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Toward N-Body calculations with a larger number of particles : parallel computation for
Particle-Particle Particle-Tree scheme using FDPS
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A Mesh-free method for free surfaces and contact discontinuities
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In Earth and Planetary Sciences, mesh-free methods for compressive fluids are widely used for fluid
simulations in which large deformations occur. As a traditional mesh-free method, Smoothed Particle
Hydrodynamics (Lucy 1977 and Gingold & Monaghan 1977; hereafter SPH) is generally used. However,
SPH cannot accurately handle free surfaces and contact discontinuities, where the density
distribution is not differentiable.

There are two causes for this limitation. First, in many of mesh-free methods, the density of a
fluid element is derived directly from the distribution of fluid elements instead of using the
equation of continuity. However, the approximation formula in which the density can be derived
without implicit method, does not satisfy partition of unity, causing an error. Second, the
physical quantities and derivatives are estimated by the SPH approximation formula. This formula is
zeroth-order accurate in space and second-order accuracy with respect to the number of neighbor
fluid particles which interact with a fluid particle. Therefore there are large errors at free
surfaces and contact discontinuities.

To solve this problem, we developed a high-order mesh-free method for compressive fluid. As a
solution for the first problem, we integrate the equation of continuity in the new method. In
addition, for the second problem, we adapt a space high-order approximation formula to mesh-free
methods for compressive fluids. The formula is based on Tamai et al. (2013), in which they
formulate a high-order approximation for mesh-free methods for incompressible fluids. Then we
express free surface with the boundary condition which the pressure is constant. In addition, for
contact discontinuities, we introduce the appropriate boundary condition depending on what it is a
contact discontinuity.

We also compare the results of numerical tests of our new method to the results of SPH. These
results show that our method can handle free surfaces and contact discontinuities better than SPH.
However, the new method cannot accurately handle contact discontinuities with indifferentiable
pressure. Therefore, we need other prescriptions for these contact discontinuities, which we will
address in future work.
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Comprehensive tests of artificial viscosities, their switches and derivative operators
used in Smoothed Particle Hydrodynamics
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We have obtained a steady-state, 1-D model of the accretion disk of a protostar taking into account
the magneto-rotational instability (MRI). We find that the disk is divided into an outer turbulent
region (OTR), a MRI suppressed region (MSR), and an inner turbulent region (ITR). The outer
turbulent region is fully turbulent because of MRI. However, in the range, r_{out} (= 8 - 60 AU)
from the central star, MRI is suppressed around the midplane of the gas disk and a quiet area
without turbulence appears, because the degree of ionization of gas becomes low enough. The disk
becomes fully turbulent again in the range r in (= 8.2 - 1 AU), which is called the inner turbulent
region, because the midplane temperature become high enough (\gt 1000 K) due to gravitational
energy release.

Planetesimals are formed through gravitational instability at the two distinct sites, outer and
inner MRI fronts (the boundaries between the MRI suppressed region (MSR) and the outer and inner
turbulent regions), because of the radial concentration of the solid particles. At the outer MRI
front, icy particles grow through low-velocity collisions into porous aggregates with low
densities. They eventually undergo gravitational instability to form icy planetesimals. On the
other hand, rocky particles accumulate at the inner MRI front, since their drift velocities turn
outward due to the local maximum in gas pressure. They undergo gravitational instability in a
sub-disk of pebbles to form rocky planetesimals at the inner MRI front.

The tandem regime is consistent with the ABEL model, in which the Earth was initially formed as a
completely volatile-free planet. The water and other volatile elements came later through the
accretion of icy particles by the occasional scatterings in the outer regions.
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Formura: Programming Language for High-performance Structured Lattice Stencil Computation
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Recently, programming and performance optimization have become a big burden in simulation science.
In studies of planetary formation and evolution, many applications can be reduced to explicitly
solving some partial differencial equations (PDEs). We have been developing Formura, a programming
language for stencil computations, that can generate explicit solver codes for PDEs.

