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Standard accretion disk models suggest that the snow line in the solar nebula migrated interior to
the Earth's orbit in a late stage of nebula evolution. In this late stage, a significant amount of
ice could have been delivered to 1 AU from the outer regions of the disk in the form of mm to
dm-sized icy particles called "pebbles." This raises the question as to why the present Earth is so
depleted of water.

In this study, we quantify the amount of icy pebbles accreted by terrestrial embryos in a cooling
protoplanetary disk assuming that no mechanism halts the pebble flow outside the terrestrial planet
forming region. We use a simplified version of the coagulation equation to calculate the formation
and radial inward drift of icy pebbles in a protoplanetary disk. The pebble accretion cross section
of an embryo is calculated using analytic expressions presented by recent studies. We find that the
final mass and water content of terrestrial embryos strongly depends on the radial extent of the
gas disk, the strength of disk turbulence, and the time at which the snow lines arrives at 1 AU.
The disk's radial extent sets the lifetime of the pebble flow, while turbulence determines the
density of pebbles at the midplane where the embryos reside. We find that the final water mass
fraction of the embryos falls below that of the present Earth (0.023 wt%) only if the disk's radial
extent is 100 AU or less, turbulence is strong at 1 AU, and the snow line arrives at 1 AU later
than 2-4 Myr after disk formation. If the solar nebula extended to 300 AU, initially rocky embryos
would have evolved into icy planets of 1-10 Earth masses unless the snow-line migration was slow.
If the proto-Earth contained water of ~ 1 wt% as might be suggested by the density deficit of the
Earth's outer core, it would have been possible for the proto-Earth to form with weaker turbulence
and with earlier (> 0.5-2 Myr) snow-line migration.

Reference: Sato, T., Okuzumi, S., & Ida, S. 2016, A&A, in press (arXiv:1512.02414)

Figure: Time evolution of the mass and water fraction of an initially purely rocky embryo of the
initial mass of 0.1 Earth mass placed at 1 AU in a cooling protoplanetary disk with the outermost
radius of 100 AU. The curves show how the mass and water fraction evolve with time if the snow line
reaches 1 AU at different times (0.5, 1, 2, 3, 4, and 5 Myr from left to right) after disk
formation. The dashed and dotted lines mark the water fraction of 0.023 wt% (corresponding to the
current terrestrial value estimated from the ocean mass) and 1 wt% (a theoretical upper limit on
the primordial terrestrial value estimated from the mass deficit of the outer core), respectively.
The left, center, and right panels are for turbulence parameters of 10, 10, 1072, respectively.
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Two different processes have been proposed for the formation of planetesimals: mutual sticking of
dust aggregates, and the gravitational instability of the dust layer. The critical density of the
gravitational instability is hundreds times the gas density. However, the turbulent diffusion may
prevent dust particles to settle toward the midplane of the protoplanetary disk, and the condition
for the gravitational instability is difficult to be satisfied.

The streaming instability by Youdin & Goodman (2005) concentrates dust particles and boosts the
planetesimal formation. The streaming instability is very efficient to form dust clumps in the case
where dust particles have the stopping time on the order of the Keplerian orbital period
(meter-sized particles). However, the streaming instability grows very slowly for small dust
particles (1mm or less).

In this work, we carried out numerical simulations of motions of dust particles and gas in the
dust layer of a protoplanetary disk. We assume the axisymmetry with respect to the rotation axis of
the protoplanetary disk. We employ the local shearing-box approximation. We take account of the
radial tidal force as well as the vertical force due to the stellar gravity, the gas drag force
acting on dust particles and its back reaction. We include the effect of global pressure gradient
by adding radial force to dust particles. We omit the effects of magnetic fields and the
self-gravity.

We use the Athena code developed by Bai & Stone (2010) for numerical simulations. We report the
results over a wide range of parameters, and consider comprehensively the causes of the
instabilities in the dust layer of a protoplanetary disk.
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L—S—FERMEEEENICFHMATSICEZBME LT, STIWTILNBREERE L ERTZERNICN LT
DL—9—FERERZET O,

FNEREER | FEHRIZMEAO _BRBA IS LORFTAZO—RABHIHEAVT. XKBRE/ M
(~10, 18 mm) &/R=XNA (<7, 9, 16 mm) TEHR I NIZERILZEN(CRY H—RRX— N EEFEZES

B, DL —FERERBRZET O, KELHEI. SREMEH - 6 kn/sEREMEHKTI - 224 m/sTH D, T
L—S—BREFSEL - -5t (KeyenceBLI-V) TEHAILZ, F/e. Quarter-spaceEER&ETL\. BF
AXS (NACEQIv) TIRELO L -9 —FEREZE&HRRL .

SR BN | ERNERRIFY 17 RO L —59 —FERICBREVETNE. UL —9 —FERMEIHE ERERICK
BEFTHD. LK. JL—F—RaBELTEILKHASNZIIXT -V VT4 HRTDE. BRE (4
km/s) TEOL—=9 =Y 1 X(EWFERINDI O L —I -1 X LRARBRETHIN. BEE (<4 kn/s) T

& WEROBEXDINSHEIOL—5—HERLUIZ,. CNISBRAFERIRBUERYT 2 T RILF—NRD
L—S—BEIOIRIF—(CHRTEBTETHLVZHIEEEZS5ND, Quarter-spaceRBNBERNS D
L—5—FERICHVT. EEMIADERRFDBIREE & BEOMEREMIIEEIERE(CH(ToNDCEMD
oz, BN FREREEBREICKTLERFEERITITN HHEEEWEAKDOIRSEVELTUVDEE
Zo5Nt, BRBERERIX. AREBECEHERICOBEL. EZERFCHEN CENRIFDESHERZ R
EU. BRI —T v RCNITBIFHLVWIOL—I—RIEBRLUz, kD, ENRFE#IY 1 L&
ZBRE(ICIHU T, HL—F5F Y17 X=ZBBEEDI_ENRTET S,
INBENDEEBREADKEE 7 ~N0 (BRFIRFE2 m) ZHlicE>T. ILLWXT—DUVITD

L= -SRI ZzBBEEd L. SLZER nkDINSHBERERETI L —5F —FERBEROETRESN, BER
mM0.1 mXiE (BERAFATEICEIBEINGV) OBRABETHIEFEAE T L —F—HERTNLEV ERDH
Do REMEIZIEMEVRCE. BICTEDIOL—F—Y 17 XD1/5BEICED, —BT. 1 n&DKSILEY
ZADBEAREZETIE. WICFERINDIDEREBENDD L—5—0FEIND, KIEOBRAUFATE(CHIEIN
BBEICFEF—KWEDIL—F -1 XLXDEHEBREL. BIERINEZIIL—5 -1 X(EV, EHIERE
MWERKRTHDIETDE. JL—5 Y1 INSERERICKDXEDHREEEEBIX CREID1ITD
SEZERBBETDICENTET D, EBREBERLD. —WEDKMEK(CEER, STIV/IITILKEEEURBOEREE Z
(FRELTE. KELETL—F—HEBRIN. LDOZLDEEZIBKRIDCERMDMN DI, INSHEX1 IR
MNERE (< 10 km) ODFRITERBIR(CK D> TROSNBIEENLDHLDERVDHERFRO>THDI[5]. /)
THREREDBECRONBZCEETREBLTUS, INSTHNBREDZIMSTIVITIVKETHBDET S

& ERFEREO L -5 —EEINNSIHNBREDY ¥ A HERENISRELTCLWBCEERERI B NELN
&0\

[1] Pravec and Harris, Icarus 148, 12-20 (2000); Britt et al., Asteroids III, 485-500 (2002);
Fujiwara et al., Science 312, 1330-1334 (2006); [2] Kobayashi and Tanaka, Icarus 206, 735-746
(2010) [3] Gittler et al., Icarus 220, 1040-1049 (2012); Holsapple and Housen, 46" LPSC, #2538
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(2014) [4] Holsapple, Annu. Rev. EPS 21, 333-373 (1993) [5] Gladman et al., Icarus 202, 104-118
(2009)

F—O—R [ NRE. EREER. OL—5—

Keywords: Asteroids, Impact experiments, Crater
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L3OV XBEEEER L TR ZLE T SEEMERECBET 5 RBRIAR
Experimental study on propagation process of impact-induced seismic wave in quartz sand
simulating asteroid regolith layer

g —E\ ®) BE. ® d5H. BF 9K Al B
*Kazuma Matsue', Masahiko Arakawa', Minami Yasui', Shota Takano', Sunao Hasegawa’

1. P KZEXZHREBZAFERL 2. FHENZMEHR
1.Graduate School of Science, Kobe University, 2.Institutes of Space and Astronautical Science,
JAXA

FUsIC

INRENDRKHEIE. CNITOREEICL D TRILI—ZETHRIETERIN LI XBTEONTLSCE
MEASHEE D> TEz, LU XBTEONINREDREMFE(E. RIAEFEZE(C K > THRET SIREN(TEZRIE
IRE) ICLBMEENMEZERINSZEEDONTLS, LML, EEmiEEiREICER U ERIIRTE(E L
<. ZOEBRETRSNTUL D, BAENTTRY N—RX—+#AZEROTAERENICEREFZEE
BRETL. EEMERSOER - BEERCDOVTHARNTET (IS M, EBEKRKR2015), . 2015FEHS
[FFERIZAEFRORE _BRXNBELNIRICEOVTHRDECKD. BRAEBEOEBINERNTEDLDIC
oz ECT. BEDOERLDIBERIMDBNERAVTERES L—F—ERERETUVI L —5 —EBBED
Bl CE(ICEEMBIREZEHEILUIZ, CNEITOHORBBREER(C. EEMERICLBIMEZBERICEE
EILB " IRERE & Z DIEREBEXR" RO " EERADEESN T RIVF—NREI T RILF —(CEBRINDET"(C DL
TRz, T5IC. BERREVHNBEZLS B EEERRETL.. AERENICHTDIOL—5—Y
1D XT—LRIOBEREZET O I,

=S5 iy

HEERER(L. MR AZOMBE—RNB N IAHEFHRZMEROMBE _BRABAXHERLTIT DIz, #HHLIC
[FER4L. TmDRY N—RRX—EREBAVNTHD. ZOHENED.2-6.9kn/sOERETCERIE L, . BR
ImMDBEDRILBTEEDIK(HS R, PIV=. FAY, JIWAZ7. SUS. . IVTRFUh—/\+ k)€
RNEUTHRAL. 20 4, 5km/sORETEES Bz, ERERHI (FFIRZR00umD AR ZRE\C, ENRE
(ClE. MERESH(EBRERRES.47pC/sm?, IDEERE:0.5Hz-10kHz) &, BEANSDAIBEL(LSETRE

