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GPU-accelerated High-resolution N-body Simulations for Planet
Formation Toward 100 Million Particles
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We developed a fully-parallelized hybrid N-body code for planet formation (PENTACLE: Iwasawa et al.,
submitted), implementing the P°T method (Oshino et al., 2011) and a multi-purpose platform for a
parallelized particle-particle simulation (FDPS: lwasawa et al., 2016) into it. PENTACLE enables us to
handle up to ten million particles for N-body simulations in a collisional system, using a present-day
supercomputer. Toward a high-resolution N-body simulation with 100 million particles and beyond, we
are now developing a parallelized hybrid N-body code optimized for a NVIDIA-based GPU cluster. In this
talk, we show the performance and capability of PENTACLE and results of terrestrial planet formation in a
narrow ring containing one (and ten) million planetesimals. Then, we introduce the current status of our
GPU-accelerated N-body code (PENTAGLE) and our future plans, for example, a global simulation of the
delivery of water to the Earth in the protosolar nebula.
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We developed an N-body simulation code on multiple Pezy-SC processors—Pezy-SC processor is a novel
new architecture developed by Pezy Computing K. K. that has achieved large computational power with
low electric power consumption. We adopt the rubble pile model for physical collisions, in which no
mergers are allowed, and use FDPS (Framework for Developing Particle Simulator) to solve the self-gravity.
We performed several sets of high- and extra-high-resolution N body simulations of the lunar accretion
from a circumterrestrial disk of debris generated by a giant impact on Earth. The number of particles is up
to 1 million, in which 1 particle corresponds to a 30 km-size satellitesimal. We show the performance and
capability of our numerical code for high-resolution N-body simulations of planet/moon/ring formation.
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etal. 2016)

VXAl —vavnRIA—=4E, RFHARXEBRETHD. BOBMOREMIFTT 2 A N =X LDOEREN
SWHRFHAXEBEIFHA—MNILIRETHD EFEINTWS(Panand Wu 2016). ZD7=&, ZEEFTIL
TIRAFH A XES5mE L, FLEBERTIEORAEESE(IIKNFELTO05g/cce L.
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Development of an SPH code which works on the PEZY-SC devices
and application to the giant impact
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Numerical simulations of the coupled magmatism-mantle convection
system in 2-D and 3-D geometries
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It is generally considered that a magmatism occurred very actively in the hot mantle in the early Earth.
Ogawa (2014) proposed that a positive feedback can operate between the magmatism and the upwelling
flows of solid-state mantle convection, by numerical experiments of a coupled magmatism-mantle
convection system in two-dimensional Cartesian domains. In this study, we newly developed numerical
models of the coupled magmatism-mantle convection in three-dimensional Cartesian box as well as in
two-dimensional spherical annuli with various shapes, in order to investigate how the geometries of the
convecting vessel affects the feedback between the magmatism and mantle upwelling (or "MMU
feedback" in short).

We employed both three-dimensional rectangular box and two-dimensional spherical annuli with various
ratios of their inner to outer radii. The solid-state convection of the mantle is assumed to be that of an
isoviscous fluid with a very high viscosity. Mantle magmatism is modeled by the generation of liquid phase
(magma) owing to the pressure-release melting induced by upwelling flows of solid-state convection and
the motion of the generated magma as a permeable flow through the solid matrix. The permeable flow of
magma was assumed to be driven by a buoyancy due to the density difference between the solid and the
liquid phases.

We carried out preliminary experiments using two-dimensional spherical annuli by systematically varying
the ratio of inner to outer radii and the Rayleigh number of solid-state convection of the mantle. Our
results showed that the MMU feedback can operate in a qualitatively very similar manner when the
Rayleigh number is sufficiently large. The threshold values of the Rayleigh number for the MMU feedback
lie between O(10°) and O(107), regardless of the shape of the spherical annuli. We also found that,
despite the cooling due to solid-state convection and magmatism, the temperature in the mantle remains
slightly higher for thinner spherical annuli with larger ratio of inner to outer radii. Our findings suggest that
the curvature of the mantle can affect the operation of MMU feedback only in an indirect manner, by
modulating the thermal state and the magma generation in the convecting mantle.
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Separation styles of liquid phase in a convecting solid mantle
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In studying evolution of planetary interiors, separation of liquid phase in mantle is one of the essential
processes. In rocky mantle of terrestrial planets, this process is related to magma migrations in crust and
mantle, and water rising at subduction zones. It is important to know how the separation of liquid phase
proceeds, and how the background solid convection is affected by the flow of liquid phase.

