileo and
Voyager images
Statistical analyses of bright ray craters on Ganymede: implications from Galileo and
Voyager images

*Xu Luyuan'. B4 =R FH B2’
*Luyuan Xu', Hideaki Miyamoto', Naoyuki Hirata’

1. REAFHREMREYE. 2.MFXZ

1.The University Museum, The University of Tokyo, 2.Kobe University

Ray craters are impact craters surrounded by radial rays or ejecta patterns (both bright and dark)
and prominent on Ganymede, the biggest satellite of Jupiter. Bright ray craters are recognized to
be the youngest features on Ganymede [1], and represent the most recent impact cratering [2]. Also,
being susceptible to destruction by various processes [1-3], bright ray craters may inform on the
most recent geologic processes on Ganymede.

Passey and Shoemaker [4] identified 84 bright ray craters D>30 km and obtained several preliminary
results and conclusions using the image data of Voyager. However, since Voyager 1 and 2 only have
sufficient resolution (better than 2 km/pixel) images limiting to the subjovian and antijovian
surroundings [4, 5], the analysis of Galileo images could fill in this gap. Also, the revised
global geologic map [5] and advanced cratering impact model [2] make a more accurate distribution
and a more comprehensive understanding of bright ray craters of Ganymede possible.

In this study, we used the raw images of both Voyager and Galileo images (825 Voyager images and
314 Galileo images) to identify ray craters. Since the crater rays are sensitive to solar
illuminations [2] and the coverage limitation of images, we only measured the ray craters at high
sun conditions and in the latitudinal range 70°N-70°S [5]. Also considering the identifiable sizes
of ray craters are highly dependent on spatial resolution of images, we initially examined the
influence of image resolution on the density distribution of ray craters.

Ultimately, our work resulted in a revised density distribution of bright ray craters corresponding
to spatial resolution, latitude, angular apex distance, and different terrain types, finding that
the crater density of bright ray craters on Bright Terrain of Ganymede is at least ~4x from apex
(the center of the leading hemisphere) to antapex (the center of the trailing hemisphere), and the
bright rays are likely to be erased at a higher rate with increasing latitudes. Based on our
results, we reconsidered the possible reasons for cratering asymmetry on Ganymede [2], and
confirmed the influence of latitude-related factors, which might include thermal-driven sublimation
[6] and plasma-induced sputtering [7].
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Effect of secondary collision and target texture on three-dimensional shape distribution
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Planetary collisional process is one of the most important physical processes in the solar system,
especially for the planetary formation process in the solar nebulae. Because of the importance of
the physical process and the implications for the origin of asteroids and other small bodies,
impact disruption experiments have been conducted for several decades, and rocky materials such as
basalt and glass etc. were used for these impact experiments. Then, the impact strength defined by
the specific energy (@) necessary for the catastrophic disruption was obtained for these rocky
materials, and most of the impact experiments were conducted by head-on collisions, so that the
impact strength was usually applicable only for the head-on collision. However, collisions among
planetary bodies are well known to be not only head-on collision but also oblique collision, and
actually the impact angle of 45 degrees is the most probable impact angle in the solar system.
Therefore, it is necessary to study the impact strength for the oblique impact and to clarify the
effect of oblique impact on the collisional disruption of rocky bodies.

In this study, we conducted the impact experiments of quartz glass at the impact angle from 90
(head-on collision) to @ (glancing impact) degrees, and studied the effect of oblique impacts on
the degree of disruption and the ejection velocity of the ejecta fragments. We used quartz glass
spheres with the size of 5cm and 8cm for the target, and a polycarbonate spherical projectile with
the size of 4.75mm was launched at the impact velocity from 2 to 6km/s. The oblique impact was made
at 15 to 90 degrees at 4.3km/s under the vacuum condition of 2@Pa. After the impact, all the impact
fragments were recovered to measure each weight in order to construct the size distribution of
these fragments.