L. EEmMEREOINREEEHAI Uz, EREICEIL—TF B TOHL—S—TOT 77 ILEBS L TEE
DL—8—DOFARZERTZ,

ERER

DL—5—FIRE. RUAD—RR—+EATE. ERREEZX CERREEILLEMN D2, — A BUEE
EBZII5EG. BABERKS LI ELDZFEVWIL—5— (BERICTHUTOESTRKEDEVNFEIR) BREMRS
Nize COCENDS. DL—F—DEFRERIL(d/D)FBIC—ETIFEL . BEREDEEICLO>TELLITDCL
MEASHEE Sz —A. L= -1 X(EnRT =Y VJRITRI CEMTE. AAERTESNIED
L—5 -1 XCNTBIERBRNE. THhole, ARMWENTENR L CINEREREE. EERHNSDIERE(IC
KODTEWBT B ERDM Dz, THENE. EEMAFECTIE. MEEFREIFERKEETH DN, —EHERL L
EL LD ERBEIREFEFE(CEILT D ERDN O, Fe. IIEERFEDRAMEIL. ERERELHNZE(CH
MOSTFEMRINCEI L —9 —$RBCTRIBIESNEZERBR TR -V IJTB3CENRTETH D EMRD
oz ARAETEOSNIZINEERENERINE. THDo

5. HAILIIEEREER(CEILOES: IRIVF—HAAERBORE I RILF—(CHBEINEEER
Bt oz, BEMEIRSDIRI T RILF—(E. sinfE TEFT IV U EEEO—RBEED HNER L Iz 8 0ES T X
WWF—&Ule, Tl RBTRILF—(FEERNSDEREICIDB{LT D ERFhO>ElZH. JL—5—1)
LDMBTHEELR Uz, ZORBER. AEMWENTOI RILF —ZIEFHE(I8.1x10° L DT, Yasui et
al., 2015 CEHINEHSIE—XERTEBSNIZIEG. X107 K D—HTNSIHEE LD e,
AAEDBREAVNT. XEEFEE(ICKDIMKRANENT IEEBZEETENCRBEE Oz, )TI T OIHEREICK
BZ6. 2)EEMEIRECLDZEL. D DICRFTTHEANAZLT DEBEHELIZrI T O THEBICLDE
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FOMKRADEEEL. « IL—F—TOT7AIEATI I IIREICETZIXT—) VY TRINSKD
2o TOHER. L —5 —¥BOPERE(CRSICEMDMN e, —T73. ERERBICLIENE. T
L—5—FD2MEDERAEILD . EAHNNST OWKAETREKLDLERDOERDOMENRIET SAREEND D
cCERD o,

F—O—R:OL—5— LOUXE. EEmMERE

Keywords: crater, regolith layer, seismic shaking
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BEERLOFEOEEITR: 58D S DEERBIEY
Impact-driven flow-field: Hypervelocity material ejection from the interference zone

*EZ HT. AR M XM e

*Kosuke Kurosawa', Takaya Okamoto', Hidenori Genda’

1. FEIEXRE REFREMRETYS—. 2. BERIEKXRF MEKERIATER
1.Planetary Exploration Research Center, Chiba Institute of Technology, 2.Earth-Life Science
Institute, Tokyo Institute of Technology

XEEEFREERBYISEZREY - EL, MEOBREESIETHRT. KEEEAREREBNDH 5L\ TXKIAH
DOYIEEX(CRIZ UZREIZE RS 26, ERMN(CTERNVICEERREYORE - EB2/RE KoHDHATMERA
(CTONTEE. BICHREYOEED KA E HHBDEROHREMICDOVTIERT = Y IBERRNEIIIN
L<AVSNTUVSD. ECANRERMEFEND, EMNREMENSBHINDIEZERDICDOVTIEHETD &LL<
BREINTUEL. BREDOERRHEADIERCHHDIEEINST UV, BFDEBRINTILEMNDZC
ERBAREZEBOND. LML, BERICLSIREM, RE-FEM, AEROYEREY, MEMEKREXRTD
MEFREVSEMEICEDEESETDE, ERINIRRNRECDVTOEBARE(ICEDTHDS. C
NEMEVRFEZEEICROE I 260, HDVEENMBCL > TYERBRLIZD I BHICE, HDEE
EBXIRENUEBEZNSTHS.

B - ENREMDED S OEEEHIE R SEROREEE, (HERKEMENABALTOVRPTEET
SEERKICK > TREIRNRESM IND 26, VWD BIRFABZERVSCEMTELLCE, (2)BARKXAINS
HEITIHRZBRNEERETHL, BEERNG(CNE"THER" ELN)EERT DL, (3)IFEFIRR
DIZHEERHICERL CENTETEVC ETHSD. Melosh (1984)(FAIERALT, “FHEE" DEHF L EE
ERENMMICKOTULDN, BERHNSERFEREENERUAGICEI THRREENMETSIDEBRTH D &R
RTW3.

Z C CEAR(FISALE shock physics codeZFHLT, BERLAFEORNBERIRIEL, ERH S DREBHIRE
ERDDEBHZERIRLE. UTICHERGZZEND. SHISEEOEHEEFEODHERDS. SHAEREIZR(E
TRTTARREEEE Uz, BERACENFEEICTEMETH D EREL, MIET STillotson EOSERALZ. EZE
RERFFEEL10 kmE LD, MERERUVUENEZSEL CUOLELVOT, BYULREBEERE(SHERBREY
1 ATKEF L. ERRE(IANENDHENEZZRERZEDN12 kn/s& L. ENOSERT(CEIRI 7 & iF
AL, BEEITYFICHITBRME, £H, IXRIVF—ZEZRLUL. EERENENICEAT DZHDRHE
BRENDS L Z1.5 BICHBT DERIWEEI TICHESINIZEBIRIFICDWTEFESEMBLZ.

FLREEE - BRREDAD S OBIFRIF (L, Melosh (1984) CREMMIICHEESINZEDEEMMICIE LB
EEFERURZ. BICEELDIERREE - ERNREMDEDEBIM 7 (CFEERNIEHRAANS, FEK
REFANSARTZIRTHSD. BERKICL > THEAAICIRSINGZE, FEKICK D TLEANELSIMR
215, EERMBICKL D> TRAFNICEX SNTZABBIRILF—(F EANDOEEB T RILF—(CEBEINTL)
3. COEEFTMEEE (FRankine-HugoniotBRTMNSKH SN ERKEEE(CHIE T DR FRED 2 BN LR
EED. BUBERGEZRVDCET, AEREFERATESIBIBETE, HIEMICHITIRFIERT
DRAFBRBEENBEIDCENTES. SONEREXEICH TIREMEREIE~5.5 kn/sTEHERENDH L7
N Tholz. SODFERERHETS kn/sZEBX IMEREERFIYETRXERENL PaZBXTHD, €
DNEEFEBEXAEN~0.1 EETHh oz, BEHXRANSSEREOK FNAENEBI DR FREESTHEDS
NBDCEEBRBLURRN, BUERECLDREUNEHRTET THE ST, BLIBFAUNETHSD.
SBIIERATSERRM(CN U THBEREEZ XML, TAHEENSDEERREMIC DOV TORE-BEBEKRN
ERS3FETHD.

i

iSALE 0> B & & Td B Gareth Collins, Kai Winnemann, Boris Ivanov, H. Jay Melosh, Dirk
ElbeshausenDFKICEHBL X T .
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F—O—F RIAMER. FEREEY. KERA

Keywords: Hypervelocity impacts, Impact ejecta, Martian meteorite
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EBHICHITBIREVY Y RILADKD I
Water Partitioning into the Martian Mantle during Accretion of Mars

Bk KR BA £

*Hiroaki Saito', Kiyoshi Kuramoto'

1.6EERFEXZREERFHEFER
1.Department of Cosmosciences, Graduate School of Sciences, Hokkaido University

ENOANEBADAAERNS, FHHDOANEVY Y LIVIEKENDK (BET80 ~ 2870 ppm) ZHFEBL TUL\ZATEE
MEHRNRIBEIN TS (McCubbin et al., 2012). COEEMEIREDMIRDEFEE (1.4x10° kg) D H&LZ
0.3~1BICHHYTD. KETRETIL—rFTORZORPEIENDEEEZSNTULDZ6, REBOKIGERH
[CERSTNEAEMENREL. EBRICKEDKEARTICEHDIATEEO—DEL T, EBEIXRILT—RIA
KRDIFEBENRICK D> TERT DARBRELVIVA -+ U KBKDOIRNNZEFSND. ULHULENRSERS
[CZEDKSENVIVA =T v IRESERINDSIDIDNE, CNFETHDECSLLSDMNDTLKL.
ITFEOBRAFRZCLDE, KEFE Myr TEBET T LICOBEMMREL) (Dauphas and Pourmand, 2011: Tang
and Dauphas, 2013). COC &L (FRIBABREEF TAENERBRNETLRCEERELTWVS. —AT, R
IMAKERAY T IBULIEES L, HMBRENS HO E(FUSHE T BERERP RN X T DO (C+DHERRE
BRESND. COCENS, RIBANERFEEAXSIUBRAIBDORENSHED, LWHDDBERBFEIBAR
EERLUIZEFEIND.

ZITEHAI R REEETIVEBEL, EREFRIBAIOBMIEE ICDVWTHANz. CCTRER
POEEHIEBROTEMEREL, HHUBICH (FRHEEH X E%~6.9 x 107 Pa (Kusaka et al.,
1970), RNEEHXEEEHMED 1/10" & BFEWKEEEEMNENBMEICHY) SREL, BEHIEDK
FHCDOVWTHRAN . EBBRIBEAERZERNNL- 6 yr&ed3. IRAEMRMEZ, —BPETIL
(Wanke and Dreibus, 1988) ZEMA L, EBHRUVE(CEHFBCAL(ITY RS 1 MRYIE?%, ERUEVIE(CHG
BUBTHHEI Y RS+ MRYESSDRENE TS . B XD OMERISERINBICLDECBITRIGEY
IVEETBHBEDNETHEICLDREIND. BAXBDETBARESLS, TNDLEC(FHITIHERCSUVT
FIRABREE(CERT BKEAUILRKIHNEET D. BRANEOREICDONIZEREBAIOELE BIENC
KAZER, EBBEACPEEHENBEART —ILICELST, EBEOEBECITEEELRBAINERS
N, CNICHWKBBEYIOVA - URELCD e o e, EEAXOEBRZRELCIHES, RIAX
EESENRAED 0.3 BUEICRERTD L, HREREMAELGOVY ISR 1500 K X, BT 7ERE T
FESEE 2000bar ZBxD. —/, SERLEEFREEELCES, KABENREGAEDV IS EBRIET
DSEBNEEENEREEDN0.6 FZELTHSICHES. LHLIOBEEERRT TR COMKRESER
800bar 82 3%. VOVA—I v VICHEINBKDOEIL 9.6x10%g%E LEIB EHESN, COHERE(Li
BCEFEESZED ~0.7 BICHEYUTD. CNETICRRZEAZREHLEEBENEEZISND.