Here we treat a simple setting for liquid phase separation in a convecting solid mantle. We do not include
melting and solidification of the liquid phase as a first step. In this model, migration of liquid phase is
modeled as a permeable flow. Density of the liquid phase is set to be slightly lighter than the surrounding
solid phase. When the relative motion between the liquid and solid phases occurs, the porosity changes
and the permeability at that volume is reduced or increased. There are two parameters controlling the
flow in this system, those are, Rayleigh number (Ra) for the convection of solid phase, and the initial
non-dimensional permeability (M) for the permeable flow of the liquid phase. We compared the timescale
of separation at wide ranges of Ra and M. The geometry is a 3D rectangular cell or a quasi-2D box.

We identified that the styles of separation can be categorized into four cases; (a) rapid separation, (b)
gradual separation, (c) slight separation, and (d) no separation. When the M is very large, the liquid phase
rises with a high velocity. Consequently separation proceeds within a very short time independent on the
convective flow of the solid phase (a: rapid separation). When the M is very small, separation does not
occur and the convection of the solid phase proceeds including liquid phase in it (d: no separation). Two
styles are recognized between these two extremes. In (b: gradual separation), the liquid phase gradually
separates at upwelling regions of the solid phase convection. If the background solid convection is time
dependent, the liquid phase of the entire system is efficiently removed to the surface. In (c: slight
separation), the distribution of liquid phase is slightly evolved from the initial uniform state, but a balance
between separation and entrainment of liquid phase is achieved and no further separation proceeds. We
established a regime diagram of the styles of separation on the space of Ra and M. Convection of solid
phase delays separations of liquid phase. The differences among styles are understood well by a
competition between two velocities, permeable flow velocity and convection velocity of solid phase.
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Three-dimensional numerical simulation of tectonic plates in thermal
convection of a fluid with stress-history dependent rheology
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Rigid tectonic plates separated by sharp plate margins rather steadily move on the Earth. New plate
margins develop, only when such tectonic processes as continental collision and vigorous magmatism
known as Large Igneous Provinces induce unusually high stress in the lithosphere; once formed, plate
margins remain there even after the stress level is reduced to the usual level in the lithosphere. Our earlier
two-dimensional numerical studies of thermal convection of a Newtonian temperature-dependent
viscosity fluid show that it is crucial to assume a stress-history dependent viscosity to reproduce these
features of tectonic plates of the Earth: In our models, the viscosity takes a high value for plate interior,
when the stress ois sufficiently low; the viscosity drops to a low value typical for plate margins, when o

exceeds the rupture strength of plates o, the viscosity remains low even after ois reduced below o, as

long as it remains higher than another threshold o, the coupling strength at plate margins. The viscgsity
is a two-valued function of stress in the range from o, to o . We found that the basic features of tectonic
plates arise, only when the typical stress in the lithosphere is within this range. We also found that the
stress-history dependent viscosity is crucial for reproducing a thermo-chemical pile like the Large Low
Shear Velocity Provinces, and to realize the asthenosphere that moves faster than the overlying plates
around ridges. In this presentation, we extend this two-dimensional model of mantle convection to
three-dimensional space by the use of the ACUTEMAN code we developed earlier. We calculated
convection in a rectangular box with o, lower than the typical stress in the lithosphere to start a plate
motion, and succeeded in reproducing sharp plate boundaries. We will raise opand explore how the
plates thus started behave, when the stress-history dependent viscosity plays a crucial role in their

dynamics.
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Toward high-resolution simulation of planetary atmospheres—Model
dependencies of a QBO-like oscillation.