We found that the largest fragment mass was almost constant at the impact angle from 90 to 60
degrees, and it suddenly decreased from 6@ to 45 degrees for the 5cm target, and then gradually
increased up to 15 degrees: the largest fragment mass at 45 degrees was one order of magnitude
larger that obtained from the impact between 90 and 60 degrees. Although the impact strength could
be strongly affected by the impact angle at the high obliquity smaller than 45 degrees, the
modified specific energy (Q.) defined by the normal component of the impact velocity on the impact
surface was an appropriate parameter to scale the impact angle on the degree of the impact
disruption, then the impact strength (@*) could be refined by using this modified specific energy,
Q.: The obtained impact strength defied by Q including the oblique impacts is 1110 J/kg for the
quartz glass. We also found a very unique feature on the quartz glass during the disruption, that
is, the severe disruption and high velocity ejecta was discovered at the antipodal region. The mass
of disrupted fragments originated from the antipodal region was almost same as that was originated
from the cratered region near the impact site. This might be caused by the severe concentration of
the shock wave at the antipodal region and it would be reflected on the free surface with the
perfectly spherical shape of the quartz glass. But, further research would be necessary to
understand this unique features discovered at the antipode.
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Impact cratering is a ubiquitous process on both terrestrial planets and small bodies in the solar
system. Researches for impact craters on the Earth provide a valuable opportunity to constrain
planetary-scale impact event. In particular, reconstruction of shock pressure recorded in the
shock-metamorphosed minerals leads to a clue to understand a partition of the impact energy and
cratering mechanism on Earth.

Quartz, which is one of the most abundant and widely distributed rock-forming mineral on the
Earth’s crust, has been widely used to evaluate shock pressure on the impactite. However, the
conventional shock estimations based on the mineralogical features of quartz, such as PDFs, are no
more than a qualitative approach, hence it is required for more detailed evaluation of shock
pressure to develop new advanced method using quartz.

Recently, we found the drastic change in cathodoluminescence (CL) features of quartz due to shock
metamorphism [1]. The blue emission intensity (450-460 nm) of shocked quartz increases drastically
with the experimentally induced pressure and reaches up to 100 times as large as that of the
starting materials. On the other hand, CL intensity around 630 nm changes less than 3 times in
spite of the pressure increase. Therefore, the relationship between shock pressure and blue CL
intensity could be used as a new shock barometer. The mechanism for the increase in the blue CL
intensity, however, still remains unclear because of a lack of information on structural defect in
shocked quartz. In this study, Raman spectroscopy and EBSD analysis were conducted for the
experimentally shock-induced quartz to clarify the structural change and generation of
misorientations with the pressure. Consequently, we elucidated the CL mechanism of shocked quartz
by comparison with the obtained Raman and EBSD data.