F—DO—RFBAKE. VIVA—Ivr Y, KICBARYY I
Keywords: Early Mars, Magma Ocean, Wet mantle
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EHYEESNEHIBEDARIAKBROZHFIE -- AFFOERFHE (T SKFE
Diversity of atmospheric circulations of tidally locked gas giant planets -- dependence on
the incident radiation strength

ML B, &% BE. 18 BN M #N’

*Shin-ichi Takehiro', Yoshiyuki 0. Takahashi?, Kensuke Nakajima®, Yoshi-Yuki Hayashi’

1. REKZEIRETATA, 2. HRE X PEZARRMIKRERZERL 3. UNKZR 2 RIEA AR E
RIZERR

1.Research Institute for Mathematical Sciences, Kyoto University, 2.Department of Earth and
Planetary Sciences, Kobe University, 3.Department of Earth and Planetary Sciences, Kyushu
University

IEEDEREBRDURENALICEDZLDARBRARENRKRINDILSICEOD>TETTVSD. EZNSHRAK
EOEMCE, RLERICHAYBRESNEICRACEZFRLEICAITTUDEEXISNTUVD N IRENRSHER
LTUWB(RY ~TaEs—). COLSBAIBEOAKBRENDYZ 10— av(g, MEREREOAKARE
BEFIVESEILEL TAONTETHD, B5NTUIATKBEERES I /FRE T\ R (FEBEE ) S
HBHTHD. ULHULERS, FEBOEREDAKSBERNMEIRITIREAR/ISAI—(CDVTIFER LA
SNTULHEL. ECT, AARIBREAZT/ISAI—ESTFIFCBILS B KEABEOBIEREETOT
FREBREREOHEREZEERVEL, BABEINE N IBENDASIABEIEOZHFMEERS =N
E93. SOAIARNPLERFREEZLIETARIABENRILERANS.
BUL3ETIVIEHEKRIAEMERIOREAXK[KBERETT /U DPAMS THD. S1FAMICEKEIMZERE L
2 3 RGTIV=ZT 1+ JRICAHTHERRE E RERRZERITIT SO0 2 NV ROMFEREZEALTULS.
ABFOERHNEECHKRAZRICBS L TUVS. SAEEETENSDARFEL. BREXKERHEDO(T3/3
SAS —(FRANZRE HD209458b DEER—X(CL, ARFOERGFEES HD209458b DEHSELSTET,
WERBEESETS. ANTLERGREM HD209458b DE(10° W/m') DIFAIC(E, BMUFREBOEEHRI T v~
REBL, 1 KRELRILETELTUS. ARFLEREEEZEFIOH T ICDONT, FEI T v HEFEED
FEHOTUVL,. ZUTAHARDERFBEEZ 10° Wi’ (CETTFIF3E, FEI v ~IOEERAmCHE
T, BREOLNEERAAANIY TV AAREHBTS. COFICRULESINE, BABEEI N IREDvE
BITIT Y EORIABEL I —LAF, CNFETITRESNTUVEHREIELSY T v ~DAKKEERC (SR
FEDTHD.

F-—O—R:RybkIJaEH— HREI TV FREBEER
Keywords: Hot Jupiter, Equatorial jets, Equatorial superrotation
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RANBEDHDEMYNIEE T ILOREF | HERE RKENZEE A& 0\ o L MAREE
A New Microphysical Model for Exoplanetary Clouds: Testing against the Observations of
Terrestrial and Jovian Clouds.

*KE FME'. BT B

*Kazumasa Ohno', Satoshi Okuzumi'

1 RRIEXZFAFRETARERMMIRNERFER
1.Department of Earth and Planetary Science, Graduate School of Science and Technology, Tokyo
Institute of Technology

HEEDRS VI Y RERAIICED. KRDFORIRERFLIEVBEBIRD RIVER DENRENERHKEIN
TETCUVDBe CHOERIIFEBIRD RIVEEDRAKEE. PFEDEVARK[ERTEO>TULBN. ELLIEEE
(CHZHCEVEERT > TULBIHNDUVWTFNHATHDE—MRICHERIND, ZNETNORAREICTILTESES
DERREIDZUTHDINEASNCTIEMHICE. BENLEETIVAREBETH D, ERORANREEET
WWIE. ERFOER - BRROBYIEE DBEENBESHNTHEUARE/ISA—TI—ZFATHD. Tz, ERFD
FESARERBRICEDOVTERL TULEL,

BAEKRKLBICHZNICBEVENER SINDIREERRDHIC. EEROBYNIECEDVZEETIVER
FKUTEC (BERZRWISEMESERS) . RRDEFIIERFORME. EEHACLZIBEESE
L. BRFNY 17X HBEDHENHEARLERE - EAXDESR ERERZOBBEDBEHELT
RET D,

EFILOEYEZERIET D20, HEKOKEBEERED 7 VEZTFPEOERANE ETIVGTEOLREIT o1z, HHIEK
DBE. BRDETIVEHEROFING LRRE., BEZBEE. MROBEEREIT D ET. Z0HER
SNEERTFOEERE. HEEBDIED M. BESRANSTHEONEAZNEFEBRI SRS
hofe. TRABNIBE. LEEE.2-2 n/s& FEIRMBE-5x10' M ERET BT & T EHRNERIC
KD THEOSNLEERFDEMER. KENEH. EOXKAZNEHFNARFICBRINZICEADM Oz, CC
TIRELZLERE EREZEZEIL. AU LA TO-TIC LD ZDIFEA. HTOLRTENRAEDGRE
BENTH D,

F-O—R FABE. B

Keywords: exoplanet, cloud
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REBBREDEERGICET ZARABRET ILEER
A numerical experiment on occurrence condition of the runaway greenhouse state with a
atmospheric general circulation model

A R W% R B 800 B 5% ML 2. K #n'
*Masaki Ishiwatari', Satoshi Noda?, Kensuke Nakajima®, Yoshiyuki 0. Takahashi®, Shin-ichi Takehiro®
, Yoshi-Yuki Hayashi’

1. ACEERFEXLREZRFEEZER, 2. REREAZR BREAERL 3. UNKERZ IR bRk
ERFER. 4. HEREXZREZARERL 5. REKFHORRETA A

1.Faculty of Science, Hokkaido University, 2.Graduate School of Science, Kyoto University,
3.Department of Earth and Planetary Sciences,Flculty of Sciences,Kyushu University, 4.Graduate
School of Science, Kobe University, 5.Research Institute for Mathematical Sciences, Kyoto
University

RABRETCOEMEREAEMZERBEICEST, REREB(ICH TIREODKOEAERGICET IHER/NTLEONT
W3 (FIXIE, Kasting et al., 1993). ZOHDEFEFT—VD 1 DABRERERBORERGICETIER
THhd. FERRKEL(G, RAITBAFAEITIXREDEELIARICEVT, ARISYIIMRKRRICELDT
FHHAIRES RN E LRRIE (SHRFR) Z £OD, BN AIE L X< EBIRETH S (Nakajima et
al., 1992). SBEFEQOKRK[ARBERET IV (AGM) ZAVZEHAR T, KRBEROMRPLED 7 LA RMRBRE
BEREOARERGICEBEETDEZAINTLISD (Leconte et al., 2013; Yang et al., 2013; Wolf and
Toon, 2015 L&), chcHL T, BAE, BEREREOHEERGIERFEHARIRINE NTRABFERK
BZLOSCETHBHEFRLTUVS. COFEEENDDILCH, KQRABRETILVERAVCEERRZTL
V), HEkEEELCBEHED N, AROEXEEZEEL AR MESIEBEDZENENICICDOVTRBER
DEMCNT DETIAKDEAZERNz. AOWEETIVECNTTEADBEEES > TTRRRKBER
EZJU DCPAM5 (http://www.gfd-dennou.org/library/dcpam) THD. T ITTU w R T —JLOYIEREREE
[UREDBE CTEENL/ S A —FILOBEZEAVTERIET S. BKEE, £/ - BR - ELRILE - BB (8K
S(CHAIL, HBEREEZ/ISXA—FELTEX3) 2ZRULCKARESEINERS CE(CIDKHS. ik
HIZETHLEN 0 DBMTHIERET SD. M RBROBR, AR BIKETHIHNEDN - EOEHE - B
DHICLDST, KBEBNMBEALUCBSICRERNOKFERENNS Lo, EDBETE, TABHER
KEZE ZIKFEHEFBRINENER 3 EBERERENELET DL OTH D . FAMPRKEFIRDEFECIGU
TELEBIINEE, BEBERENRELETINENERET SEBEEEFLBETH D ENTREINE.

F—U—F RERENRE. INZBE. HHRA. KRABRET L. £mrErgel

Keywords: runaway greenhouse state, exoplanet, radiation limit, atmospheric general circulation
model, habitability
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EEAARICENSTRBRASENRLES —DNDAKIEIE

Two humidity regimes of stratosphere on a moist atmosphere

AP FE. FLEE U&—UL BAR £ BF 5% BE BB B/ BA. M &0
*Masanori Onishi', George HASHIMOTO’, Kiyoshi Kuramoto®, Yoshiyuki 0. Takahashi', Masaki Ishiwatari’®

, Yasuto TAKAHASHI®, Yoshi-Yuki Hayashi'
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. FUsIC
/\t’S’jjbv YORBARERE, BERERRCKBRBERTHES(IS5N, Kasting et al. (1993),
Kopparapu et al. (2013) [FTURTET IV EAVWTERERERR, KEXERRZHELL. CNSDOETHERL
REARICLIBREBBRENDRBE D ESZE(C 200k FEEREBBZREL TLBM, KIBXRFRDEIL cold
trap OBE(CKEEASINS . Kasting et al. (2015) [FTRTHEIRFEEETILERUVT, N, €0,, HO
EARICEDRENRETOD 77 ILEHELRZ. ZOER, HEG/N\ESTILY —VDHEICIIHRER DR
EB%& 150K EIRFTE®ERL TLID. F/z Leconte et al. (2013), Wolf & Toon (2015) (F3RITTETILEH
WCEEZOT 7 rVEEtEL, BEE 140~150K BECHESINL. CNSOEFIVE kDREZERVT
HD, NEBBRERKREBASKESE(CLIZ 200K KDEELBBEESNLEDE, FEREBEBDIRICLD.
(Leconte et al. (2013))Arking & Grossman (1972) (FEEEHLIRIGHEDIRIGRER DOASEE X, BT
HWHDIARINDBEEZHELL. ZORBRKRBAKICHER, ERBRKRTEILEEODRERATREICEERLE.
TS (TEBC KL DIRBEBDEZVAAEZTVEE LZEOBEFET L, Lorentz EEDIBE, ABIMEMNL(F
L, £ = 0 PaIBIRT, JREIE 0 KELDERNTUS. CORBRIF, EADBEVKKDEEDHEEIC
(&, SEEICKLBRNEBDZVEBEE(CIKRONENRGHDCEERLTLS. Kasting et al. (2015) 7KE THE
ESNERETOI77ILTE, BREOEADZE, MREBEICK DT 1000Pa ~ 1Pa [MACEEINTH
D, REOHERE LR L THVEDEVWENDCBRAMNENS. — A TENSDETHEFMERET ILEILRL
EHMHETILERVWTSED, BUENOBREIOBEMNEL SFHMTE TOVSIIMRETORMENG S . AHAKT
(F BEVENOEREEEZEET B, IRINKEBDORBCENEVE+DRIETET S line-by-line
HEFTIVCEDEBEREEE (cold trap) EHEIT DI EEHNETS.
2. EFI
AKEFILTIE, RIMEE(C voigt EEZEIRE LTz, voigt ETI(E, INEEMER TEENLRD, KREEE
TIIRYTFS—LEMDICKDIRIHRIBHNRE D726, INREGEE CIRIIRIBOE IKEMERKE ). DFE D/
REMEEFE, BETERIMRENE LD, BORELABRKROOSNS. AETILOREIEEEL, 0
-3000 cm” T 107 cm™, 3000 cm” U ET 107 " THB. LHNULI DK SHEBHBOBERRETILTD
RERFEEABREEH L UVVze, REBBIIEENDREO7 7 7ILEREL, REBEREZZ(LIEBIHEED
BREOHNNALOEHNSBREMBEZHETSD. ARIETEBE (lhar) EXABRRESH, WHRETEEIM,
BEBOKREZESLE—EE I3, RINKERE(E HITRAN2008, MT_CKD ERIRIRETIILERWLTH D, W
{EE(E27EML (Toon et al. (1989)) #FHUVTEIET 3.
3. BmR
HEORR, MREEEICKLOT, 2D0BRAL I -—LNRKRIT S ENRESINC. EEBEREIE 120K i2
ETHD, COETHEBEAKRIESHIIIERINST V. —AREREN 345K BEEBX 3 = EEAH
NFEL, REBEBOREHIEIE<ES. AMETEEEFREM20K EETHRLIDEBEHEEINZCENER
(&, FTITHEDOKBEEREDORE, €ELUEETHAETESEINTLS (0, DEENEZSNS.

