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Atwo－dimensionalsimulation modelofthe“magnetohydrodynamic（MHD）”vortex method，

Current－VOrteX method，is developed・The conceptis based on the previously developed

Current－VOrteXfilamentmodelinthree－dimensionalspace・Itisassumedthatelectriccurrentand

VOrticityhavediscontinuousfilamentary（point）distributionsonthetw0－dimensionalplane，and

boththepolntelectriccurrentandthepolntVOrteXareCOnfinedinafilament・Inotherwords，they

SharethesamepolntOnthetwo－dimensionalplane，Whichiscalledthe”current－VOrteXfilament．＝

Thespatialpro別esoftheelectriccurrentandthevorticltyaredeterminedbythesumofsuch

filaments・Time development equations for afilament are obtained byintegratlng the

two－dimensionalMHDequationsaroundthefilament・Itisfoundthataspecia1－purPOSeCOmPuter，

MDGRAPE－2，iscapablenotonlyofmoleculardynamicssimulationsbutalsoofMHDsimulations，

becauseMDGRAPE－2acceleratescalculationsoftheBiot－Savartintegral・Thecurrent－VOrteX

method on MDGRAPE－2reproduces the result obtained by the traditionalMHD code on a

general－PurPOSeCOmPuter・◎2003AmericanInstituteQfPhysics．［DOI：10．1063／1．1594725］

LJNTRODUCTJON

Thevortexmethodisoneofthemostfamoustechniques

inhydrodynamicsimulations．lA3Thismethodhassomead－

VantageS・Kinetic pressureisnotnecessaryforthe simula－

tionsandcanbeobtainedexplicitlyfromflowvelocltyafter－

Wardifneeded・Thefine struCture Ofthe vorticltyCan be

tracedbythemethod，because atimeevolution ofthe vor－

ticltyPrOfileisdirectlycalculatedbythevorticltyequation，

WhilethevorticltyPrOfileisobtainedbytherotationaldifftr－

entiationofthevelocltyfieldinsimulationsuslngtheequa－
tion ofmotion．

Itis wellknown that magnetohydrodynamics（MHD）

andincompressiblehydrodynamiCs sharemanyfeaturesin
mathematicalformulations，forexample、

∇・β＝0，∇・〟＝0，

∇×β＝〝oJ，∇×〃＝叫

WhereB，u，J，and‘daremagneticfie］d，Velocltyfield，elec－

triccurrentdenslty，andvorticlty，reSPeCtively・Thus，alotof

researchefforthasbeendevotedtodevelopamodelwhere

electriccurrentandvorticltyCOeXist・Thefirstcurrent－VOrteX

modelfortwo－dimensionalMHD was presented by Fyfe

etal・4，5ThefilamentaryMHDmodelintermsoftheEIsasser

VariableswaspresentedbyKinneyetal・60ntheotherhand，

the current－VOrteXfilament modelbased on the two－fluid

equationswasdevelopedbyLakhinetal．7However，aMHD
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modelwherethevortexmethodisappliedstraightfbrwardly

hasnotbeenpresented．Thusweextendthevortexmethod

to the two－dimensional MHD model，Which we call the

“current－VOrteX method．H

Inthecurrent－VOrteXmethod，WeaSSumethattheelectric

Current and the vorticlty have discontinuousfilamentary

（point）distributions on the tw0－dimensionalplane，and a

Current－VOrteXfilamentcontainsboththepolntelectriccur－

rentandthepolntVOrteX・Thespatialprofilesoftheelectric

Currentandthevorticltyaredeterminedbythesumofthe

polntelectriccurrentsandthepolntVOrticesinthecurrent－

VOrteXfilaments，reSPeCtively・Magneticandvelocltyfields

areobtainedbytheBioトSavartintegrals・Itisremarkable

thatsimulationsunderhighmagneticReynoldsnumbercan

becarriedoutstablybythecurrent－VOrteX method，eVenJf

theelectricresistivltyequalszero，becausetheprofi1esofthe

electric current and the vorticlty are Obtained without the

diffbrentiation，andspatialmeshesarenotnecessarytotrace
themotionsofthecurrent－VOrteXfilaments．