Raman spectra of the shocked quartz show a weakening of the main peak at ~464 cm™' with pressure
increase. At 30 GPa, the new peak at ~495 cm” appears, indicating the generation of
shock-densified silica glass [2]. EBSD mapping revealed that shocked quartz undergo high pressure
(~20 GPa) has high-density domains with boundary misorientation dominated by 60°, suggesting the
development of Dauphiné twinning. However, for the quartz undergo pressure over 3@ GPa, EBSD
diffraction pattern was unrecognized because of low crystallinity. Therefore, the blue CL emission
is closely related to Dauphiné twin, but this phenomenon is limited to the pressure lower than 30
GPa. On the other hand, the destruction of crystal structure and generation of high-density silica
glass are consistent with the continuous increase in CL intensity of blue emission with pressure
increase. These facts indicate a spectral change depending on the extent of vitrification. The
relationship between CL intensity and the possibility as a new shock barometer will be also
discussed.
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[1] Chang et al., (2015) JpGU Meeting, PPS22-19.
[2] Okuno et al., (1999) PCM, 26, 304-311.
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Radiation mechanism of the Chelyabinsk superbolide
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2013 42 A15 H3 K520 2 (HFRE) (CO2 7Efaso#EmF ) + 2> XD (Chelyabinsk) AXBCERAIT N
FIYVvEVIDNBROIEFEFAEIITNT JEE500 kton HET(1 kton = 4.2e12 J). EU < XKBERNER
EEZ5NTUS1908 FDW YT — X NREF (#2000 kton) (RS KETS o, 7ROBNREDHES 15
DLLS YRS MABDXFTA O ROMIKKR[REDEREVREL 2 lc. HR(F. BEHNAS(CK>TERE
SNreEEZE BT L. AEKDRGB(FR. & 85) OBF/NY R TOHEDTOREZLERANZ(Fig. 1), €L TA
YV RETOHESTOUNEBARRN CHATEEINE SHERTILIC, EH. COAXSTIE. FER(CHEOALMN
AR URBAIC. BABERICEENT D TIIELS, HCRLEDEVDMMS 1 XA—JZY a0 HaENR+2
FHETNTUEL . ZDT2OH. KEROREHAD VEBDMEBOMRE UL TEANT ER>THED., ZORRENSC
ENMTER, BRIEARDELSICETEHBICENTES ! (a) HIRILF—DI0%IE. BEAT km TIHRE dfc X
TAOA ROBRICHDT-2 WED T L7 BEARBCIBRI IIRR) THEINE |/ (b) SE47 km LIET
D&, BABE TEEMNDTZ ) () TLUTROIRD ~)LIFHI4000 K DREBEEFBE LV ; (d) BE
mEd. READVRICETER kne KS7 km (ERATR. ER(c)(d) [FEES0 km U ETOREDHENE (X
LD, RETHHRIRT RILREBRLTHD. e, ELRABEHORS (FERCHNT? BFEETH

B, BEE 47 kn LUIF) TOXFZAO1 RODHEDBEDRERAFEICKSHEEEESICLIDTH D, EH. MU
LFOBROFEMCDOVTIIUTESBEINIZL\, M. Yanagisawa, Radiative characteristics of the
Chelyabinsk superbolide, Planetary and Space Science., 118C, 79-89, 2015.

Figure 1. (a) Bandpass photometric intensities for the Chelyabinsk bolide plotted as functions of
the bolide altitude. The thick, thin, and dotted lines respectively show the intensities in the R,
G, and B bands. The black triangles indicate the altitudes at which meteor fragmentation occurred,
with the upper two triangles corresponding to severe fragmentation events. (b) Color temperatures
for the bolide as functions of altitude. The thick, thin, and dotted lines show the temperatures
based on the R/G, G/B, and R/B intensity ratios, respectively. The error is expected to be about #
400 K.

F—O—R:!FIUvEYXD, RAEK KERK RE. XTF70O1 R, BRKE
Keywords: Chelyabinsk, bolide, fireball, meteor, meteoroid, hazard
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Capture of small bodies by a giant planet

B0 FEA HA %
*Arika Higuchi', Shigeru Ida’

1THRRIEXE, 2.RRIEXRPMIRE DAL
1.Tokyo Institute of Technology, 2.Earth-Life Science Institute, Tokyo Institute of Technology

We have investigated the dependence of the prograde/retrograde temporary capture of asteroids by a
planet on their original heliocentric semimajor axes through analytical arguments and numerical
orbital integrations in order to discuss the origins of irregular satellites of giant planets. We
found that capture is mostly retrograde for the asteroids near the planetary orbit and is prograde
for those from further orbits. An analytical investigation reveals the intrinsic dynamics of these
dependences and gives boundary semimajor axes for the change in prograde/retrograde capture. The
numerical calculations support the idea of deriving the analytical formulae and confirm their
dependence. Our numerical results show that the capture probability is much higher for bodies from
the inner region than for outer ones. These results imply that retrograde irregular satellites of
Jupiter are most likely to be captured bodies from the nearby orbits of Jupiter that may have the
same origin as Trojan asteroids, while prograde irregqular satellites originate from far inner
regions such as the main-belt asteroid region.