F—O—R I KBERAR. BEHBERE. /\E5TILY - KOBGERRA

Keywords: moist atmosphere, radiative property, habitable zone, water loss limit
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Search for Earth-like planets around late-M dwarf stars using the infrared Doppler
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BR(F. TEBEEFEARBRAZREREREBIRD (Infrared Doppler instrument) ZHU\T. BHANRVERE%
NET DHBRBREDFEREETE L TL\S, IRDE. FTEDIEEHCIDMNFTDCEERIBICREEESHTULD
XXERHOERMEESDEAINBTH D MEREILEBOISRERE(CK > OERIMNRRGEERE R
FEERERELU. RYTS—ETHRERRZOREE T IRETH D, AstHEHIT. ARMREATORIGREEE
BIEETAEE T BIRDE T (XD EEBOOROEBAMEENL T, MOBRARBETIECNT CRES > K
MVBREDR Y IS —ERICLDEFHLRNBREFREZRTIDCEEBMNELTUL S, MURENTTEER
EHNDBEETHIBHNREDED TER>/N\ESTILY —UREEIGEWV . In/sDIERISRERIEREE HE
BRTENENESTIVY— V(BT SMIKEERENRENHERE MEEMN/LERRAIRRAIC CERIRAIgEE S
Do TN, COBEBERTIF. CNFTORYITIS—ETCOREBERICEVTIFEAEDIN>TULL
WORNESTIVY—VICUET SMREENREETZHER L. /\E5 TIVHIBKEIREDKEHEE(C DUV T
TBZCENRTED, Flo. HIREEULOLVEEL VINKEICN U TREREEF Iz —R1&E&T
TDICENAREEED, FARE. KBRE., T XBEESUREROTIFNLIERERITT S,
IRD(F2016FEE(CIET 7 — A S hEMZ. 2017TENSKIBNLEY — R EAERIRT 3 FETCH Do DK
EFERTE. FEB3EEFEE2017TELROSER TIT0HNEAREMEL. TEBLY Y TILEL DT a v TREA
E100EDHREANEVREE Y — R T BB TH Do In/sDBIRREAEREEEER CTETNIE.,. BESHRY
Sa1L—Y3aVERICULERENSA—THETEIEEBEOEU T I 1—-ILILEEER L EIREMNLER
BY=aL—2Y3avERVNT. BREXRHOEGEE RBE3 L. Y—RrHERNIC 1HEKEENDKREMN30E
BE. \EFTIWY—VICNUBT SMKBEXREMMERE TSI EADNDE, Te. TNSOREFHE
AEEGEVDTRS Y I w MECTAEEMAS <. TIEDEEEPIIEOMT GnEEE) £HVERSY
T R PEERED D 2 0—7 v TERIC KL > TREDRFEIS (TAAAIEEL Y VIV ERHTET 3 L s
Nd. ARFETE. BAGBEEY—RAYUT)b. REBEOEBIKRZRET L. 1 - —JFIRDXRERRMNT
BBEITBIFULLWI A I YR ERAREBRAEICER D1 VIRTRCDVWTERT 3.

F—O— R HIEREVRE. BHEAMBYRE. ARA R Y TS
Keywords: Earth-like planets, late-M dwarf stars, Infrared Doppler observation
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Constraints on atmospheric pressure on early Mars inferred from nitrogen and argon
isotopes
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Geomorphological evidence such as valley networks and deltas on Mars requires repeated episodes of
liquid water runoff in the Noachian period. A dense atmosphere possibly caused water-ice being
transported to the highlands. Fluvial terrains can be created by episodic melting events of ice
under such conditions [1]. The dense atmosphere was lost from Mars, but the mechanism and timing
are poorly constrained.

We constructed a one-box atmosphere-hydrosphere model with multiple species (CO,, N,, H,0, and noble
gases). We calculated the evolution of the volume and isotopic composition of the Martian
atmosphere taking into consideration several processes, including impacts of asteroids and comets,
atmospheric escape induced by solar radiation and wind, volcanic degassing, and a gas emission from
interplanetary dust particles. A threshold for the atmospheric collapse (0.3 bar) was assumed
following recent 3D global-circulation-model simulations [e.g., 2]. Comparing our results with
nitrogen and argon isotopic compositions at 4.1 Ga recorded in Allan Hills (ALH) 84001 provided a
lower limit of the atmospheric pressure on early Mars.

Since impacts mainly contribute to the evolution of atmosphere during the late accretion at 3.5-4.5
Gyr ago, the atmospheric pressure evolved stochastically for the first ~1 billion years. The
atmospheric evolution depends on the volatile abundances in the impactors. In cases where
relatively volatile-poor impactors were assumed, the impact erosion prevailed over the injection of
volatiles and the atmospheric collapse occurs during this period.

Whereas the nitrogen ("N/™N) and argon (**Ar/**Ar) isotopic ratios kept unfractionated values

before the collapse, they increased stochastically after the collapse. Impacts of asteroids and
comets in a thinner atmosphere increased abundances of nitrogen and argon. It resulted in higher
escape rates of these species and subsequently increased their isotope ratios. The cases of a
moderately dense atmosphere (> 0.3 bar) at 4.1 Ga are consistent with unfractionated nitrogen and
argon isotope ratios recorded in ALH 84001 [3]. This lower limit of the atmospheric pressure is
valid regardless of the presence/absence of the Martian magnetic dynamo at 4.1 Ga because the
atmospheric nitrogen was removed by photochemical escape driven by solar radiation.

The reported data on the trapped-nitrogen-isotope composition of ALH 84001 are highly scattered (~7
per mil to >200 per mil) in the literature. Identification of the actual nitrogen isotope ratio at
4.1 Ga would help to constrain the evolution of the Martian atmosphere.

Our results provided a lower limit of the atmospheric pressure at 4.1 Ga. If we combine our results
with other constraints on the atmospheric pressure on early Mars [4], a moderately dense atmosphere
(~0.1-1 bar) was suggested. We suggest that the moderately dense atmosphere was lost after 4.1 Ga
by the impact erosion and the escape induced by solar radiation and wind.

[1] Wordswort, R. et al. (2013) Icarus, 222, 1-19. [2] Forget, F. et al. (2013) Icarus, 222, 81-99.

[3] Mathew, K. J. & Marti, K. (2001) J. Geophys. Res., 106, E1, 1401-1422. [4] Kite, E. S. et al.
(2014) Nature Geosci., 7, 335-339.
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Shooting star formation in a laboratory experiment

TR B2 #N BEA it

*Hiroki Senshu', Kosuke Kurosawa', Takaya Okamoto'

1. FREIEXZREREMEL Y5 —
1.Planetary Exploration Research Center, Chiba Institute of Technology

A shooting star is caused by an entry of a cosmic dust particle into the planetary atmosphere. The
light from the shooting star composed of thermal emission and emission lines from the gas in from
of the dust particle and the vapor from the dust particle. It means that the physical and chemical
condition of the dust particle can be estimated from a photometric and/or spectroscopic
observations. However a shooting star is a sporadic and un-controled event, and thus the relation
between the physical and chemical condition and the resulting spectroscopic observation is
estimated by empirical equations.

We are constructing a laboratory experimental system to simulate shooting stars by using a
two-stage light gas gun at Planetary Exploration Research Center (PERC), Chiba Instiute of
Technology, Japan. This gun shoots a projectile with size of 2 mm into a observational chamber
filled with gas. The light from the projectile is observed by high-speed camera with 1 Mfps and its
spectrum is taken by spectrometer simultaneously.

We carried out a series of experiments using the system with a variety of projectile composition.
The specific spectra relating to the projectile component were confirmed as a function of the
location from the projectile (during head-neck-tail structure). We will give the experimental
results and discuss the chemical and physical status of shooting star.

F—O—R I RE. EE 9%
Keywords: shooting star, impact, spectroscopy
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Shock remanent magnetization measurement using the superconducting quantum interference
device microscope
Shock remanent magnetization measurement using the superconducting quantum interference
device microscope
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Knowledge of the evolution of magnetic field intensity is key to understanding the past evolution
of planets. However, magnetic field paleointensity data of terrestrial planets such as Mars and
Moon have been poorly obtained because of the lack of appropriate rock samples. To address the
problem, we focus on shock remanent magnetization (SRM). There are many impact craters on surface
of the terrestrial planets, and the magnetic field originated from the SRM of planetary crust can
be measured by spacecraft magnetometer. The magnetic field paleointensity could be estimated using
the magnetic field data observed over the impact craters.

In order to estimate the magnetic field paleointensity from the observed magnetic field data, it is
crucial to know a structure of the SRM, while the structure remains unclear due to the difficulty
in experimental techniques. In this study, to reveal the structure of SRM, we conducted SRM
acquisition experiments and magnetic imaging of the SRM sample using the superconducting quantum
interference device (SQUID) microscope.

Natural basalt samples with cylindrical form of 10 cm in diameter and 10 cm in length (FURNITURE
STONE) were used as a target. Before the SRM acquisition experiments, the basalt samples were
subjected to alternating field demagnetization at 80 mT. The two-stage light gas gun at the
Institute of Space and Astronautical Science (ISAS) of Japan Aerospace and Exploration Agency
(JAXA) was used for the SRM acquisition experiments. A magnetically shielded cylinder of 32 cm in
diameter and 100 cm in length was set in a vacuum experimental chamber of the two-stage light gas
gun. The magnetically shielded cylinder was constructed with three p-metal layers, and the residual
field in the cylinder was <@.3 pT. A solenoid coil of 26 cm in diameter was set in the magnetically
shielded cylinder. The basalt sample was placed at the center of the solenoid coil. The applied
field was set to be 0-100 pT, and direction of the applied field was parallel to the cylindrical
axis of the basalt samples. An aluminum sphere of 2 mm in diameter was used as the projectile. A
nylon slit sabot was used to accelerate the projectile. The impact velocity was ~7 km/s, and the
impact angle was fixed at 90° from the horizontal.