However，One muSt nOtice the calculation cost of the

Biot－Savartintegral・ItisproportionaltoN2，WhereNisthe

numberofpolntSOnWhichtheelectriccurrentandthevor－

ticltyeXist・ltislikelythatsimulationtimeisdominatedby

CalculationtimefbrtheBiot－Savartintegral・Thus，fastcal－

CulationsoftheBiot－Savartintegralsuccessfullyyieldshort

Simulationtime・rIbimprovethecalculationperfbrmanceof

the BioトSavartintegral，We uSe MDGRAPE－2．8Itis a

SPeCial－PurPOSeCOmPuterforclassicalmoleculardynamics

Simulations・ItoriginatesfromtheGRAPE（GRAvityPipE）

system・9，10MDGRAPE－2accelerates calculations ofnon－

◎2003AmericanlnstituteofPhysics
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bondingforces，i．e．，Coulombforce，VanderWaalsforceand

SO On．Rewrltlng the Biot－Savartintegral，One hnds that

MDGRAPE－2cancalculatetheBid－Savartintegral．

Thepaperisorganizedasfollows・InSec・II，Wedescribe

thebasicequations．Basicphysicalquantitiesarerewrittenin

two－dimensionalfilamentaryrepresentations．InSec．TTT，We

deriveequations forhlamentary MHD simulations・In Sec・

ⅠVwepresentoursimulationmethod，andcomparethere－

Sultobtainedbythecurrent－VOrteXmethodonMDGRAPE－2

With the one obtained by the ordinary MHD code on the

genera1－PurPOSe COmputer．ln Sec．V we glVe discussions
and conclusions．

lL．BASIC EQUAT10NS

Weusethetwo－dimensionalidealMHDequations

∂山こ

－＝－（〃・∇）山こ＋（β・∇）ノこ，
∂J

∂Az
－＝一（〃・∇）Aこ，
∂r

∇・〟＝0，

g＋〟×β＝0，

β＝一之×∇A，，

仙Z（r，り＝2・∇×〃，

ノヽ

Jz（r，り＝一・∇×月，
〝0

（1）

（2）

（3）

（4）

（5）

（6）

（7）

WhereBanduarethemagneticfieldandthevelocltyOnthe

X－y plane，AZ，Jこ，and（。こare the z components ofthe

magnetic vector potential，the electric current denslty，and

the vorticlty，reSPeCtively．The unit vectorin z directionis

denotedbyZ．ThemassdensltylSnOrmalizedtounlty．

We assume that the electric current and the vorticlty

have discontinuous distributions，and they are confinedin

eachfilamentcoaxially．Atfirst，letusdefineexplicitformu－

lasofthemagneticvectorpotentialAこ（r，f）andthe stream

function¢（r，t）：

木恒）＝∑拙）G（r－r刷），

帖り＝∑n刷G（r－r刷），
J

（8）

（9）

Where¢（r，t）determinesthevelocityu（r，［）inthefollowing

form：

〃（r，り＝－2×∇桝r，け　　　　　　　　　　　　（10）

Thenotationsri（t），Ji（t），andOi（t）arethepositionvector，
the totalelectric current，and the circulationinside theith

Current－VOrteXfilament，reSPeCtively．The function G（r）is

thetwo－dimensionalGreenfunctionforthePoissonequation

G（r）＝一㍍1n帖

Yatsuyanagletal．

（11）

Theelectriccurrentdensityjz（r，t）andthevorticityw：（r，t）

areobtainedby

圭（r，り＝－∇2Aこ（r，り＝∑J刷和一rf（勅　（12）
J

山こ（r，り＝－∇2帖り＝∑n潮∂（r－r刷），（13）

Where∂（r）isthetwo－dimensionalDiracdeltafunctionand

Obeys

∇2G（r）＝－∂（r）．　　　　　　　　　　　　（14）

Equations（12）and（13）directlyshowthatthereisacurrent－

VOrteXfilamentatri（t）．MagneticfieldB（r，t）andvelocity

Beldu（r，t）areobtainedby

β（り）＝－2×∇Aこ（r，り＝∑ノ刷∇G（r一項））×乞

（15）

〃（r，り＝－2×∇帖り＝∑q（り∇G（r－r刷）×乞

（16）

The right－hand sides ofEqs．（15）and（16）are the Bioト

Savartintegralsinthediscretizedform．

Atthispolnt，allthebasicquantitiesareexplicitlyglVen

bythefilamentaryrepresentations・

l”．FILAMENTARY MAGNETOHYDRODYNAMICS

Inthissection，．WeShowthevorticityequation（1）and
themagneticinductlOnequation（2）rewrittenbythefilamen－