F-O—F  FARAFEE. NXE
Keywords: irregular satellites, small bodies

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS11-P23 -



PPS11-P24 HAMERSER S EA2016EAS

1 ZIBHIC L BHRERE
Capture of planetesimals by gas drag
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1. R RZREHREAAFR
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EXXREOAD CEBZLDEENRDD. CNSERAFEEEARUNFEERICHETET S, RUEEEXELGE
TIEEHBMBETREL TLBCEN S, BAREMABATEENERT S ETERSINEEEX SN TUL)
B, —H. NMRAIBEEOHEIEAT. ¥THAAICAKL TLDIENDEH D0, HEINIEHRENTR
EEXISNTUL D,

E. AREABANDOEFEMEOHIGERNF LU ARSI, ZORBR. {EROBABBEDERETILTIE
ZRINTUEN > EHRET. AREABEBEBIFOAIBIICKE > THEIN. HBRICEEOMEMELE L
THIAEINS B EMBESHICHE DTz (Fujita et al. 2013, Tanigawa et al. 2014), SGITHAECTIIAREM
BOBEBREERL CULEMN Dz, ERRICIFFRRRERABROBOR T v v TR K D H IEHEDRED
[EXDTHBRMUIZEEZEZRSND. COURREERETER CONIBZBENBVEAXREARICL > THESIN
EWBRENRBAFEE (L > IZAREE N H B (Cuk & Burns 2004), LHA\LEMRS, FULHXIBHIC L BHMRE
HEBREEIARALERMNEZ V), ECTAMETIE. MBHABEZAV CTAZXEMABOBEEREZZR UICHMRED
HEICDVTHARN,

AHREBRANEVSEE. MBREF—EOABEEETCAT K IRILF-XRVEBEINSIDOTIEILEL. READE
—RNICRE L TOBBISREICIRIVF—FEXL\. HEINBCEMRASHEL e, T2 LIRS
ENRERD ONETABAMNIETTEETOBETERC D, TZAREAROBROMREZRBLLEBES. M
BOBEREANAREVZE N IBREZ(TTLSRBARRVZO®. BEOELHBEEMANNS KLBMEENRD S
CERDM Dz, MRABEDHEBR LR UZER. IBTORNRAEEDHERFEDDH & BBEETER
REEOTAR. FTOBSEFEIMELD TN LMBRERZEDEDRRETH O, TN, =(FEE
EREV D IZfhDFEBEARNEIZEE X 5NSD,

—7h. REORUNFEEDERICOVTEXREDRAXSNSDH XIBHIC K DWMRERENFTS L AT
HDo T TENFDARXC KL BMREDHEROFEENICDVWTERANZ, ZOHER. ERUFROKKNS
DHRIBMICLDHEDBETE. AREMBROBS EARO—IFHEZ AL CHBBRICL O T, MRE
NEEINSSCEZBHESHICLTE,

:F_'j_p . %‘ZE\ %E\ W%E

Keywords: Planet, Satellite, Planetesimal
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FIBERERRE(CH (T D MREF M D A aE
Possibility of Planetesimal Formation in Disk Formation Stage

AR T AR R
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MBREFZREDTELDIRAETHD. WRENERINZIRUEEZZ DL BEODKBROMDIIEPHA
NDOREZDEBEDZHICEIFRBICEBHLECH D, MEREL. RAREABRRNOunY 1 X DEAHKIF (5
Z2R) REEERELUMS 1 XETRRUERIND EEZX SN ZOBRICIEAFAERENH D, FTE
X=RIWHA DI IR H AP THRICKIDBNNER(T. AEHEER O THLENETFTLTLES
FIDEE TREEIT RSB TH B,