Using the SQUID microscope at Geological Survey of Japan, National Institute of Advanced Industrial
Science and Technology (AIST), magnetic imaging of the basalt samples were conducted after the SRM
acquisition experiments. The basalt cylinder was placed on non-magnetic xyz-sample table. The
distance between a surface of the basalt cylinder and the SQUID microscope was set to be ~1 cm, and
a vertical component of magnetic field over the basalt sample was measured for 6 cm xb6 cm region.
The sample imparted SRM in zero-field showed decrease in the magnetic field at center of the
crater, corresponding to the increase in sample to sensor distance. On the other hand, the sample
imparted SRM in a 100 pT field showed increase in the magnetic field at center of the crater. These
results suggest that the basalt samples acquired remanent magnetization as the SRM. In this talk,
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we will discuss the structure of SRM based on the results of SQUID microscope measurements.

F—"J— I : Shock remanent magnetization. SQUID microscope
Keywords: Shock remanent magnetization, SQUID microscope
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Collisional disruption of meter-sized boulders of the Moon
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B EDXKAEREEMUATORFTHDY I SmA EDORIVYT —F TRRAEY 1 XOYETBE DN TL)
%o CDEOERBEEIHFHTIEBADXAEFHRETER (NILY—) BERIN. ZOBXAEELLE DI
BAE®RDERT C (K> THRIEDNER . EREINDEEXISNTULD, COLSEMRMETOER(CDNT
FCNFTERPERNOSETIVAZTONTSE 2. —ATEE. AALEE MM <X PLRIKE (CKD>TH
KEDSREREERNEOSN. EEOERT —5 OEENTIC K SRILY —DOMRMETO X DRERAEEE
D> TEfc, Basilevsky et al. (PSS, 89, 118-126, 2013) (X. FERERAKISNTL\SHENEE180~950
nDOL—S9—14EAICEBL. JL—9—ARICEETIER sl EORILI—DEEEZEHRAILZ, #®5(&
L= —DEBRERERNILI —DEBEDOBERENS. 2 mIF+1 XDRILS —DHEmEL0005~80005F & BiE
tolzo UNULZOHETIE. JL—9—FERBICRILI —DNRE TN T VLIRS, 25 TEOGH)
MRCEEITDIIL—HF—EXFILTHEOF. ZNENOI L —5 —(CHESRILYT —HEEDEVWIEREAN
[ELBDEDTHDH. FEREDENTHDIHHRDHSEWELE DEBEBNERINTLE, e RILT—nh
1 XEBE D ROERELIC DUV TIEERL TLHEL,, 2T AARTRINSDHERE ST X R
S—HRMt O ERETR L. T, RV -1 BEEDHOREELOETILEBEL. BIRENR
D‘RELBRE T S ETRIVI —BIRERE T /35 XA—5—-(CHNES XS5 &ZHIET,

KRR TIE. BE1E92.5kmMDCopernicusT L—A — EBERTT.3kmDKingD L—5 —DO 7O 7 & fERHEEE U

2o COXDSEDIL—F—DT7O7(FERRICELEE - BEERBRLUTHD. FFLEBNERINSH. Z
DEZOBEICERINDI NI L—9—hSHESINZIRILI —(EZOHEOHEE LY v TBEDHELE(C
ASHERLOVEHFIND, COKLSHEEERICEET $EE210~920 mD/ND L —5 —(Z DL\ Tlopernicus T
128, KingTHMEICEB L. ZORABEIHEBOERICEETSINIL—I—FEREICHEINzEEXSNSE
25 MU EDRILI —DOY 1 BEERHRESHAUZ, e O L—59—OREE/2¥FDDEEICERET B/
D=8 —FERHUECERINTEER SNBIERIMUALOBNI L—5 -0 1 IEEDHHNSD
L—5—FRZZEAVTNIL—F—DERFERERE LI, NIV —DEEBEEE NI L—5—DERERE
BT ST, NIV —HROBEXT—ILOREET O e, T, BRXEOY 1 XNHhEEREE. R
IV —DEEIRICH T BDMEZ/ISA—F—E LT FEBIBICKLDINILY —Y 1 BEESHOREELE
TIVEBRL., SHARBREDERET O,

BIND L= —TEHRAINERILI DY 1 PHEDERBRELELLTOEONC ENS. RILFT—DHEK
RV Y 1 IKEME W D h\ o lz, Fleo ENENODNDO L —F—DERERE. ZORAAEIICE
"I BN —DOBEENSRILY —HEEORBEELE RDBR. BRS mU EORNIVI —DOBEE (FFAR
EEBICHBDULZDI A LRT—IVEEBTFRFERETHDIEMDN DIz, FETIVGIEDBERN S, &R
BIRIC K BRIV —DY 1 EEE 21 DIFREEGIIERKEDY 1 XD DIES OEREE . RNILY —DBIE
BECKESIKETDICERDH Oz, NIV —DBLOERBREETIVGTEOLEN S, FTTHFER TES
SNTUVBBERXEDY 17 XNDHEDSIE. REDESTN-IBED/IISA—F—-E5Z23E. EFILEAETER
W —DOY 1 EEE B HRDIEE DEHEN NS < ED—7A. BRHNSEXREEEEDELRAR SN
Mot CDeth. AHICH TS 1 AOXEDEEEEDEE M-3EDERSTVCEEREBL TL S,

F—O—R Al RV —. EEER
Keywords: Moon, boulder, collisional disruption
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Relation among the permittivity, density, and volume fraction of crack around craters
formed by laboratory impact experiment
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BORBOMEZ. 7ROBEMSICSVWT. 7YV TILOBRERE[e.g., Carrier et al., 1991]H &L
U, BOMERERI[e.g., Cooper et al., 1974]1N\SEVEEBERNST VW EMRINTL D, BOXREF
E. BREZEAKRDISVINRZLEINDICEICERTIEEZS5NTL\S[e.g., Cooper et al.,

1974], &l EFETE. BARBESELENE (H\<H) ICLKBAL—F—YD Y5 — (LRS) &AllcLD. 8D
DBEE TRENHEXRRENEETN. FEX - BE - ZRIEOEOEBRI/LEFKNe.q., Carrier et
al., 1991ZAVBSCELD>T. ~1%ULEOFVEREEEDC ENREINZ[Ishiyama et al., 2013], UL
L. BWEEET U[e.g., Kirkkdinen et al., 2000](C kD E. BEBRDISVIDERAMICLOT. FHE
LETRIBEOBMOBRE. —BICRISHVCERBEINTHD. L—F-BACEIAXRBOMEDE
MCAEEGEZEE XD, AAKRTIE. (1) ERERCTERLUCEHREI L -5 —BZOFEEADIS VIO
MOREEETHL. 5. (2) L—F—BRICEDKFEXRNSDEREPLEEDHRE A EDEZ Y M EIRET
EEGE

KAERDEEEERE. FERNEAERFOBRE _ERNEAIFAEHEAL TITHNZ, REIC. BRNET 520 anx
20 cmx10 cnD OIS FEOKRATIRIZ2DAEL. FENERIC. BER0.:22anD X7V L XK (B8
0.133g) &~3.5 km/s&H K O~5.5km/sDRETEHEI BT, BRI L —I—&EBR LI, RIC. EREINZD
L—5—FLET. 95V IDEAEICLBIFEROHEZERANSDICH. 1DOENGERIN SEEHICFETES
mEEBLAMICADIZER2.5em - KSHB~10mOFPFIRD I 7V FILETIDHE Uc, REIC. B1DH L
RAT7Y U FILEREZ~dmDES C LML, BEREERLUZ, 95V IRHmDRAEE LI TR

®». EROXRAEEHRELIT,

AHAETIE. ERUEEROSFEX - BE - VSV IBDRAEETOE, FBXE. FEMXRAETIITL (H
B0 Z 8 - 12962ARFEXRRNE 1T VI —T 71 A LO1260B 1 Y E—SF VX T7FS1) TMHzDE
REBTRIELUZ, COREKEIE. SELENE/LRSOFIDERBICEDE THRE LIz, BEE. ERDEE CFBED
BENSEHELRZ, Tle. DSV IOERG. BROXREEXFTvF THAWD. BROREBICHI SIS VD
OEBEOLEHSHE LI,

HEDHER. HL—59—DHSOERDBIME EEC. ISV IBEFBADLTUVE., FEREEE(IEMNT
BEMANRE SN, CNSD/INSXA—=F(F. JL—F—FELNU v IRmOFHICGR<BERLTU Iz, &
Iz ~5.5km/sDREREICH (T IERFHBICH VT, BEAEICETLEAREEELARICA>ZITY YT
DHBRETDCET. BRIFOSYVIDRAKEICHIGT SHFEXROEEEEIR L. CNABMEEET IV
[e.g., Kérkkdinen et al., 20001 CEBASNSB & &ERLIZ, UANULIEMRS, COMEREEE. 7ROV FIL
DHFBEBXRHAMBICRSNBE S DS LD +RTNSTV s, L—5F—EBRATHELCBRBEDFEBXRNSZD
BEVLEREEHETET DHEIF. ZEUTHO RIS,
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Experimental investigation on effect of particle size distribution and irregular shape on
thermal conductivity of powdered materials
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BYNREXREBEZESLIY AOMMEER(G, XIAOKEBEPRELESEI D LT, REEDYMHETD
3. UKL, LOUXDOESEMHEAMENEETICHITIRURER(Z, BEVRFYT 17X ERRL

EL BRRIZINSA=DHEZ L. ZNESDOKEEBEN+HD(CEBEINTUELWZ®H. /IS AXA—=5DEAS LT
D ZNBUCERE —RICHEITDICERFEELVORBIRTH D, T T BRIEIINITICECHSRE=X
ZRAVNT. BMCERO/ISA—SKEHEOERNEFABTET O TSz, ZO/REMREL T, IISX—5NDE
HSBCERNDFAETREE T, MAOBMGERETIIVEBEI D EICKIILIE. LU, AEFIVIC
& RFT1 DR PORFOV O OLFIROMRIEHATHICEZEINTSESTF. CNOSDOEEETMI D
EREBROL T INERTIZONEBILREE LD,

AAETEAL T JEENEISC-1A. LU, ISCIAEZBWVIC L > THA | U IS Y FILDBTER
EHAIEBRERELIZ, CNSNERERHNS. KFY 1 IDMERFERNMEER(CEXZHFEEZERL
Zo