In formura, we can describe discretized PDE-solving algorithms using convenient and familiar
mathematical notations such as functions, discretized differentiation operators, rational lattice
indices such as half-grid coordinates. We will report the current development status, sample codes,
and performance measure of formura.
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Mantle convection simulations from technical viewpoints
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Martian dust devil statistics from high-resolution large-eddy simulations
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Numerical explorations of climates of terrestrial exoplanets
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BROENE, BREOSKIRREBOZHFMZIERLU c ETREMNBFEF DHDOREICEEL TEEZEFRDDC
ETHD. BFOFARMEREIDENE LT, EREBREORLE L REREREODRENRE(FSND.
TERBIRREICRET 3EREL T, [URL I —LRIZESER LTz Budyko (1969) MAISNTULSD. EOKURL
IJ—LRIE, KBEBOZEIIH L TR RIGHE - SIRGEHRE - KEULBOSEDOVWTFNRERT INERT
ENDTHD. —hH, BEBENREL(E, RAISBNFEEIBIXRENDEHILARICSVT, AWISvIIMK
RS K > THHBIBELFRNRRNE LIRME (5HHERR) & L0, BUNZAEIE U X EHEBIRETH D
(Nakajima et al., 1992). BRERBENRERREIT I EBFEIETHERAIDEEZISNSD. LD, BRI,
ARAKBRET IV EAOTERERZIRE - EERERBESHLZFLEIUBREDERND—RE L TUK DM
DEBRZETIE > TEL.
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(&, £/ - B - ELRILE - HREZERUCRBEREAEAZEBICEICELDKRHTUVD. BEDECS, H
WICREU TITHERRENE/ IS X —FEULTEXBEVSEELERDIRVICEZT > TUVSD. L DEIESEER
FNRSA=—BRA—TEFLETBIENTH D, BRIWNRBEEBREZHERITIDIEVSETNTHS.
it 1 RITEFTIVERVZ Budyko (1969) METEEI(FEMLD, 3 XRit GM SHRBRICKBDSRIEL T — LRIDIER
[CIERENHABERNMUNEELS. LW DHDERICDVTEBEENDKBEAEETESZOHDAEERIC
MXT, ZHEONEESAEETESDICEUZEATEERMNECHETHS.
BRAMNCNITICHILEH>TEzC EF, FAHHNETRE, EXRE, KRELEENRE ULREREIREBOH
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MNERAXEZ SEKFIIEHNRINENBR 5 EBRERERENRRETDILOLE, ELWSTCERRXDDOHS.
CNITOERLDEE(F, EANICIRTEDOHEK(CENM U ZERE(ICE > TUV. REHERIEMERR DS X
F—L (Chou et al., 1996 H&K T Chou et al., 2001) EAHLTLD. EOEBEFEICDUVTIE, HEIUINE
MRAEMEKDED ELZRBRICED LSICINSA—FFa——vJ0LTWVB. Fz, HREIC DLW TE[BEL
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ZER I B EEITHEODTUKFETHD.
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Effects of dynamical boundary condition on banded structure produced by convection in a
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TEAEBDBRLDOMNIRIZICHS ML D> TULEL. REBOES RBREEFR(CLLL THNT L TE
W1 EFIL, 05, SHESAEOEKEERIDIRED T THEEHN S DEGE & KBIEIC X > TRKSOESH N
BREITNBETILCIE, PEBEODRE(CRONIBEOIEVNI T v AEERINDIETOND, REEODI T v~
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CDELDOIEMRE(CH U T Heimpel and Aurnou (2007) (&, CNETICEZXSNTULERVWETILEDEFBUEK
RIBEBAOFESRESEE R, L1 BN+ AE<AKEAFR CTORMBNERELIZS(C, REFHDIET
MEPBRBEOREICEONBIROI v hHAHEEFTIREBEHERNCBIRLZ. ULHMLERS, BSDOMSE
THREAMAIC 8 MXFMEZEIRELTHD, £EKD 1/8 DEBDEEH U MNEELTULEL. DK SEEEHD
FIREFBNBEARDOBE(CREEZSX TLDAREMARSS. HIXE, 2 RTEARNWELIRILF—DOFENR
T—RR+2TERL, EVEVORIRY T v bREREINEOAE LNV, e, ERINEIFRBRNAR
BEEE>THRRI T v EREThTLESME LN

COEOEIHMEEE DT, DNDONECNFTTISEVERROMESAEZ SIKCRIFET O C LT, HREE
P LUOHESREFESHOBRRANER S NINENETARTE/Z. ZOER, Heimpel and Aurnou (2007) DfR
(FERICHITTIRSTHIFENRE T3 BENTIRETH D, REBEBOR(C(IHEIREENER LRIt EgE(C
RLOFRARENEN 1 KFDOHIRT SIKEERBT.