—A. EREOAZTVIILTIUT A REFDEADEBTELELSBCERREBINTULD, BZEREL
KIZSTOUT A M. RNEERBETILTIEI0AIL D ERAINERT. BESERRICLDOMZREY 1
INBERARETCH D EMNREINTULB (0kuzumi et al. 2012)A. CHDLSHEABETIVTIEH X HEROEER
EFEREINTULE L, IXEOEEBENREDNLSEI 1= VI THAT D2ONIHEBORE(CKET S
DT, EBEOWREFLKEEZDIBEEF. AROEECESI I ~DEEREZRIFICEX DIUNENRD D,
AHAETIE. AROERES I ~OEERBREABRICEET TUDEVWSRREEX. PFEIT7OBEENSH
BOMEELZESH—RTORBETIVERVWCEHEET O IR, TDRR. NEBEEEILEEZERLICKI I ~
DEBEBRRAABETV. HREY A INEABERETELREGERNZ, ZORBR. HMREY 17 INEGERK
RABELEDE. HBHUASLEAREZFI DDFENSERIN. EEHNDMEONTVHBDBETHD L
MR olce COBEF. KIXRRFLEABTIDLSET 1 XCHEDBEINC. +DEEBRBREDKT X ~
MR )=S0 VAMACIHIESINBIN S TH D, TlECOIBRIE. ZOLSHEABTHINIE. MREFIHDFED
T DEENSH+AETERINDEREMZERIBL TUL\D,
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EREH BB P TOMIENEEL
Orbital evolution of planetesimals in circumplanetary gas disks
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BEN+OARZTHAIRESZOEFRBREOEBHICHVT, REREABHNSHIEBEREENICLIDIFET
DCETRAREABRZERTS. EAXEDORAD (CIFRAUNFEENERINTUVDIMR, ZNSBAIEEDNEH
B(IZFIETORTECELS, FOREDTEHAICZS > TULSEs, AREMRBOFTEEKFHERSE
EEDIRTCEICEDERBLTERINZEZEZSNTULSD. KBRADGEENDESEENSERE (IRAEFEE
NREHTVDY, BEREZERET D L THRAUBEDERBEEERFE IS EFEEELLE >TSS, EROH
Z2(Shimizu & Ohtsuki. BBEEP) CIWBREE T I MIFE U EZBFEHEIC LN BRBFEEESAREREN
BONOHXREDREEILERARTUL AR, BRENDEENRKZTVEE. FIREEDFIEHHRIBICHT D6
WRERTOMESENPEROMENREE L LDAE8EMNRS D, AlIXIE. MRERTOEESEKIC L DHRE
NEENE{L. HISHENSHENDS D, AR CTIIHRERDEEENEEZRLUN AV=Z1L—TY3VE
BUTRRFENEFAE T IAXEABATOMRE DETEELZEAN. ZO/RICDODVTERI Do

F—O—R I EBEER
Keywords: Satellite formation
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Streaming instability in the dust layer of a protoplanetary disk

Rl &
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FIARERAR(CHVT. BEFHRIFOI I SN SHSHMRENHEMBRE. RIS 2DDEFIVAEFET
Do

ZORND—D(F. ABRFLEANDI X MEERMESE. SX-BRECENAREEZRC LT, FOX—K

W U1 XOWBREHNERSINDEVSEDTH D, ENRZEMRELBEHICE. TX-DEBERENAR
ENBRAZREEBIIUNEND D

AR TE. BRBADHARETISDERRENSEU DI INEERBETHOI N —= Y IARLZEM (Johansen
& Youdin 2007)(3EFB L. X EHILMR~TDEVWI X RBOHVT, BEBILICLDERINSIRAI I ~
BEZRAI,
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FIRRERARTOREAAILBICE DI XTI VT 1 SOk
Sintering of icy dust aggregates by vertical diffusion in a protoplanetary disk
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FIRREZABIHRES I BRI FTEBRINTUD. X SHRIFONBERENZREERNE—IXTv S
THBINT, IXCHRIFIIBERRTEINEHNENDICERFEBETHSD. IXSRIFICIIKIR S
BIZRRHTHD. AAETEKIT I SR FISEETS. KIXSTHUT 1 LIMBASND EBEET S, B
BERFRABNNS LD AAICYENBINTIRKRTHD. KIXLTIVTARHRBREITZET DD
HEEHORYIODBEECLDBRETS. BELEIXNTITUT 1 LIERT B ERREDBRETETHLLLES
DT, BHEOETAREERICEETS.