taryrepresentations・Fromnowon，WeuSeanOtationriln－

Steadofri（t）forsimplicity．

A．Vorticityequation

Nowwerewritethevorticityequation（1）intermsoftPe

filamentaryrepresentations（8）－（16）．Onefindsthatthevoこ

ticltyequationbecomes

∑宣誓∂（r－r十∑伸）∇・［咽r－r榊J ul J

（17）

WhereUi（r）isdefinedby

町＝五一〟（r誹一詩仙
dr′

〟（r昌）＝∑n′（り∇G（rノーr′）×乞
J≠J

β（r昌）＝∑項）∇G（rf－r′）×乞
／≠f

（18）

（19）

（20）
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Note thatthe self－inducedfieldbytheithfilamentisex－

CludedinUi・TbsoIveEq・（17），WeSplittheequationtothe

Partthatconsistsofevenfunctidnsandtheoneofoddfunc＿

TbobtainthesolutionconcernlngthespecifiCfilament，

Saykthfilament，Weintegrate Eq．（17）Overacircle area

WhosecenterandradiusarerkandE，reSPeCtively・Weas－

SumethattheradiusEissmallenoughandthatthedistances

betweenthefilamentsaremuchlargerthanE・Theintegrated

equationisglVenby

等ユー町中掴r－r誹2r＝0・（21）
Herewehaveusedthefollowlngrelations：

∂（r－rた（り）d2r＝1，

∑n刷∇・叩誹r－r湖2r
ん　f

＝叛（り
上た

∇・仲良∂（r－rk）］d2r．

（22）

（23）

FromEq・（21），theevenpartsolutionofEq．（17）isobtained，

（24）

Which gives the conservation ofcirculationinside the kth

filament・ThesecondterminEq．（21）vanishesbecauseof

thesymmetryaroundr＝rk・

TbobtaintheoddpartsolutionofEq・（17），Wemultiply

Eq・（17）by（r－rk）andget

∑空禁（r－rん）∂（r－r′）J

ー∑q刷（r－rA）∇・町∂（r－rf）］＝0．

IntegratingEq．（25），WeObtain

芋二＿章二＿ （r－rた）∂（r－rA）d2r

一g右（り
上人

（25）

（r－rた）∇・［叛∂（r－r川d与＝0．　（26）

In this equation，thefirst term onleft－hand side vanishes

becauseofthesymmetryaroundr＝rk・Theremainlngterm

lS

叛＝I
．仁． （r－rん）∇・仲人∂（r－rた）拍2r＝0．　　（27）

Thus，theoddpartsolutionofEq．（17）becomes

叛＝0，

Or，intheexplicitform，

（28）
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才＝〟（rたか謡β（r誹　　（29）

ThisequationglVeStheequationofmotionofthekthfila－

ment・NowwehavethesolutionsofEq・（17）・TheyareEqs．

（24）and（29）．

Inourpreviouswork，WeObtainedthemacroscopicforce

balance equation and macroscopIC Faraday，slaw fbr the

Current－VOrteXfilamentin three－dimensionalcon6guration

COrreCttOtheorderofp－2，WherepISalocalradiusof

CurVatureOfthefilament・‖Iftheorderislimitedtop－1，the

Obtainedforcebalanceequationisreducedto

且＝〃g（r）一芸柚）

（r－r′）×dr′

伸一r半＋α2（両

（r－r′）×dr′

2（用3／2

Hr－r′l2＋β2（両2（用3／2
＋0（p‾2），（30）

Whererisapositionvectorofthefilament，a（（）isaradius

Ofthefilament，JandOarethetotalelectriccurrentandthe

Circulationinthefilament，BEanduEaretheexternalmag－

neticfieldandthevelocltyfieldwhichdonotincludethe

Self－inducedfieldbythefilament．Thenotation⊥denotesthe

directionperpendiculartotheaxisofthefilament・Thepa－

rametersα（t）andβ（t）arethecutoffparametersfbrthe

Biot－Savartintegral・Thedetailsofthecutoffparameterare

describedinRefs．11and12．Notethatthefirstandsecond

termsonright－handsideinEq．（30）areO（pO），andthethird

andthefourthtermsareO（p‾1）．Inthetwo－dimensional

CaSe，Eq．（30）isreducedto

軋＝〟E（r）壷（r），（31）

becausetheradiusofcurvaturepISinfiniteinthetwo－

dimensionalcase・ThusthethirdandfburthtermsinEq．（30）

arenomoreneeded，andtheself－inducedfieldneveraffbcts

theself－mOtion・WeseethattheEq．（31）perftctlya畠fees

WithEq．（29）．

B・Magneticinductionequation

TnthefollowJng，WereWritethemagneticinduction

equation（2）intermsoftheⅢamentaryrepresentations．One

findsthatthemagneticinductionequationbecomes

∑空禁G（r一軒∑拙漂・∇G」

」′）
Jl＝J

＝－∑拙）（〃・∇）G（r－rf）．
J

（32）

WeintegrateEq．（32）overthecircleareawhosecenterand

radiusarerkandE，reSPeCtively・1nthiscasealso．Weassume

theparameterEissmallenough・Thetermsonleft－handside

inEq．（32）arerewrittenas
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上層禁G（r－rf）叫舟場・∇叶rf）d2r