B A A\ M TR BithS. EMEXS. BB RN AE EMY S8 EE. MEN
*Hiroki Kashimura', Hisashi Yashiro?, Seiya Nishizawa?, Hirofumi Tomita®, Kensuke Nakajima3,
Masaki Ishiwatari®, Yoshiyuki O. Takahashi', Yoshi-Yuki Hayashi1

1. R RE/BRERNEMAEY Y —. 2. BIL2ARMFERZHRERE. 3. AMKRE 4. BEXRE
1. Kobe Univ./CPS, 2. RIKEN AICS, 3. Kyushu Univ., 4. Hokkaido Univ.

IR KRG DBENIEA — MVIRENSRERRICED FTRILAL. BARBREORKNMEEFRAL TV
5, ZDZED, FUEBRBREDATRYIaL—YarvdROSNBEHRDIDOTHS, T LERKRIE. X
EVEEREDOMOBRETCEHERABARITIT THS, PRIC. BERKIDLWEVWEREDLDIC, LUBWRIRE
NROEND, LHALFLIE EWDIFTNIBLGREKROEHNIFTEAERVERERTICEAL T, SREREL
DEEEEICHORETH D,

AIVIalb—raveaBEELL TWICHL>T. XEARXREAEFEOEEFICENEN
Fr v THEELTVWS,

RIELEBICB VW TARRIBNFTEZR>TEY . TLRAKETIOXEABRARORTRESNT
o —A. MEE E+HFOX— MLVUT) OEETIE, BOFFEHOREREZHETHL, HEEHED TR
FRAZBIDEDNH D, TP A, BEEEZE LTV IGE, FBNZEOXELBRARICEET Z2LED
H5,

AEBELIFEROBWETEMREEZFRT 2101, FTEFEE A EETI2MENH D, 2ERAKET IV
DEUEFTEICIE. ARYT MVEDNELSEONTE L, RERLSIE. AT MLER., STEBEOSS EKEL
TORFEREBORE—5BITOSNDZEVIFREF >TWVWELSTHD, LHL. TOFEIIARY MLERR
ZRAT SO, BHEEICITELTWRWY, 22T, KRELIGE#EZFRT DI, EZHEKE—
BB FIC K DS EFENBERE I N (Tomita et al. 2001, 2002), AKEF LK AW ELD, FHEFEDE
WHASERICEFATERVRAETHET LS LR,

EdRDFvy TERYBAD, DEVARARVEEFECHT 2BEROKEELZERL. ThHITKD
BRWONZ MNER - MR85 0101F. KBHEIEETHD, AHRTIL. DCPAM & SCALE-GM &
WI2DDHUBEET VAW, DCPAM [FFNETEHERELTHY . AXRY MUEATEHERT>TWL
%, —7#. SCALE-GM IZHFEHNEETILTHY ., EZ+EARE—HFEFLTERREREETEHEEZLTWS, £
7=. SCALE-GM (3B NZFEHARELZHEHERETE %,

. HIRAKIABEEREDEE{LEER (Held and Suarez 1994) # EFIIL KK LKA # 50 km FTEIEL
EKBE, BETICRELEZ, ZOHER., K 15km LTOTBAKOBRIGEETILTHUTW D, LEXK
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Computational science of dust coagulation process in protoplanetary
disk turbulence
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*Takashi Ishihara', Naoki Kobayashi1, Kei Enohata’, Kenji Shiraishi’, Masayuki Umemura®