FIARERABRTE, BREIPOENARNBHTHS. FEEMMANDST X SHRIF(C K> TRHEIHESNS
1z6h, ABRKREDST X SHRIFOHFMAIND. ZOEHEFRICE > TKIIT7ITUT 1 ~HAEEBOABR
EEICEZESIND &, BEMEDTREENRS S

Sirono, (2011, Apl, 735, 131) TIIREBHDEE RN SEEICIMEBLESY 7 LXT—IJVINREINTULS. LH
U, KSZX=T7OUT+ R tEAMAIOEEIL TULBIBEE TOBIEGS ¥ AX T — JLFXZHATE I N TUL

V. ZCTAMETIE, BEY=Z1L—2avICEDIRNTPIUS 1 ~OREABOZESHEELR L, BE(IC
NBIES 1 LT —)LERSTE.

ST OUT 1 ~OMBEABOEEFELRIC L BILHE, FLEDEAICLIBIIEND 2 DTHD. < DL
EREERES =1L —Ya vy THRISZIET, SIXNTFIUST OB ZEELR TS, BEITEECH
<IKFELTULSB 26 (Sirono, 2011, Apl, 735, 131), XK XLT7HUST 1 LIEEOMEEICTT< &, IERE
CHEIDITHRETD. BEV=1L—Y3 VY TRRICHEDIBIULERRUIZBE LS T OUS
FOEIGEEHL, ZOhSEESTLRT—ILERSDS.

—ERBEMEDE, IXRTOVT A LORHIEEBIREICED. EBERECHEBIITODI T LT —IVIFH
B A LRT—IVTRED. DANAEBRETE, EIXLTOVST 1 ~EEBROMESAE ET(CH

E, BRICLBIBTETULKLRIETS. 2D, BEULESINT7IUS 1 ~OLERBEE &€ (CI8MT
5. COBRETrvTaYITBE, 1-exp(-t/b) TEKAMTESD RN DIz, T CTHIRE Th(3BE
BT LRT—ILTHD. BES 1T LXT—IVEERICEIEIRBDLITBCONELS LD, Fe, BiES T
LZ2T—=)USHIES « LRT =L TRED, FSRETITUT A DY 1 XCIRER T, ELFRDEET DI K
FIdCEEhDholz. —AT, ABRREOSEEBRITOEMEIIINTITVT 1 O 1 X (TKEZFELTUL
3. BRICKDIZISTOVT 1 SR T 3L, SRERT TOEREMIELLED. 208, IATIY
T1hhH30rXETHRETDE, HEAALBICLDEBIMECS. CCHSBRICEDTIIRRNT7IU
4 ROBRENEEEIND CENREFIND.

F—O—R ! FRBZRERAR. IXLTITUT 1~ BE. B, LA
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Water Delivery to Terrestrial Planets by Pebble Accretion
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The Earth would contain water of 0.023wt%-1wt% on the surface(ocean) and in the interior. It is
observationally suggested that early Mars and early Venus had water. In particular, the water
fraction of the early Mars may be comparable to that of the current Earth. Based on this
information, we have investigated the water fraction of the Earth, Mars, Venus, and Mercury
delivered by pebble accretion which is actively discussed today, numerically calculating the growth
and inward migration of icy pebbles.

It is suggested that the snow line once migrated down to ~@.7AU. Then, the terrestrial embryo
gained water components from capturing migrating icy pebbles from outer parts of the protoplanetary
disk. Because icy components have been subtracted in the outer disk, the gas in the terrestrial
planet region should have been 'dry '.

Using this model, Sato et al. (2016) calculated the amount of water delivered to the Earth by icy
pebble accretion and showed that a relatively small disk, strong turbulence, late passage of the
snow line at TAU are required to be consistent with the inferred water content of the current
Earth. We have generalized their simulation to a system of multiple planets (Earth, Mars, Venus and
Mercury). While we used the same model of migration and formation of dust grains as Sato et al.
(2016), we included decrease in pebble mass flux due to accretion by each planet. We found that the
final water fraction of individual planets is directly determined by total amount of solid
materials remaining in the disk. As long as the snow line passage timing at the individual
planetary orbits is the same for all the planets, the final water fraction of individual planets
should be similar to one another, while the amount of the water fraction depends on disk size,
strength of turbulence, the timing of the snow line passage.