竺禁上人叶rた）d2r＋宗誓

×上たG（r－rf）d2r一項昔∇G（r－rた）d2r

一字′亘若∇叶十1）d2r

誓隼（lnf一打宗三㌢G（r良一rf恒2

－∑刷慧・∇G（rん一両∈2・J≠た

Herewehaveusedthefollowlngrelations：

∇G（r－rた）d2r＝0，

上たG（r－rf）d2r＝G（r良一r車r・

（33）

（34）

（35）

Thesecondfbrmula（35）standsontheassumptionthatthe

distancelrk－rilislargeenough，andG（rk－ri）isapproxi－

matelyconstant．

We split the term onright－hand sidein Eq．（32）into

temS aSSOCiated with the kthfilament and the others．The

integratedfbrmisglVenby

－甘榊・∇）叶rf）d2r

＝－Jk（り （〃・∇）G（r－rた）d2r

一芸項） （〟・∇）G（r－rf）d2r．

Wesplitthevelocltyfielduintotwoparts，

〃＝∑q刷∇G（r－rf）×2

＝nた（り∇G（r－rた）×三十〟（rた），

Whereu（rk）isdefinedby

〟（rた）＝∑q再）∇G（r良一rf）×乞
f≠た

（36）

（37）

（38）

inthesamemannerasEq．（19）．Substitutingtheaboveex－

PreSSionforuinEq．（36），WeObtain

一・ノ人…

Yatsuyanaglela／，

（［nた（r）∇G（r－rた）×乏＋〟（rた）］・∇IG（r－rた）d2r

一芸Jf（り 上 A（／）

×G（r－rf）d2r

＝一石（r）

－JJt＝

一芸榊

一芸榊

〈［Jlた（り∇G（r－r′）×2＋〟（rん）］・∇）

［nん（り∇G（r－rん）×幻・∇G（r－rた）d2r

〟（rん）・∇G（r－rん）d2r

［nk（り∇G（r－rf）×幻・∇G（r－rf）d2r

〃（rk）・∇G（r－r′）d2r

た（り

－∑拙）〟（r々）・∇G（rん－rf）TF2．
f≠た

（39）

Therelations（34）and（35）havebeenusedhere．

From Eqs．（33）and（39），the explicit fbrmula ofthe

magneticinductionEq．（32）isobtained．Let入be

入＝－（ln仁一を）＞0，

andthenEq．（32）becomes

莞誓＝一議慧G（rrト詣Jf（り

×ト（rた上告］
・∇G（r良一rf）．

InthelimitofE→0，We Obtain

‘／右目

dJ
＝0．

（40）

（41）

（42）

ThisglVeStheconservationoftotalelectriccurrentinsidethe

kthfilament・Nowwehaveasetofequationsthatdetermine

themotionofthecurrenトVOrteXfilaments・TheyareglVenin

Eqs．（24），（29），and（42）．

lV．SJMULAT10N METHODAND RESULJS

In this section，We glVe tWO tOPICS．Thefirst oneis a

method to calculate the BioトSavart integral by

MDGRAPE－2・Thesecondoneisacomparisonbetweenthe

results obtained by the current－VOrteX method on

MDGRAPE－2andbytheordinaryMHDcodeonageneral－

PurPOSe COmPuter・