1. ZEEXRE. 2. WEKRFE
1. Nagoya University, 2. Tsukuba University

By using recent supercomputers, it is becoming possible to use larger-scale direct numerical simulation
(DNS) of high-Reynolds-number (Re) turbulence for understanding complex turbulent flow phenomena.
Coagulation process of silicate dusts in protoplanetary disk is one of the most challenging problems in
planetary science. By tracking huge number (more than one billion) of inertial particles in high Re
turbulence, we could simulate turbulent clustering of particles directly and quantitatively. Our DNS of
turbulence showed that dust coagulation is expedited by turbulence clustering of particles. The next step
is to realize dust growth simulations to quantitatively estimate the growth rate of dust particles and the
size-distribution in high Re turbulence. In the presentation, what we have obtained so far and what we are
trying will be discussed.
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ERRE LES ICLK > THRONEXEBARSERBICH T 2BEREE
The circulation structure in the Martian atmospheric boundary layer
obtained by high resolution LES
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1. X C&HIC

KEASICIIASERABHRORAICLYBANSEE LTSNS A MDEEL, KROEBE#B SR SICKE
BEE% 5 2 T3 (Montabone et al., 2005). % DAKABERET IV (GCM) EFHWHRICEWTIE, X
EASEBRERADY 7)Yy RAT—ILDRAICLZIRANEZT LIFHNEETHZ EEZONTHEY, ZDER
HENRFA—FELTRRELTVWS. NI A—F{LDOZLUHEDRILE, STETEONZ S X NOXAZRRES P ERE
DAL EAEREBENTHE2HEHNTRITINTWS.

T2ZARNEELIFBREONIA—FICELT, KRBERBICH T 2BERBOMMEESE: BELET I &I
SWURETBZEDPEFLWVW, ZOLIBREFIECNETCINTIRI 2. ZDREHT—VIT 14—
Tal—v3av (LES) #ZHWVWEAEHITHNTWLWS. Fenton and Michaels (2010) (& ETILDKERRIRE %
100m & LT, MHICEAZKERDDHEZE X LES RE%&1To /2. thREEREE % RO/ER, FIHIDK
TRADBICE > TR A NDEZ LIFN+HPRIBZ I ENRINA. LHOLBESOSEREEIZHELS, ¥ MF
ELDEDIBEA m RT—ILOBRRDEZBHEIFERTZ TWVWARL. TNhIZx L T Nishizawa et al. (2016)
FETEREREEZEA 100m A5 5m FTEALLES ERAZ1TD 2 & T, sHEBEREKRFHEICOVWTIHANK. 4
BRICAKEIC— R ABIERSEZRE L. FARFICL2IEE 5 m OFEIE, INETiThh/i K2 LESEE
DR THREBICBEEDEVEDTHZ. BOEETIEE 625 m BT HBELMERICOWVWTHANRK. 20D
BER MERDOZEEAMICOVT, M BV ERREZBERICH O EIRBEDHFAEN RSN £LETIVAT
£ L2 B0OBECHEROHEBRREREFEEICOVWTEAR, SRRESEOANL YR, NAT—ILOBETE
BWEINDZEAERLE UEDHETHARICEWVTI, ¥R MEE EIFICEHL 2 MREHEDHEFIC D WTIEAN
5N TWVLARL,

AFRTIE, F R MNEELEIFEREDFIHMRABANBRBOBEE EOL D R EEFONERT 22
EEBEL, MREMEOBERERUCHEREGNIZICOVWTHEAELTY . ARKRTEHMREMETH S ET IV
TREICEE L TRNIRERERY.

2. AT —%

RNTICEA T 2 DI, Nishizawa et al. (2016) TEHEI /=T —49 TH 3. I NnlE, RIKEN/AICS TREI N/
SCALE-LES ver3 AL THELNLEDTH 2. S ETHW RS A—5{EId, KEEZBELTHEEINT
W5, EHEEBOY 4 Xid 19.2 km x19.2 km x21 km, fR&E X 100 m »5 5 m OETHEER VST TV
5. ME - AMERUCHMKREEICDWTIL, Odaka et al. (2001) ICK B2 —RITETITHOLNLHEREALH S
52 % KEERZUEIIEAPERTH . WHIZMIE, Odaka et al. (2001) @ 0:00 (HbAE) ICH T 2AERE
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DEICHDIBAIBELEZMA =B LERRTHS. LT —Y DA, BREES5m DEDIE, BRRE 10 m T 14:00
(AR FTEHELEERZVHEEL LT, 1 HEAKSHELTEONLEDTH 5. KR TIIEFTEREKE 5m
D 14:30 ICH BT —4 %A= Nishizawa et al. (2016) & E#k, EFTIVICHAAEFNTWVWEER—DRAF—L4A
HERAWT, RERAEZ KD,