ISC-IADRIFH 1 RIE 1T mm UTTHD., BBXT 1« 7 VR (FBEREEEDTICH(TS 50% KIR) (5 100
um, (AEEMTEYIRIE 40 pn TH D, CNESBUVDF L. 53-63 pme 90-106 pm. 355-500 pm. 710-1000 pm
DY YT EEFELUIZ. RIBLOY U FILE “ISC-0 (Original)”. 3BV FLIZY Y FILE “ISC-S
(Sieved)” EERCEET D, CNESDY Y TILOBMCER(FIFNEETEHAIL 2, HAFOEZEE(G 0.01
Pa THH. AEEREEHEHIT -25~60CThH D, Y VT IVOBCREXRDBEEKEFIES. R FREOEMEE
BORBMGENTS CHIEMCERE, NFREMNDBEHNDES TH IEMMEEREL)D DTS HICfE
ALk, MY Y FILORFT 1R, BE. ZREREXR 1 ICTEHD,
EBOERHNSHESHMIEDE ISC-0 HKV ISC-S DEMEERCIBFHRERER 1 (CRT, ISC-S DZERF
K(IZFNENELDEH. BROBGEXRESTIIVEHWT I1SC-0 ERIUZERE 42% (CHELZBRTEHE
Tmd, e REL T, ZBEE 4% DHSAE—XDBERETRT,
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%, —A. ISC-S £EHSRE—-X(F. AREDESHEERERF D LMD DR, IHEHDE. BERHICNT S
R FIARDOEE (IS BEE L TABILIEETIVEEAT S ENARETH B,

B EIREIERNSDRIRTH DN AFEXRTIIRIFH 1 DM ERFRIROMRICEAL THBRNIEZRICD
WTEBNT B,
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Solid Coefficient

Table 1: Sample list

Sample  Particle size Density Porosity
Isc-0 < 1000 pm 1690 kg/m?® | 42%
median 100 pm
JSC-5 710-1000 pm 980 kg/m? B6%
355-500 um 1110 kg/m* | 62%
90-106 pm 1460 kg/m?® | 50%
53-63 um 1540 kg/m* | 47%
-10
0.003 T T 210 oD —
JSC-5: 42% porosity - -5 - JSC-8: 42% ponly - 0 -
o.0005 N Gmp%rg::‘!l‘g il N | | R ,{;— - : Gmgmt; e
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Figure 1: Solid (left) and radiative (right) coefficient of ISC-O (blue), J5C-5 (red), and glass beads (green).
Dashed red points represent each coefficient that is corrected to porosity of 42%.
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(Fo T2 —5EET (LIDAR) YHBERD ZF &6
Initial operation of Hayabusa2 laser altimeter (LIDAR)
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Hiroshi Takeuchi?, Makoto Shizugami1
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The Hayabusa2 asteroid explorer was launched on December 3,2014. The spacecraft orbited around the
Sun for a year, and after an Earth Gravity Assist operation, the spacecraft was inserted into a
transfer orbit to the target asteroid 162173 Ryugu for the arrival at 2018. The first checkout of a
laser altimeter called LIDAR onboard Hayabusa2 was done on January 23, 2015, and a rehearsal
operation for the coming laser link experiment was done on August 27, 2015, and the laser link
experiments had been done between October and December 2015. In this paper, we will discuss the
following three issues of the LIDAR based on the result of the initial operation.i) Estimation of
the boresight direction of the receiving telescope: We conducted an experiment in which laser
pulses were transmitted toward the LIDAR from ground-based satellite laser ranging stations and the
LIDAR bounced the laser toward the Earth. We call the experiment as laser link experiment. In this
experiment, we set the observational mode as “optical transponder” mode. As the boresight direction
was not determined well at first, the attitude of the spacecraft was scanned spirally outward from
a center with 1 mrad separation, and the direction of the boresight of the receiving telescope was
estimated when the LIDAR detected the laser pulses from the ground. Based on results of three days
experiment, we found out that the boresight direction was closer with 0.2 degrees to the -Z axis of
the spacecraft compared with what was measured before the launch with alignment cubes. However, the
estimated boresight directions differs about 1 mrad for each day. So far we do not have any good
reasons for that. Therefore, we concluded that the boresight was determined with the ambiguity of 1
mrad, and it must be updated after arriving at the target asteroid by detecting notable topographic
features. The alignment between the transmitting and the receiving telescope has not been confirmed
yet, because we have not detected the downlink laser pulses from the LIDAR on the ground
station.ii) Confirmation of the ranging function: In the normal ranging, a gate is set just after
the laser is transmitted to inhibit the detection of the laser. As a checkout of the instrument,
however, we did not set the gate so that the scattered stray light can be detected to make the
ranging circuit operated. We call this operation “non-gate ranging”. During the initial checkout,
we conducted the non-gate ranging for three times, on January 23,August 27, and December 16. We
confirmed that the ranging circuit worked without any problem on each day. The value of the pseudo
range (the time between transmission and reception of the laser) did not show any change for each
day. The averaged laser power was also confirmed normal, taking into account the deviation from the
averaged value. The reception power changed in accordance with the transmission energy. Considering
all these evidences, we concluded that the ranging function was normal.iii) Evaluation of the
reception noise level: In both ranging mode and optical transponder mode, we observed such
phenomenon that the detection flags became ON thought the reception power showed zero, and that the
frequency of this phenomenon increased as the smaller threshold level of the reception was set.
Assuming that this was because of the noise from the AD converter, we conducted a test operation on
August 27 to clarify the boundary in which the frequency increased. As a result, we found that the
threshold level at which noise increased as between 12 mV and 14 mV. In the ranging mode, the
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recommended threshold level is 27 mV or 45 mV, therefore practically the influence of the noises
will be insignificant. However, in the “dust counting mode” which aims to detect the levitation
dust near the asteroid, the threshold will be set comparable or lower than this value, because the
detection level estimated from the dust flux is expected to be low.

F—O—R ! (FOIT2 NBE. L-UREE
Keywords: Hayabusa2, asteroid, laser altimeter
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JUICE/GALA-J (1) : JUICE BEAZXFL—Y—EE:t (GALA) - IBEH LOHARF— LDEE
JUICE/GALA-]J (1) : The Ganymede Laser Altimeter (GALA) for the JUICE mission
- Introduction, current status, and role of the Japan team
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We present an introduction, current status, and especially role of the Japan team for 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.

Major objectives of GALA are to provide topographic data of Ganymede, the largest satellite of
Jupiter, and to measure its tidal amplitudes. The latter is crucially important to detect and to
characterize an underground ocean on Ganymede. Furthermore, GALA support geological studies, e.g.,
identification of characterization of tectonic and cryo-volcanic regions, impact basins, and
craters. GALA also provides information on surface roughness and the albedo.

For the laser altimetry, GALA emits and receives laser pulses at about 500 km altitude above
Ganymede. Wavelength, energy, and nominal repetition frequency of the laser pulse 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.

Development of GALA is carried out in international collaboration from Germany, Japan, Switzerland,
and Spain. 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. It should be noted that responsibility of development of the receiver telescope has
been moved from Japan to Germany. Based on the heritage of studies for the telescope, GALA-Japan
will contribute to the receiver telescope development through the German team.

F—T—F ! JUICE. GALA. KRE. KFR. HZXF. L—Y-—BEE
Keywords: JUICE, GALA, Jupiter, Icy moon, Ganymede, Laser altimeter
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Orbital and tidal evolution of Enceladus
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IVTSRIFEIEPEFGEDF CHEH—BNITERLXEE L THSNTULSM. BE. UBRBEENSEMEK
RICHEARTHRBEEBRALE LS. ZOEBHASHICED TUEL,, AAETE. FilzlcRBES N T EDEHE
R, ,=1680E VWV C L ERRFAEDEYNER{LEHE L. HIYMBICLIRENDHEET O,
BREEOYI—Z(ICLD. TUTSRINSHGUDIRABREINERI ST NZ (Howett et al. 2011), LA
L. —BMICALSNTERAQ,,,,~18000& AL\ ZHE. FEOBBREDRBEED(31.1 WedEh, SAfEZ
B3 CEMTET, BARINLEBREHEEREZISNTUE, TF. 7 ROXMIFEZHEOESRIC

K DT Qg =1680VRIZSE NTT (Lainey et al. 2010),

Qi =1080DIHE. TEMRIEH SHESNLEXANEIRRER(TDCEICL>TEAIN. TEFEE
2FZOHBOBENSERINTEERXSDCEICIED (Charnoz et al. 2011), CHBE. TVTSRIDA
RTFF1 AEXDBES Y Y IOHNSEREIND, TOBR. TUTSRIAETT v AFTEIMEEILICH VLT,
FHMENEIALT B &(CEB,

DNHONOBEETE(C I NI, FEREET S, FEIEHRIB(CHEINSDS, 77 XEIVISRXEW
BRU CEHENAZT GHANEELRRVDT, TVTFSRIFCOHEBREMIFL LI ETT v ADPEHE
BICEIEF SN, BEOERMKEMCKEIEBML. PARATHEREERC L. TVTSRIETT+ XORA
[ERIEETNT. BEOIMBIEF(CED, RAIICHRIETEINLEE. TUTSRIAOTMEEFTT + AHSH N, T
VTS RIAORSEHOXRIFEBBOHAICLIDBEIND, TORICEXRLEIRILF—EH@RMECD. ]
ED16GWNEARHN Z SRATET DAREM ARG D ENH dfze CHOLOIHETOCIEI VIS RIADHTR.DIE
H. IVTSRIAODBHRBRIERTH D EMNFHBATES,