A．Biot－Savartintegral0nMDGRAPE－2

Asis shownin theIntroduction，the main purpose of

MDGRAPE－2is to calculate the Coulomb fbrce very fast・

MDGRAPE－2hasacapabilitytocalculatetheBiot－Savart
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integralalso・However，SOmemanlPulationsofthefbrmulas

arerequiredtoshowhowtocalculatetheBiot－Savartinte－

gralbyMDGRAPE－2．

The gravitationalacceleration atrinthree－dimensional

SPaCeisglVenby

α（r）＝－G∑宣苛，　　　（43）
WhererilS apOSition vectoroftheith starwhose massis

glVenbymi・Thesummationisperfbrmedfbrallthestars

COnCerned・ThecalculationofEq・（43）canbeacceleratedby
MDGRAPE－2．

0nthe otherhand，the magneticfieldinducedby the

electriccurrentfilamentisobtainedbytheBioトSavartinte一

gral，

〝oJ

β（r）＝一石

（r－r′）×dr′

巨－r′l3
（44）

Whichgivesthemagneticfieldinthree－dimensionalspaceat

r・Thevectorrlisthepositionvectorofthesmallelementof

thefilament．The totalelectric currentinside thefilamentis

denotedbyJ・Theintegralisperfbrmedforalltheelements

dr′inthefilament．Equation（44）isdiscretizedinthefo1－

lowlngform：

β（r）＝一霊草
（r一石）×叫

巨一軒 霊草島×姉
（45）

Where weintroduce the vectorもfor simplicity，Whichis
definedby

島＝
r‾r～

lr－r甘

Thecomponentsof島anddriaredenotedby

島＝（吉か紅，gJ，

叫＝（drL，dr∴，叫こ）・

（46）

IncorporatingEqs・（47）and（48）intoEq．（45），thecompo－

nentsofEq．（45）become

β・r（r）＝霊草（刷一打姉），

β1－（r）ニー霊草（刷一刷），

βこ（r）＝霊木姉一刷）・
Now，WeCOmParethefbllowlngfbrmulas

（49）

（50）

（51）

that are the com－

ponentsofEq．（43）withEqs．（49），（50），and（51）：

αユ・（r）＝一霊草刷，

項r）＝霊　毎刷，

（52）

（53）
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FTG．1．lnitialcondition ofthe simulationiヽゝhown．

〟二（r）ニー霊草刷・ （54）

Formulas（52）－（54）areobtainedbysubstituting〃′。J／（47T）

forGanddrJformiinEq．（43）．Equations（52）－（54）haVe
the forms suitable fbr MDGRAPE－2．Youwi11find that the