3. BER

HREISHOBESEEDHBICHARER, $8E130.03 Pa fHEICHE T TR L, 0.046 Pa £ TIHELH
I 9 . Greeley and Iversen (1985) DEVARBR TRLONIZY A N a2EZ EIFHEETH S 0.03 Pallt
DISAEFOEED, SHERTF 1500 AR, M+ REBEFEELTWS.

ISADEE D & BREBEDH/BERICOVWTHARS 2D, ETLETE (BE25m) ICEIT2EEL T %
AR, TR, KERT—IL+HH m OV EFERBEIRICA > THREROBEN RSN, 2O LFRHE
1% Nishizawa et al. (2016) TRE N/ LD BREILVKBEDRERICHIELTWSR EEZ 5N 5. F-ILRE
BIXREIGE DK IFEKERT—IILBANSWZ &b 2. NS5O EFRMEIZKERNFREE —HL
TWa. FEEFREHISH>T, DL OHE m OKERT—ILEFORENKZ WEENAFEELTVS. &
W& RTIBGFAODHIZKERDOEMEDEEAHICE /B LTWBR I & bh o 1.

RTE, 14:30 LA DDEZICRREICOWTHEEITRTH 5. TDRBRHL SHREDADBWGRICE T S
BRZBOBEZARND I EICE T, BAGEBEREZONICERICET 2EREZRBE2FETCH 3.

F—U—R: kKB, XQERB. 5EBREZ—VIT+—>YIal—Yyay, @R, wREEH, ¥
BHE LIS
Keywords: Mars, Atmospheric Boundary Layer, High Resolution Large Eddy Simulation, Dry Convection,
Surface Stress, Dust Lifting
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A/UBFBKEEET N EZRAWCKZREDORIRICH T 2B FRBROFE
DEIERIFFZR

A numerical study on the impact of ocean general circulation on
aquaplanet climate with a coupled atmosphere-ocean-sea ice model

SAE AR BEFEC BE EAS EE St MR E- e RN Bl RS KEN
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1.1 X C®HIC

EERZ EFRINZRABREBETEEFRAKBESIRRINTWVWDEEZ LN, TOBEDERDLOICKE
SIBEOBEY I 2L —2a VHABAIITODNTWVWS. BADOHRIIL—TTH, RAREBEOTIEREICHT 5K
SARBEROZEDERAFEDD-DIC, RKEABRETINEBAWT, REXRANKTEOLNAREKZKE)DS
1Z$FER % 8 T & 7= (Ishiwatari et al., 1998; Ishiwatari et al., 2007; LL# INTHO98, INTHO7 & £&<). #Z Tl
RKEABERORENCEREYTED, BERBERIIECZEEINAD o712, LHL, BERBRICK 228 %
HELBREOKEAEICR LTCEERFEEAEZ 2 TH? D . BFDHERZOREBIIASEEBKESET
LWORBEESATREICL, KBREOKRBEHARICEWTHEEABRABICER LIEMELILRINEDTWS
(51: Marshall et al., 2007; Rose et al., 2015). 18 5 D FERMFFRIC L W, KEEFEROKUED KIZEHIKF
%, BEAEEREEREINELMNIARYDDOHS. LH L, KBREFEARDABERKELEDER—DELT
t, BEREXITEEDLEK[URL O — LABRDER, BFES CIHRERILBABENREMIKE KEERD5E
TORZ BV OERGRERFEKAE LTRINTULARLL.