F—O—R I IVTSRX EYME. B, FESHRIR
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Interior thermal state of Enceladus: an inference from the relaxation state of its icy
shell
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TEOXEEI VTS S XOMEBEEIFHES CERR/EEBRTHD. Ny —Z8REMIIC L > THRASNE
RIEFBAE(L. RIZYIEN - (EZNCHAMINEVEBRSIEENDTH D, CHBDIREMETENT 20
F. ABEEBEEFNNTSCENREETH D, AAETIE. TUVESHIIOATBEREBEIC DV T2DORM
2T —=)LOERNSFHINESRD D, TVTSH IABEBERTEIMTEIEARLDERESEO>THED., Z0O5H
KR (FBLEDTULBEEXISNTUL D, COMRTFIRICH (TS M FRKHE EEICHEBMNITSEE
Z5NBM. COMMEBRFMORE X T — LIFHRERE COREBE(CIKFET . T UMIRRTERMRER Kt/
BUVSEI(ICER™ T —IUEEL. BFAMNICHBEWT ENHFIRETH S5, LHUEHERICc X DK
EREILEDE(TREIT D IOTHNE. BANICABEVENMERINSTHS S, LER>TREMNI VES
A ZDKMFRTIWICH OV TIE. REERFERBEO2DDIFB T —ILAMERL TV EEZX S5ND, AART
(F. KHFRDE S ORERELERAL/ IS A I EEX U ERAEZTL. TSR T—ILD
LB ET oIz, ZO™ER. REMBGIUREDIER (CKXDE0.3 GW [Roberts & Nimmo, 2008]& FAFNNIER .1
GW [Meyer & Wisdom, 2007] MHEEXCIZA. MEUEEORE X T —)LISEBOEE T —ILEENCHE
KB ERPN DTz, Efe. MEBAIT —ILAAE LK LB EHICE LEDHRMSORAENNETH DL
Roh oz COHCEF. BEIVESHZIOBEEIEBREICHL., BECEXSNZRAZREL TULS
cCEETRLTULS,
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Numerical experiments on mantle convection of super-Earths with variable thermal
conductivity and adiabatic compression
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EXGHBKBRERE [ X —/S—HEK] MAFICRRERBINTETLCEERZ(T. =IOV ~ILT o
FTEOZOMBENBREERDNH DT —T'v LEEDTER. ZNRRICEBIRTEELRNDIDIEF. X—/3—1hEK
DY Y RIVACHFEINZIZEVENTH D, CNICED. X—/3—HEROV Y MIVAETIEYMERKET R
{ETBIZFITHEL. MBEBOMERNRNOKRRNICERFEE LTV EERSND, ARE TIFEUEMRBIMEC
MR, KR - YCEROEEEZEF OREOBNRI =2 L —23a V&ETL. X—/I—HEROV >V ~ILST
ROFEEER LU,
AHAETEHERDIMBENEEZF DX —/A—HEKOV Y RIVEEE L. SET6000km. HEEELLT: 4D 2R TTFEEYEE
BRTOEBYETMEOBTREE XD, CC CIIEFEMERGEMNZERAVSCECELD. FED LR/ TREICHDS
KrERSREZILDMRERD ANTUL D, T5(ICV Y NVIEDIERTRE & & T (CIEHBEEHIR
L. BMRER(IFEST & CEICEHBHNICEBMIT 3 ERELZ. CNSOMEEDKFHDET ZRIGERICE
BT ETENRI=aL—23a VETL. RO RN CHEENELEHR U T,
%@’ﬁn% MEDBEAEY EBMREXRDRIEKEMEONA EEFTRCKEVESICIF. EEAVICRET
DR TEWSZ] ([CIMXT. EEEBELC(E TREBKEBE (deep stratosphere)] & EMEINSIRHRIE
bﬁméﬂégtﬂﬁﬂDﬁoL@E@W%HUJ&EU@F&EK(H)ﬂﬁﬁnmﬁﬂbﬁ%kﬁm\t
WORTHEEDITSN. [KREZD TRERB] OUEICLIBITULD, COBERYEBNAFET EHG. £EEAT
DA< TEWSIZ] REKHELRCEICMR. B CTORMMCERNZFE L O>TUVBICETH D, COME
[EXD2TVY RILARBOEEREENIIC LR L. MEEEZRLARMEALAORNZIHEIT SRMNEE o 1T
R, TELBEREETD NFEERER ] NERSNZEBET I ENRTE D, TSCBMRERDFEIKE
HEREFEOHEZCIE T, NESBRER] NERINZBEE INEN > EBE CREmXMEELRLUCE
C3. BnBOESEIHEANTREZENEE NDEEHRER] MERTNZBEDESATL3EL
Fo>TLBEERN DI,
AHAEDBERLD .. HEROBRELFE EBMCERORIAKBFEONAEETRICKEVVY Y RILEED
ZX—)3—EKTE. REIC MNBe< TEWSZ] M X TY Y RVRTEBICE HEESKER ] NERINSD
CERBFIND, NRIKRER] OFERICED. VY RILNRIEHFDF\ERTHEL. VY RIVRTEHMSD
EERNMEFEAEREULVREA. VY RIVEETEIB@EEINENRS W COHICRONENTES. RO TEES
MBESNDIAEEMENREZS5ND, KD T MX—/3—EK] &(F. FL—rFT O LIZOXPRY LRy X
WEFEVEDD. BEOHIEEFE> TLBIRERENE LMK,
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High dimensional coupled spin model for polarity reversals
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HEKP KR COBIBRIEECRIT D ETILEL T, YOOXREVETIVRBRINTLS (Nakamichi et al.
2012, Mori et al. 2013) o COEFTIVE. TFXKEREDIFEE (C K> THRE L ZEHOBBEECERMN
BINE. VOOLAAZEEDWMISRERIND. LT, COVIOLKBEBEEVIOREYERSCE
EL. ENSOREERICK > THRIBOIRDBUVERIT EVSENTH D, COETILE. BWBOEBHOEF
7O, ZORHGRBEOS V5 L. S CTHARNERE. /30— MVE, REROMBES O RIFSEE
K<BERIT D, T, ABIIHL GERLBAEF. KB TRENEHBREOEPE X THRI S EMT
T3, SO BAIG. ARLEFKVOOXREYEFTILORTE EIF. RELEFNK LKDSHEETILE T BHE
ZfTolze TORR. MBREORHBUNCE. FTITHRE TIIARAEETS o IEBBOB(HATD S5 DT DE
BF—SF EQHBRNTELELED. DB OBEEOEAERZEBRTET/I DN O, Te. BWiBRORKE
SIHETAMICEAL TIE. LévyDfaoLog-Normal DR (CRED E VD EHEBERARE TN TLIS (Carbone et
al., 2006, Ryan & Sarson, 2007) , €C C. BRIFZCOBXRITETILEAVWTHETRNEMEZITL. N5
DRBEINTL\ D MBEHEDHBRET O,
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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
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BRE N\NTA - \LT7ASOOR0MEZTE & [RICEAIZEDIPOL-2 (a double image high precision
polarimeter, Piirola_et., al 2014) &{H(\. RAREDRICEHANE2015F1 BICAIRLIZ,. TERENIRE

C BEARICEKDEEL - RESN TERABICE X E. RECHVERNEIRADECEEL D, BRlE
& FERBHOEENSDHE. BERBEAULCEEEXRINSDEEL - RENEEESDETHAZGRAUNT S
EEED, TORR. RATI0MN-4)-(-5) DIRIBZ FDOEMBHNTERMENDZEHAERAT NS TSI N
3. CNOERETETIBBIRMAUEE RNBREDBRAERNENEAICDVWTERIDET. A5V
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UV space telescope for exoplanetary systems
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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.

F—DO—R KRB, AZX5, JUICE. GALA. L—Y—BEt. EHREEET
Keywords: Jupiter, Ganymede, JUICE, GALA, Laser altimeter, Performance model

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS11-P06 -



PPS11-P@7 HAMERSER S EA2016EAS

JUICE/GALA-] (4): JUICE BEAZXFTL—Y—EEEt (GALA) ICH(FBILH/ROZOX - 1RHER
REER R

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.

F—O—R I KE. AZXF, JUICE. GALA. L—Y'—EE5t. MMEHREENT
Keywords: Jupiter, Ganymede, JUICE, GALA, Laser altimeter, radiation analysis
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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

8RR £EB AW FR. GF 5. BB HiE. FH%E 5 &N 5 KA XA . A 518 °. BH
Mz S B B L LE SRS OB EM | kH BF | FEk & 2R AT TR AT "R
&, BH BX. B &F. AR 2. Althaus, Christian'. DelTogno, Simone'. Lingenauber, Kay'"
. Hussmann, Hauke'

*Keigo Enya', Masanori Kobayashi?, Ko Ishibashi’, Shingo Kashima®, Shin Utsunomiya', Satoru Iwamura’
, Teruhito Iida’, Yoshiaki Matsumoto’, Masanori Fujii®, Naofumi Fujishiro’, Tomoyasu Yamamuro®,
Masanobu Ozaki', Takahide Mizuno', Yoshifumi Saito', Kazuyuki Touhara', Noriyuki Namiki®, Hiroshi
Araki’, Hirotomo Noda®, Shoko Oshigami’, Jun Kimura’, Christian Althaus', Simone DelTogno', Kay
Lingenauber', Hauke Hussmann'

1. FHMZETMTFARERE - FHRIZMEMR. 2.FEIX [ 3.BYXXE . 4.1 5.5V 6.7 LY
ITIVX ( 1.7X:047k ( 8.4F7605T 8 ( 0. BRIEKXRT MEKEMAREA « 10. K1 VYRZEFH
o5 —

1.Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 2.CIT, 3.NAOJ,
4.MRJ, 5.PLANET, 6.FAM Science, 7.Astro-Opt, 8.0ptCraft, 9.Earth-Life Science Institute, Tokyo
Institute of Technology, 10.DLR

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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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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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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L MEFRIC L CTL =Y —Z150EIBH U, BREDFIIERERD D EHIC16EFRDFE N IRD ~LEFT
LTze ZEDFEHERRT LILHVS(EFe, Ca, Al, Mg, Si, TiFENIBTENBENMEHSI NG, T5IC
AllendeDEAEIRT LIV SHR2DDIHBIDRE NIRRT MLEZENZNELSIK &, Allende(lcZL<EEND
Fe MgDIBIRERND E C B(E TS IDIEICHED . NWA1068& Zagami (CZ < EFENBAL, (aDBIFRENE C3(EY
1T RDEICEDIzo TNKDLIBSEHAITROSNIERHAIRD ILDZEF. AIERRIOTREBDZE% EHR
[C&RLTVWBCERDMD, LIBSEHAIC/NRE(CIZME C X EICLTEMENHIRITE S agEMRAEVC &M
AN CYF
EEROEABTLIBSNERATE EFEIENIRETH I EINTH D, BEFEATEHAZET T I EMKkeH5N

ROBEC20NNB EIRET Do Flew L—F—DIRDRUBERBIIBNORK E2HzE U, ARRBORMGET
HORTAERBEO DL — — RO E 1500, HERZEI6RCTHEI L. ARREBROAEICHNSD

REEH28DEL DR, CNEDRBEDRAETLIBSZERATET 3REAATARBEFMEROAEETISCEM

Doz UMEDIERIE. TR LETLIBSEAVNS CETIARIADKREDNNKE (CEIEMENAEICBIT

MEHNEHATESAREEREVCEERLTUS,
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A new paradigm to solve "the missing link of "Moon and Earth"" is "Multi-Impact
Hypothesis", it explains both Origin of the "Moon formation and the Earth's plate
tectonics" and Formation of Mercury
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*Akira Taneko'
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ANE(CREEBILABRICIIMRESTIENRENH S . RERZTIE, COABROBREE(LERIREE
EIBZCEENT D ANEESTEMDEET S LUHINDABRNEREEL T IREZHNAETE, BEE, IBNE
DIANCELERREERZE(FO5ND . BINETEEEZXE I SFE(E, HERELOEANERTHSD. UNUER
ERHIAESNBIDICHEBENDDEVSHENRHD. RRITBICIIBRAEMRERDIEL, EBEICIFEBRAR
OJRETY .

FEE U TS T THIERERILUNCMAEE/N > 2 ARREIL T T, ZORANBIRESHATET IEARAZ(TNEZV
FEZDRHFIELCSNSD, S, AbductionBiERIHRTE, BICEXIEELEIHEITEVDSEXATY. TN
[FEFRCHEEKRT BICEIRBELAETCHDIMN, UNUVEHNERSREEZE X DHELE, Fo2<BHENED
FEA. TYILFTVIOMMRER] TlE, (AEB)DIRFEUTOD TREMIRO= v VT U DERS ] #H
—HIEHERESZ. (AXBRONREFUE(CERINIZANEYS 1 DML U RIBZRECERRADR, Z0ER
DAE(EXREE)DEHCLD, EHAREERAICRFIETS. (B)ZNDCERRANAKEER I BERIIC, KE
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FPIIDYa vk d<ERm>
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*(BAEFEMASEBEER : BAEREOABEUBERTE, 2HBAMNBERK
*B)AERBERTREOV Y MUVKIBICED, 7RSS DTSIILONY 7L VEMET.
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Experimental simulations on impact-induced dehydration of porous surfaces

B T I B R BFAL ER L VI RIE
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BREDERERERS, MRERTO/NKEDESRE, EBICKIODTRID. CDLIE, HEREL/NKEKDESE
EZNICHESEIKIIHREDTHAXROBROCRENNDKDRIGICKEILEEESZS. OB, XIED
ERBIKEIBETDICE(IKBRENDEREZZXDISXTEETHD. Tz, HE, KBEROXRENDEREZHED
EHITINKIBICEET BAENRRACITTONTED, YUFIII—VEBRE T /NREFRBTETENH SN
TVD. NKEFBEKEPCIT 2(E, KIMZESTIEERHDIEEZEISNTUVBEUNRE, Vi1DIJ0h5
DY IFIWII—VETD. BEROIEY Y TIVCH T IERBKOEEEZRIT DI2HICE, KEDERERK
KIEDLWTHEBRIEBTHDELZS.