COmPOnentS aJl（r）and aこ（r）appearinIbrmulas（51）こInd

（50），reSPeCtively．AllthetermsinEqs．（49）－（51），therefore，

Canbeobtainedbysubstitutlngdr；．T，dr：Y，anddr：：for”ti．

respectively・Thus，theBioトSavartintegral（45）canbecal－

CulatedbyMDGRAPE－2．
The above－mentioned method is for the thl・ee－

dimensionalcase・Tfthetwo－dimensionalproblemisconsid－

ered，theBiot－Savartintegralisasfollows：

β（r）＝一芸
（r一一r′）×圭（r′）2

r－r′l2

‘／ご′・ （55）

MDGRAPE－2isalsoabletocalculatethiskindofintegral・

The only thing neededis to rewrite the function tablein

MDGRAPE－2thatdeterminestheformulaoftheintegrandg

inEq・（45）・Fortwo－dimensionalcase，WeuSethefollowing

hrmofg：

g＝

r‾rJ

巨一石l2●
（56）

B・SimulationsbyMDGRAPE－2andgeneral－PurPOSe

COmPuter

Inthissubsection，We Showasimulationresu】tobtained

bythecurrent－VOrteXmethodonMDGRAPE－2，andcompare

it with the one obtained by the ordinary MHD code on a

general－purpOSe COmPuter．The details of thelatter result

havebeenglVeninRef．13．111ustrationsoftheinitialcondi－

tionareshowninFig．1．Therearethreevortexsheetsandan

electron current sheetin the system．lnitial widths of the

CurrentandthevortexsheetaredenotedbyLo．Thesizeof

thesimulationboxis4Lointhexdirectionand40Lointhe

ydirection．Boththecurrentandthevortexsheethavefinite

lengthsin they direction．Theinitiallength ofthe current

Sheetis36．8L／0．Initiallengths ofthe vortex sheets are re－

ducedtol／5each，COmParedwiththatofcul－rentsheet．Ini－
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tialcurrentdensltyandvorticityareglVenbyJoandwo，

respectively，andunifbrminsidethesheet・Wtadoptthefree

boundaryconditionatalltheedgesて）fthesimulationbox，

because the sheets do not defbrminx direction near the

upperandlowerboundaries，ifperiodicboundaryconditions

areused・Thetimescaleofsimulationsisnomalizedbythe

AlfvintransittimeTA・TheresistivetimescaleisglVenby
顆＝1000㌔．

Inthe simulationsdonebyMDGRAPE－2，WeuSethe

fbllowlngequations：

－＝〃（rたか謡β（化，扶dJ

dJた（g）

dJ

dnと（り

dJ

＝0，

＝0，

β（rた，り＝∑項）∇G（叛－rf（r））×乞

〃（rた，J巨∑q（り∇G（n－r刷）×乞
∫≠た

（57）

（58）

（59）

（60）

（61）

Thelast two Eqs・（60）and（61）are Calculated by

MDGRAPE－2・ThemagnitudesoftheparametersareaSfb1－
lows・Theelectriccurrentandthecirculationoftheithfila＿

ment areJi（0）＝fli（0）＝0．16．The total number of the

CuITent－VOrteXfilamentsislO5・Themagnitudesofthecur－

rentdensltyandthevortlCltydependonthenumberofthe

filaments・TheyareJo＝Wo＝3・4・Timestepis5・0×10－5．

Thenumberoftotaltimestepscalculatedisl．6×103．Four

MDGRAPE－2boardsareuSedinthesimulation．

Inthesimulationsdonebythegeneral－PurPOSeCOmPuter

WeuSethefbllowlngequations：

∂仙ヱ

∂J

∂Aこ

∂J

－（〟・∇）山ヱ＋（β・∇）JZ，

－（〃・∇）Aこ＋孟∇2Az，

Jz＝－∇2AZ，

〃＝ 仙こぞ×∇G（r－r′）dr′．

（62）

Themagnitudesofthecurrentdensltyandthevorticltyare

J0＝Wo＝0・5・Thetimestepis2・0×10－4．Becauseofthe

limitationofthesimulationcode，theelectricresistlVltyqlS

introducedinthesimulationsonthegeneral－PurPOSeCOm－

puter・Themagnitudeof77isO・1．However，WeCOnSiderthat

theresistivitydoesnotaltertheresultbecausethetimescale

COnCernedisshorterthantheresistivetimescale．Thenum＿

ber of the meshesis3．3×104．wt use the FUJITSU

VPP700Eandthenumberofprocessors（PEs）isfour．Tb

COmPare the results obtained by MDGRAPE－2and the

general－PurPOSeCOmPuter，WemuStnOrmalizethetypical
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FIG・2・Asimulationresultdonebythegeneral－PurpOSeCOmPuterisshown．