AR T, BERLAEESTETILEAWVWT, INTHO7 THRAR LN KBREDSIED KIS ERKEMEDBIEICE
FARBROMREBEAL, KEREOKUEREICH T 2BFRBROFELERT DI EICEREYTS. £,
TR TIIRINEI >R EREE TEESDLEBEETNICLBREL V—LARDOEKREBIET. KRR
T, INTHI8 % INTHO7 L A#DAKRESE LA ETIICELY ZZETICHETE S LS IR o7, XF5
EHIERRROIZEERR(KIGEHRIIIREROE)DERERE T 5.

2. BIEET IV

AR ETFTIVITRERK[KBERET )L DCPAM (https://www.gfd-dennou.org/library/dcpam/) T %. 1%
BTE=ZRTT) I T4 THARRREKETEENS AT MUEICE > TEMNS. £72, INTHIS DKBRER
BRIABROERBREBIRT 272012, HEHBTRICIE Nakajima et al. (1992) DK B AT HE X £ — L4, BB
F21C1& Manabe et al. (1965) DR EMRASRHA F —LE KIBERBERAF—LEBAWVS. IhbILY, KEET
WICE - T R, BE, REEA, LLEORERBAGTEINS. KK ETIIVORKE KR FRERN 5 K - £
E26BICE. —A, BEBKETIVIRAFTE ZRTETNTH S, BEONFBRTIIBNETIOXRRIA
BARDPART MVEKICE > TEIND. ETILHBETERVWHRERPHARICK 2BEEGERIAT S70DI,
Gent and McWilliams (1990) % Marotzke (1991) MRS X ¥ Y E— a3V EHWS. Ihbick Y,

EETTIVIERE - BE - BEOORBEREAEET 5. BKET/LIL Winton (2000) ICED < $AE 3 B&A
BETILTHY, BKOBEI EBENFHEINS. LTORRTIE, BEBEET I OBREE LIS FREBEHN 2.5
FE - $R1E 60 B, BKETILORRE I B FREMRK 2.5 BEICRET 5. RIEIC, E20ETIVRAY TS
55— - 54751 (Arakawa et al.,2011) ICL U EASINTWS.
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3. 1R

HHIT INTHI8 ICE > TRETILN RO EODZEDER %R T 5. MHIC 280 K DFRKRK - BF %%
EY &, BARIEAEESRICHETHTEARRRISE L, KIFEE 50 EOMDREMR 1S5, Hr DIERIE,
KKEBESSTEDKLITHME TH S Marshall et al. (2007) BB RKDBERBERD/INY—V &L BUTWE D,
BREEILBV ENBFHTH 2. RIS, BEORKELBEECEERBROMNEERIET 272012, FBOERY
KL% swamp ocean(BABAEE O)% slab ocean(BABENAMR)ICEA-ERE1T 7. INLDEBRFERDLL
BRICKY, BEABREAZZER LZBEICE, PMERERORILEEZ NS ERD L, ZAEDEBEEBEENKW 4 E
BTI2Z&hah o7k, — AT, KGREPESRTHERERMEE E, BFORVIEWILST, ZnEhil
S0E LM 283K TH o7 RIS, KFTIWRRT 4 — RNy VEETCOBERBROMRERILT 72012,
INTHO7 ER#RDIKTILANRT 4 — RNy (263 KUTOMTRAT7 I R%E 0.5, ThIUMAFEOICRE) %
BALEBEDOHRRAZERT 5. SEIDOKGEHRDERTE TIlE, swamp ocean EER & LR T, slab ocean EERP
BEREAWVWERBRTIIKREEIIN 10 ERRL, Zhedib L TRREHRERTMEE TN S Ea<
Ro7=. ZDZ &IX, Rose etal. (2015) BERT B LIS, KFILRR T4 — RNy IDNEFEHET D E X, BFE
DB EERMENKBREDOTIFERAEICH LTCLWEEBAFELRZ 52552 TET 5. KBREDKIER
EICH T BEEARBREROBREDIBRA I SITEDDOIC, SBIETKABERERLICEZL /IS A —SERAE
DS,

F—T— R RQBFBKESET IV, KREOKE, KTBFERIE, KTIANRT4—RRv 7

Keywords: coupled atmosphere-ocean-sea ice model, aquaplanet climate, atmosphere and ocean heat
transport, ice-albedo feedback
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Ol ERBkak N D IERE M RITR DR T — R ISR T 2 BLBURBOER DB D