F—O—R:RTJL. K BRE
Keywords: pebble, water, planet
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Simulation of the early Martian climate with denser (O, atmosphere using a general
circulation model
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REOXEXRHAICE. REBTENLHMEEZEZ SNBMENEZIEKEINTUS. CNBRIEDKICEKD EL
SHIIRDEE. KHEDAKEFBRERRECHOEEEXSNTE R, LHL. BEFEERH]L. IEH5XBEN
EEREDIS%E LEELDEBEDZBILRRXASEEE L AXEXRKKBEIRET U[Forget et al., 2013]T
(& MERASEE/SEEREET CLIFTEMREBE(FRE250KEEICHT D, KOBRITELLL,

BRE. KEOAXEXSREBEOBERZHEL. NEXSQABERETJUDRAMATIC MGM [e.g., Kuroda et al.,
2005] = BALCAROD Y Z 2L —YaVERdic,. PHEITE LT IFMRO,RQEEEL. £ERFTi
REAREZE0.1~5. 1KRENBCHRELLIY=ZaL—Ia VEITOR, Forget et al. [2013]&EEARRICNEDE
EREER) - BEOR(IBWAELRC & L. F/zForget et al. [2013]TIEFER L TOEWIEE(CEL(EFHNEDS
0.01)F X ~OWEIMEZRD ANz, BREFHBEEMOAERIBEETE L CTREDTS% E LTz, Forget
et al. [2013]TBASINIZCO KEDCHAMRE. TTBAL TULEL,

O, FIIRREMKERFDIHZS. ERFIIMREERE SHATFERE CHB192KICIFEFFELLL O, Ch
(F. KEBEABENRKLDBFVRBEFTERAELDEEREL. 15umFEC,FRAMZUINE (C X BBEMRHNENE (C< <
B EERBIRT B, Fle. (0, FIIAXREMSIENULDIBEE. ERFEOMXEBEFI[ELEEICLERL
CTEFERE(OAED. EXIVLEED M CTERERIIAH(200-210K) DRERBANLN O/Z. N B

B BBCEIO>TELCIBANEBENDREILEELSLTUVBIEHEEZXS5ND, [z/Z UForget et al.
[2013]Tld. FIIMEREMEENEL DSOER(CLEARTO, FAXKER2-3REDRFICHZKES LD, Z0%
FREEEECEF>BEBIOTULE. SRETEFEF Uz, COBEENERF2DERXSND, 1DB(F. BAD
EFIICETNEVOKEDFETH D, HRXDETIVERTEO0,FIEIXKEIREUTICH U TOKEEN
[EEEBICHARLUTHE D CREULETRIFEFE—E). HPEHNICELLESDC & THBIFFABE DIRURIC LD LD
ASERENRNELCDCENMEZR SN S, 2DB(E. MRATVILRRDOFEETH D, Forget et al. [2013]&
ﬁ’?(DGCM_C[JCO BEARDDIBIO T ILREOEMELD (Forget et al. [2013]TIE0.5 DI LEL D
GIMT(30.65). CDFEE(CLDBEEBOEBEMLALURZ2-3RECHUVT,. BRADBERTIMREEEMERE
UDK;KU%ango

F—D—R KB BRR KKKEBETI
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HERIE. EXEEMRTT LIZEICE. NWBREVPEEDL SITNKEDEREZZEBLIZEEZ ST