ULHULERS, AT —RA+DCEVZCOREE, FAOZAMERIKAIICH (T NZRBERRENREEIC
HBRAIRADRHGTHDICEIKFELTLIAEEARS S. Z2CT, AMETE MRERREEEARHIRNDRYG
NWOMBRUGAZE L CTERFZMGOFEZBKLU CHE. TRCHEREGERVDCL(F, EBORERKE
ARNDGAE U TERENTH D. FEXRIHNSEMAKINADERE CIEELS MHD BRABSEHEIND

EEZBNTUBINSTHS.
EFIEEEGT DERBFID T VXA DREOHFERARTEBRINTULD., AEARICEDONZIENTHTH D
FSURIVEE 0.1, TOVVEE 3x10°, EREBONERNBE 0.85, BEL1J—#% 0.05 &L, &

BREAE, BERETHS. NEHNRARGFILHTERIAND, TiHRCTHEBERETHS. MHCIOER
TOEgREICS VY LILRERBELZMR 2. 80000 XTI (K 12000 CER) X CREBDLIZECS, &
WREY T v hEFUOHRSREDRIABENHIEL. COFSREOHBRBES, MHNBERINORED
FEERIED, HEIT B &< 12000 FEXRTTRE (K 19000 ElER) X THEIHFINDODI(TTCLS. Ol
(&, TwRAKEEREDOZOICKRIESICHRNICERT STV VERNEE, 2 RTANDOKHTHSITX
WE—ENDT—REREEINTUBLHTHBIEEZISNS.

HE . AMROBUESE (C(IEFARBEARBBOMKS = 21 L —5 (ES3)ZRALE.

E PN

©2016. Japan Geoscience Union. A1l Right Reserved. - MGI22-P@9 -



MGI22-P09 HAMERSER S EA2016EAS

- Heimpel, M., & Aurnou, J., Icarus, 187, 54@0--557, April 2007.
F—O—R ! EAAIBREXRR. BRBE. MEMERI v R OXE—KR. KE. T8

Keywords: atmospheres of the gas giant planets, banded structure, equatorial prograde jet, Rossby
waves, Jupiter, Saturn

©2016. Japan Geoscience Union. A1l Right Reserved. - MGI22-P@9 -



MGI22-P10 HAMERSER S EA2016EAS

ARBFBEKEEETIVIC K BKZREDURDEUERER
A numerical experiment of aquaplanet climates with a coupled atmosphere-ocean-sea ice
model

SAE EX B8 5% BE B, /2 St ML 5 F8 #@N'. 5/ B &N
*Yuta Kawai'?, Yoshiyuki 0. Takahashi', Masaki Ishiwatari®, Seiya Nishizawa’, Shin-ichi Takehiro®,
Kensuke Nakajima®, Hirofumi Tomita?, Yoshi-Yuki Hayashi'

1.MAXE, 2IBCZAAERMETERIZMEEE. 3. NKE 4. TEKXE, 5.LBEXE
1.Kobe Univ., 2.RIKEN AICS., 3.Kyusyu Univ., 4.Kyoto Univ., 5.Hokkaido Univ.