B/ 38R
Ro=

Effects of radial distribution of thermal diffusivity on critical modes of
anelasticthermal convection in rotating spherical shells

AR EFRE, Mk 23 B A4 LA ExS
*Youhei SASAKI', Shin-ichi Takehiro®, Masaki Ishiwatari?, Michio Yamada®
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1. Department of Mathematics, Kyoto University, 2. Department of Cosmosciences, Graduate school of Science,
Hokkaido University, 3. Research Institute for Mathematical Sciences, Kyoto University

Linear stability analysis of anelasitc thermal convection in a rotating spherical shell with thermal
diffusivities varying in the radial direction is performed. The structures of critical convection are obtained
in the cases of four different radial distributions of thermal diffusivity; (1) «is constant, (2) £ Tis
constant, (3) k£ p ,is constant, and (4) k£ p ,T, is constant, where kis the thermal diffusivity, T, is the
temperature of basic state, and p  is the density of basic state, respectively. The ratio of inner and outer
radii, the Prandtl number, the polytrope index, and the density ratio are 0.35, 1, 2, and 5, respectively.
The value of the Ekman number is 107 or 10 . In the case of (1), where the setup is same as that of the
anelastic dynamo benchmark (Jones et al., 2011), the structure of critical convection is concentrated near
the outer boundary of the spherical shell around the equator. However, in the cases of (2), (3) and (4), the
convection columns attach the inner boundary of the spherical shell.

A rapidly rotating annuls model for anelastic systems is developed by assuming that convection structure
is uniform in the axial direction taking into account the strong effect of Coriolis force. The annulus model
well explains the characteristics of critical convection obtained numerically, such as critical azimuthal
wavenumber, frequency, Rayleigh number, and the cylindrically radial location of convection coulumns.

The radial distribution of thermal diffusivity is important for convection structure, because it determines
the distribution of radial basic entropy gradient which is crucial for location of convection columns.

F—7— R BRSR, JEEMERE. AERRRE

Keywords: Critical convection, Anelastic fluid, Jovian planets
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Numerical simulation of circumplanetary disk formation for estimating
the disk size and surface density
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1. Department of Earth and Planetary Sciences, Graduate School of Science, Kyushu University, 2. Department of
Earth and Planetary Sciences, Faculty of Science, Kyushu University

Circumplanetary disks are possible targets for future observations and include some information on
planet formation. Numerical simulation is useful to predict such observations.

To investigate the structure of circumplanetary disk and its environment, extremely high resolution is
required. Hence we parallelize a three-dimensional hydrodynamic simulation code of static mesh
refinement method. The parallelized code enables us to compute 10 times higher spatial resolution than
previous studies. When 15 times Hill radius is adopted as the computational domain in the radial
direction, the finest spatial resolution is 10 of the Hill radius which is comparable to the present Jovian
radius. The resolution is sufficient to investigate circumplanetary disk structure.

We perform a numerical simulation of circumplanetary disk formation around a planet embedded in
protoplanetary disk. We consider a local rotating Cartesian coordinate. The coordinate is rotating around
a star with Keplerian angular velocity and curvature is neglected. Basic equations of inviscid fluid
hydrodynamic without self-gravity are solved. Some symmetric boundary conditions are imposed to
accelerate the calculation, in which rotational, periodic, and mirror symmetries are imposed as radial,
azimuthal and vertical directions respectively. The other side boundaries in the radial direction and in the
vertical direction of computational domain are connected to unperturbed flow.

In this resolution, the angular momentum of the initial condition can not be neglected. Then a artificial
retrograde circumplanetary disk forms potentially and the disk is not dissipative even in long time
integration. To avoid the problem, we introduce sink cells around protoplanet. Finally, a prograde disk is
formed.

Acknowledgement: The computation was carried out using the computer facilities at Research Institute
for Information Technology, Kyushu University.
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