B, CONKIEDEZEF. KRNAFHERICHRT DAKISTED P, (T NKRERDERMER D HHEKICE
5 ENBMIEESITR T, NWKIADEHESHIKERBEEDIFHICERL TLSCEREESTN. TSI
HADO IR CEEIEBHZEL TS AEEE (Wilde et al., 2001)H\H B, T CT. AAETIEIC NDEAEEE(C
KBHMEROARE  BRKENDEEZHASNCIBDCEEBNE LTHEET D E. I5I(C. CDiBREMNHEK
MDEULH/C(Hirschmann & Dasgupta, 2009)X°. /\O5 DI (Sharp & Draper, 2013)(CES UEAIgEM(ICD
WCTEEBRZTOI,

KIEDEEICLDARDIGETED (CRET IR - BUBRILHATRE UL DHTONTH D (Svetsov, 2000;
2007, Shuvalov 2009; 2014). CNSDETHECTIIRENBREICHEIT D LEET(C. [FTWMONFIREXNTN®
WHEOEEZ FBIATMNLSTEPHESE TK. fBEXET X BERE. ARELE D/ IS A—FIDEKE
HERLTULD, Ez. de Niem et al. (2012)TlE. Svetsov (2000) DAKITTEDEFILEAHT., 38EFE
BEICREEIZESINZIBPERBETOARRIDETTED L AHEDETEEMonte CarloZZE AW TEIEL TL S, i
REENH LZ0.015FT TOEAZRESE. BRELT. XREFTWD XD EERMMETROMHIEA EO D AKE
MERTBICEERLTUSD, LHL. RRIEFEDEFTIVICH T DEROMREFMEND. BKEDELICDNT
[FEARSTNTULILU,

ZTAMETIE. HTHETRINZ 1 BDOEZEICLDRKITTED T )L (Svetsov 2000, 2007; Shuvalov
2009, 2014) EERXAEDY 1 X34 - RESICEET BMonte CarlostBERAUVT. BLEREICLDIKAE
BOENZEREFICETE LUz, MEKICE > T IXRIADKE L U TEAERBBEOEEXEDIRE T SItEKE
BNIERELUIC. BOIEZTEDI(CEAL TIE. Shuvalov (2009)DIEIITEND DEFTILE ALz, TEXKED
B ApmeLTE BEEAISNTOSINZKEFTONREDY 7 I 2HmZEAL. E3RECEAL TE. X
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The evolutionary climatic track of the hypothetical Earth with different conditions of
central star and semi-major axis
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The climate of the Earth is affected strongly by the insolation from the Sun and also by the amount
of greenhouse gasses, especially C0,, in the atmosphere. The former depends on the mass and age of
the central star, and the semi-major axis of the planet, while the latter depends on the degassing
rate of C0,, which, in turn, depends on the thermal evolution of the planetary interiors. Thus, the
climate of the Earth may be controlled both by the evolution of the planetary interior and the
evolution of the host star. It is however unknown how the climate of planet could evolve if the
central star and semi-major axes are different from those of the Earth today. In this study, we
examine the climatic evolution of the Earth with different conditions of host stars and orbital
semi-major axes.

We use a one-dimensional energy balance model coupled with a carbon cycle model to estimate the
climate, a parameterized convection model coupled with a mantle degassing model to estimate the
evolution of the (0, degassing rate, and a standard evolution model of the Sun with a relationship
between mass and lifetime of main sequence stars to estimate the evolution of luminosity of the
central star.

We found that, while the climate of the Earth orbiting at the inner region of the habitable zone
(HZ) becomes hot owing to the increase in the luminosity of the central star, the climate of the
Earth orbiting at the outer region of the HZ becomes cold because the CO, degassing rate of the
Earth decreases with time. In particular, the Earth orbiting at the outer region of the HZ becomes
the snowball climate mode after 3 Gyr, irrespective of the mass of the central star. This timescale
depends mainly on the planetary parameters, such as the land fraction and land distribution. Thus,
the lifetime of the habitability of the planets orbiting at the outer region of HZ is controlled
largely by the evolution of the planetary interiors rather than the stellar evolution. This is
essentially because the greenhouse effect of (0, is necessary for the planets orbiting even in the
HZ to have a warm and wet climate.
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