ZINBETERRINZIXREREODZFMHEDEREICAITT, REXATRFESEIHEETIVCLIZIRNZRENS
BOMBEENTULD. RMEEOMETIL—TEFT Tz, BEOKERERE (LN T dAKBFABEROESID
BRERDBICHIC, ERBFCBONLCRE(KZRE) CHITIREREBOBENMRTEZTO>CS. HIXE,
Ishiwatari et al. (2007) TI&, ABEHEEBRIEZEZT(CBOENBIKBRENDTIRIRED ZIFHLCZEME
—RTEIIRILF— NSYXREFIVEZRTASKBRETILOBMAZERVTERLIZ. LML, ZCT
(&, SBFEBRBECLONAEM (swamp ocean) & UTEECEDIRDONEEZY, BFERBRIEIEERINL
hofz. RERICE, EUREICEBFAFERETDIEITNGE, BEOSERREDRTE - HRICHVT, BFXER
[CXBDEMEXEICEELRZREERCT. B, BAEMIKOBUNZICHFVT, BFABRIC K SrlbEhdmx (&
BEELRAEIESCENMSNTUL S (Trenberth and Caron, 2001). ¥4, Rose et al. (2009) (&, S@FE
EEDOMREWMD ANE—RITEILIXRILFE— - NSYREFTIVEZRL, CNFTHSNTULEN ST
FREEMBRENDFEZRURZ. T, MFEOSFERMOA L, KRBFBEKESETILVERVTKERE
DERABREENZFERETIREICLDDHD, Smith et al. (2006) *°Marshall et al. (2007) (&, WBEEFIVICL
BKBEDRATDLRNATR CTHD. ZNEE, KXREOKMEREBD ABEHKEFHCBERAREREM,
BIENAKEENMNESETIVEBVWTRARSNDDHS. (HIXI(S, Ferreira et al., 2011; Rose et al.,
2012; Rose 2015).

ASBFABROMAZER ULKZREDOKMEREBORRICA(TT, AEEEFARKBERET ILORER AT
LT, SBFEABRET IV, BXBNZEFIVEREL, CNSOEFTILOBEZEENHTLD. £E(F, BFX
BRETIVEBKETIL, ELTINSDETILOBEICED > TVS. BFETIVE, TE, B, BHD
AEELEDMEBICETEL, WDHDOTITTVU YR - ZT—JLOBRUNI T —ILOEPTRIC K BDEEL
EVYDMRIFI/IITA—=FEND. BKEFTIVE—RTHANZETILTHD, BKOESTPLREEZRDSD. Ch
S5NETIVERKABERET IV DCPAM (https://www.gfd-dennou.org/library/dcpam/) (&, ATFwvS— - S
7S (Arakawa et al., 2011) [CKDIEEINSD. SEOSHRREREROCLEL/ S A —5 —KBREJFE(C,
COBAEETIVEEONOXBEETEMIRIB CETARELNI OIS LTHD. T, BERDKEBENZ
MRS EBZHICUATOAETRBEESZITS. FUMIC, BEETIVEHERBENLITD. ZNE, ZNEtE
ERERBEFEAL TKROEBE I SV I XEBHDERFZGE LT, BFEKETIVEFEZEHEFEEN T S.
EERNEFEREIOGET DI TCOYTIUILERDIRT.

RIC, BEPOBEEETIVORDIEBUVERIIT 360(C, REMKODBE/I NS A —FESXKBEDTIED
BIEEBESRH TL\D. PHRME(E, B8ELT2280 K XS - BETHD. BEaRE, ¥ - BFIULRRIR
EMERDARNKBERRN TS v X(CL>TEEEIND. Lk UTZRRBEEDEC LD, 20~309 1 )L (CEF4000
FBEDICHY)DESROREBENS ZERENIHBRBETITX 3L D>z, CORREBESDREIC, X

R OBEIXBERYKERR, BE, EPOFFEDREEDRINELIRI—IE, FITHE (BIXIE, Marshall
et al., 2007) OBEREXIKLZEONREBSNDICERDM Oz, ZDO—AT, BKOEI(IKRE L TEM
EfTTHD, ZNICHVEBEOEMNEEDENANHEUVTULS. CNSORRAGEDODNEZZSNDIN, FD—
DELTEKETIICESVWTEKOEIEZEAZRBINTUELWC ERE(FSND. i, BERDEUNZA®
KNG OERERAETO>TED, BKOESTHEMUKITTLSIRERROEREENTLD. LIERDT, BE
DNREBIREESROFEREEBDICETHSD. FRNICIE, BRUZBEESETIVERWT, Ishivatari et al.
(2007) DABEHISRERNDBIEZTOFETCHSD. TCOEIABREZRIDIHEGEZRLEVGEENDL
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BE1TV), KBETRREINIZHRLERURRERE (CHT 3ABFABRDZEIDEFEE RHIZVNEEXT
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