FZREIKICEAT DEBIAEREZITONTED, ZOSEELFEIEARLCUERTHSD. COHAEE, o
VINWICEEHIERGIATT, YT e TRBEBEATRICANZOERICHAESD(FTRIEVSENTH
3. COAEICKDEEREANDICHTEY Y FILOBIKERNKRHSNTUVEIM, BIFEINERTEIY Y TILER
BRICANTERETOLHEARALXRBRATHOEEBREE LERL TLDERFSUARRZL. e, BkERE
B TIDERROBRICEREBVZERELEINTVIN, ZOBRKROEMIEASHTIIEL. NKEF
BRRIEEREEEDNDT, NZREDEEHKEEZX D DR T, ERREFRKEDODEREESHNICTDC &N
EThD.

KR TIE, KDBRICGEVRREEERT S0 (CRRRTOERBKERETV, Fe, ENY Y FILICE
BMEODELEDIVDOHNDIKABZEHVWTERETDOCET, BIKREEREDBRICDOVWTHAELE.
BNV T YL XABERRCY Y TIVE ANBARBEENY Y FIVICEEITBDLDICL, T, ENEH
BULEFv UYN—AIZINKEREITREL CEREREZTO>2. EROBRICIE, /\TIXE—RAXSTHEN
NEEREL, ZOEEKHNSERREZKS, ROEEFRREZRAWNTT VE—F VIV VvFITECLDE
EENERGDZ. BRICIFRYD—RR—~DEiGICEBEND NI AEEALEBU . #ALOEBIDIC
[FES A2, 3mmADSUSE 5. ommDID —_EFEE ALz, ZDE, EEICKDEBESINELDEIRICNELREY VYT
WEBRUAHZET 2. BIXULEEY Y TILOBRE LT, EFXRICLDBREEITL, Bk EBAKUAD
HEHROEERBETCLSIHNERR L. RIS, BREEDPNETVEINLEY Y FILOEKEEKS, EERER
BIDZKABDEKEE DB SER(CKDPKRERDZ. ZDK, BPRIEDBRERDBKEOL
B, ERETo. e, YU TIVOEERPLHEADESTDEWNICKD, EBRENDICHT SEHKR(CMAHER
PEVONRESNEINERETOE.

XRDIC K B BIEDIBR, EBREEINL Y Y FILICZ/KAGEDIKRIGICEDERI NI YEKAS & HEKEG
BENEENMERINLZOT, BRICLDBIKREC >z EREASD SN, 2L, BKABRIEFEAED
FATHFNCUNERINTULEA . e, BAKSANDEBDEILIEIRESNEN Tz, ETHT YT
[CEVWTHDRELAEENTORBRDLV—BNE SN, FEECLDIEHOEBAKENRKRSD SNz, SUSEAT
KBETORRETEDE, ACERCTETAEIDAZTVIEATERETO>LESZTOAN, BAENAZTMER
MRESNE. CNEEALODESTDEVNS K BETRGREICLDIREEE X SN, ENRGRRMNEKEC
BIRLTULBCENRBEINE. BARICHTIEEEOEEFIRESNLEN Dz, KRETIE, KDXEARE
DIREEIZIE L, BAMR COERBKRBR CT —IEBREETICH Y TILOEINAEDOREER PRI TCE DY
VTILDERE DERT—I S5z,

F—D—R : EZERIK, R
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Effect of secondary collision and target texture on three-dimensional shape distribution
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(O S EHEA 77/ROEHE - VT EEC L > TRHERONZNRET S HDPEDL TV IRFD 3 RITHIR
(3@htt) oo [1,2] (& LIV XRFOERERHEERBRLTVBIEEZ SN, 1T RNDDOPAREDK DK
FARBEERCSCONEHATICHC. EASREERBRCENT WA TFEDHBNAEETH B,
CNETOHEAERICHVT, BEBIEICH(TIWAD 3 XD M. WA OREa: PREEb: 5S8Hc DL
M BRICIERDESHDEDOFEFE L T2:W2:1 EEBEVD, FENEAHRE EDAEENERINTLS
[3]lc LALERS, CHIFHRLVWASZI+OT v v IOBIBRICK D THBONTZEDTH D KDLVWRETOR
SERNMEBETH Do DIz, Michikami et al. [4](&. JL—FVYONSASI+OT v v OBIBEX TOIE
LEOVEEIRIVF—RETOEEERZTV. BEIIIVF—BEMEVBES(CEFE3I#EmTLE2:Y
21&EFESHEVCEERE L, UNULERS, COESITEMEEMNMAESNZBE Y1 X (54 mm) (F1 =10
PYHLIU ZRFOY 1 X (20-300um) ELERTKRKEN Dz, T T BARGRAUEBTESNZL T XKL
FH 1 XCHIET BBED3ELRAEEITO. (DA 38EEY 1 IkEMEES. (2) LOY XKFYT
XBF DFEZEL(EEE I RIVF—BEIC LS FIE2:W2:1&EED . 7 SN TRFD 3R w3 EXBITEL
WCEERLED]. ULHALERS, COMERTIFEERBR ICNT DVRBIRPNS —T v ~DaRBsOB A
RIERTBIEENTHHMEINTHFSTF. LT IKFEDLEICE D TULEL,
ARETIE. CNSDEEZHESHICL. ERNTOESREREBRNFEHER COEFREERE TS TL\SHIREE
T BHICEBIMDERERETEDc, BEEERE. JAAFEHRZHAFTAO2ERINKES IHERV
o 5—=5v REXEE. NABAS. ZEBEIVRST NER(L4/5). AR (FRBOVUXIILESR) &
EALU. #EFrOVER(ER7.14mm) & 77 JL=FEK(1mm) D2EFEZ #I1.6-7.0km/s DREEHFE CEREIE
feo BIRLEBEDSS5. QI 7O5ILTHEUZORIEZBULTUL D EBONSHE. OQFEZIRNMORE
[CESEO>TUVEBARDEETHUNVEED ($I30um-600um) ([CDULVT. SPring-8MVY T O OXR(TZRBULTZ
DIHEREBEL. TNSDIRTIARDMIC DU TK-S(Kolmogorov-Smirnov test)REE U\ TLEE LTz,
BRRFDIRTER A EDREBRMNS(F. UTOEMRASHNIEDZ, (1NRAUERFEDER(CH L)
T. I 707 ILTHEL KR OFIRD P38 S ERIRINAM ORE [CE < F> TULRERRE EBRICXS
TEHEV e £ T AIIS[SITRESNIERFEILRBBEDFEEZ(TTUEL. EULELRBIENALTU X
KIFY 1 XTOWRF ODIARCKR(ETEE(INST V. Q)RBEDRAARDH(IILMDESHE (BH) THH
ASAE - DVRST MEEORFERDHEFBRICKATELON, HEEMETH S HS I EFBERIC
XAITER. 2T, KRECHERAEEERRIFEEMTOERERBEL TCLIEEXSND, CN5
(F FNS[IDAIERBRMA RATPEDOL I XKFICBEILTEDEVWSCEZRBIKRL TULD, BSDIER
ZHRVWCT MADRFEHNRTDE. M ~NDRFIIERBIBEICL D TTSTREEITFREIFEVR. D3
RITHARD\ S Z DERRG(FHETST LV ERDM D fe, BRI F(C DV TIF RS EZEB A (CLERTE
B 3EEEARAPR 1 (AL LOVYXTOA—TZVIDEEEZ(TTCLBEHRUNTE DI ERVZ B,
[1] Tsuchiyama et al. (2011) Science, 333,1125-1128. [2] ##R5(2015) HAMIKXRERZESAS TR
£ PPS23-P10. [3] Fujiwara et al. (1978) Nature, 272, 602-603. [4] Michikami et al. (2015) Icarus,
264, 316-330. [5] F9)II5(2015) BARERNZNSERR FIRE 04-05.
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Effects of oblique impacts on catastrophic disruption of rocky bodies simulated by quartz
glass
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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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Shock induced vitrification, defect generation, and change in cathodoluminescence of
quartz: possibility as a new shock barometer
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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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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
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EXZRE(ICLBNKREDHE
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
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1 ZIBHIC L BHRERE
Capture of planetesimals by gas drag
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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
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FIBERERRE(CH (T D MREF M D A aE
Possibility of Planetesimal Formation in Disk Formation Stage
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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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*Hiroshi Kawamura', Keiji Ohtsuki', Ryo Suetsugu’
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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
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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

*BE SBF W S

*Kiriko Kodama', Sin-iti Sirono'

1. ZHEXFRZRREFHITR
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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

LR B HE K
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Institute of Technology

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
ENRMEKICEET SBROEEREZABLULCETIVRESHMERVZ, BRUERDICDVTIE. 3BDDET
AR (CEIEZIT oI,

&R E LT, Svetsov (2000, 2007)DEFILTIEIFARIEZ L FETHSN. YHHAKEICEADSTF. KKEF—
EEICINR T BERANRE SN, INRT BEIFEEXREANDOERUERDDE(CHZFLTZ, LHLShuvalov
(2014) TI>FARKDEETEDEH T DEETF. KREDELLFIKRIEND EFTIVICASKEFIT B ENHAS
ez, Flz. BOETED(CALZShuvalov (2009) DIMEIIEIEFED EFILIEAKEICKEFT SH. SO
DEBETIHERE LU THEKENDELICH T DIAKEDFEINSET Moz, KEDEFETEWD &L THEDEGE
O DMERFIBEUVC ENS. RIBRIEEKE IVIHFEKE CEARXAEDEZKK(CMFIT D EVSBERHBESN
Zo

AREFFEDSvetsov (2000, 2007)EFTIILEAHVCERTE. BEODEAKDETEOHAMERLILLEC O>TULDD
T. BAEZEICK > THEROH/(AMEMT AR RREINZ, e RIBAXERZ(ETWESNDI&h

5. H-HeABEH X &ERIBRKE L THIEKDES L TU\/2(Tkoma & Genda 2006)& LCTE. BRERE(CLD
[FEFED T0.0001~10%5UNESIEVAIREME RS D, T5(C. SEINEFIVCTRDEEEDSEETTWMSNIZE
BIRMEETH >IcCceh s, BREEMNDE EEEAMIC(IHERD/N\OT Y OREICEHES U TL S AR
RH 3,

F—O—F  BAERE. AREE. BER
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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.

FoD— R REER
Keywords: Carbonate-silicate geochemical cycle
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