Thesnapshotsofthedistributionof（a）electriccurrentand（b）vorticityat

T＝0・0，1・5×102T4，3・0×102T4，4・5×102TA，and6・0×102T4areglVen・

timescaleshrboththesimulations，becausethevaluesof

thecurrentdensltyandthevortlCltyfbrMDGRAPE－2are

difftrentfromthosefbrthegeneral－purPOSeCOmputer・Let

thetimescalehrthegeneralpurposecomputerbeTo・Then

the time scale fbr MDGRAPE－2Tis glVen by Tム

＝T。／（1．09×101）．From now on time scale fbr

MDGRAPE－2isnormalizedbyTo・
Time evolutions of the current and vortex sheetsare

ShowninFig・2・TheresultshowninFig・2isobtainedbythe

general－PurPOSe COmPuter・In Fig・2，We Can See that the

electriCcurrentsheetsplitsintosomepleCeSWithtime，R）ト

lowlng the distribution of the vorticlty・Afler T＝1．5

×102T4，neWCOnfigurationsappearinboththedistributions

OftheelectriccurrentandthevortlClty・Theyexhibitthevery

Similarforms・TheelectriccurrentandthevorticityevoIveto

Create mOre OVerlapplng reglOnS Where they coexist．The

StruCtureisratherfilament－likethansheet－1ike．Oncethefila＿

ments are fbrmed，they survive stably・Thisis duetothe

StrOngCOrrelationbetweentheelectriccurrentandthevor＿

ticity・Theabovecommentsarebrtheresultobtainedbythe

general－PurPOSe COmputer・130ne伽ds thatbasicallythe

SamePhenomenoncanbedemonstrated by MDGRAPE－2

thatisshowninFig・3・Thetime－eVOIveddistributionsofthe

electriccurrentandthevorticityshowverysimilarresults．

ThecalculationtimeisllOminfbrMDGRAPE－2and350

minfbrthegeneral－purPOSeCOmPuter・Becausethenumber

OfthefilamentsfbrMDGRAPE－2islargerthanthenumber

Ofthemeshesfbrthegeneral－PurPOSeCOmputer，WeCannOt－、

COmPare the calculation time directly・HoweVer，itrglVeS

evidencethateventheMHDsimulationuslnglO6filaments
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FIG・3・AsimulationresultdonebyMDGRAPE－2isshown・Thesnapshots

Ofthedistributionof（a）electriccurrentand（b）vorticityatT＝0．0，1．5

×102TA，3・0×102T4・4・5×102TA，6・0×102T4areglVen．
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CanbecamiedoutbyMDGRAPE－2withinrealisticcalcula－
t10n time．

V．DISCUSS10NSAND CONCLUS10NS

Wepresentthesimulationmodelwheretheelectriccur－

rentandthevorticltyarediscretizedinthesamemanneras

thetraditionalvortexmethodinhydrodynamics・Themodel

issuitableforthesimulationsofthehighmagneticReynolds

number・The special－purpOSe COmPuter，MDGRAPE－2，aC－

CeleratesthecalculationoftheBioトSavartintegral・Because

the Biot－Savartintegralis usedin every time stepln the

Current－VOrteX method，the fast calculation of the Biot－

Savartintegral successfully yields short simulation time．

TheremaybemanyotherapplicationsofMDGRAPE－2．

In this model，We neglect allthe viscous parameters，

namely，theelectricresistivltyandthekineticviscoslty・Tb

incorporate these effects，the parameter EShould befinite．

However，ifEisfiniteandconstant，aPrOblemarisesthatthe

electriccurrentandthevorticltylnallthefilamentsdumpat

the samerate・Thus wemustdevelopthemethodtodeter一

mine Efbreachfilament approprlately・The other viscous

efftct may arisefrom theinteractions between manyfila－

FilamentaryMHDsimulationmodel，Current－VOrteXmethod　　3187

ments・ThisisJuStlikecollisionsbetweentheparticles．Tb

incorporatethesekindsofviscouseffects，furtherinvestlga－
tions are needed．
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