
PHYSICS OF PLASMAS VOLUME9，NUMBER2

Formation of current－VOrteXfilaments

YYhtsuyanagIandT．Ebisuzaki
Co叩〟Jαrわ〃dJ∫cfg〃Ceかルf∫われ，尺ばだⅣrmg血∫J血Jeq／タカ画“IJα〃dC力emJcd尺ピ∫ピαⅣ勅肋わー∫損，

∫α血mdj57－（〃98，J叩d〃

T Hatori

か甲drJme〃Jqr坤r〝Mrわれ∫cfe〝Cg，助〃8g（7Wd U〃ルer∫廟〃grが∫〟たβ一∫鋸，助Jl。g（7伸d259－72pj，九四〝

T Kato

か甲dr加g〃rqrA〝JfgdPカツ扇C∫，l侮∫e（ねU〃ルgr∫毎∫桁毎〟ん〟－れ乃桓0ノ69－8555，J叩。〃

（Received24July2001；aCCePted8November2001）

Time evolution of a system where electric current and vorticlty COeXistis demonstrated by

two－dimensionalmagnetohydrodynamic simulations．Such asystemhas two characteristics．The

firstoneisthatoncetheelectriccurrentandthevorticltysharethesameposition，theytendtomove

Simultaneously，StaylngOVerlappedwitheachother．Thesecondoneisthattheelectriccurrentand

the vortlClty eVOIve to create more overlapplng reglOnS Where they coexist，eVeniftheirinitial

SPatialdistributionsarenotthesame．Duringtheevolution，thedistributionsoftheelectriccurrent

and the vorticlty are　fragmented，and　the current－VOrteX　fi1aments are fbrmed．Once the

Current－VOrteXfi1aments are fbrmed，they survive stably．Thisis due to the strong correlation

betweentheelectriccurrentandthevorticity．◎2002AmericanInstituteQfPhysics．

［DOI：10．1063／1．1432317］

L LNTRODUCTION

Ourfinalgoalistodemonstrateadetailedmechanismof

thesolarflare．Manyresearchersnowshareacommoncon－

CePt that fast magnetic reconnection should be a main

mechanismforthe solarflare．However，the details stillre一

main unclear．Thus considerable attention has been devoted

tothetheoryoffastmagneticreconnection・1－4Weproposed

achaoticreconnectionmodelasacandidatefbrthefastmag－

netic reconnection model．5‾8Anillustration ofthe chaotic

reconnection modelis shownin Fig．1．In this model，We

assume thatthe magneticfieldsin thereconnection reg10n

Shouldbeinchaoticconfiguration，Whichyieldsthefastpro－

CeSS．Tbdemonstratethemechanismofthechaoticreconnec－

tion，We analyzed the dynamics ofthe current－VOrteXfi1a－

mentsthroughbothanalyticandnumericalmethods・5，6The

Current－VOrteX61ament has the electric current and the vor－

ticltyalongltSaXis．InthesimulationsconcernlngaCOllision

between the two current－VOrteXfilaments，itis fbund that

theyaretangledwitheachotherwithtime．Theconfiguration

OfthetangledBlamentsisfbundtobechaoticowlngtOthe

turbulentnowinducedby themselves．Then，WeCOnCluded

thatareconnectionprobability（rate）ofthefilamentsisex－

tremelyenhancedbythechaoticconfiguration．Thisisaba－

sicidea ofthe chaotic reconnection．

In the modelmentioned above，We PreSumed that the

electriccurrentandthevortlCltyWereCOnfinedinthesame

filamentattheinitialstate．TbglVeaWell一grOundedbasisfor

thisassumptlOn，ithastoberevealedhowtheelectriccurrent

andthevorticltyalignandformthefilaments．Thus，inthis

paperweinvestlgatethetimeevolutionofasystemincluding

theelectriccurrentandthevorticltythroughnumericalsimu－

lations．SuchasysteminvoIvestheKelvin－Helmholtzinsta－

bilityand／orthetearlnglnStability・9Demonstrationofthe
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formationofthecurrent－VOrteXfilamentswillprovideabasis

forthechaoticreconnectionmodelinthepreviouswork．

In this paper，We preSent reSults of two－dimensional

magnetohydrodynamic（MHD）simulationsthatdemonstrate

thefbrmationofthecurrent－VOrteX別aments．Amainparam－
eterofthe simulationsis theinitialdistributions ofthe elec－

triccurrentandthevortlClty．rIbanalyzethe alignmentbe－

tweentheelectriCcurrentandthevortlCltyquantitatively，We

definetwonewfactors．Theyareatotalalignmentfactorand

anantlparallelalignmentfactor．ThealignmentfactorsglVea

measureto determine how muchthe electric current andthe

VOrticltyOCCuPythesamepositiononx－y Plane・

Wheninitialspatialdistributionsoftheelectric current

andthe vorticlty arethe same，the electric current andthe

VOrticlty tend to move simultaneously，Staylng OVerlapped

Witheachother．Thismeansastrongcorrelationbetweenthe

electriccurrentandthevorticlty．

When theinitialspatialdistributions are notthe same；

themagneticreconnection and／orthe velocltyfieldlinere－

connection occurs．Discontinuousinitialcurrent sheets make

themagnetic reconnectiondominant．Then，thedistribution

Ofthevorticltyfragments．Ontheotherhand，discontinuous

initialvortexsheetsmakethevelocltyfieldlinereconnection

dominant．Then，thedistributionoftheelectriccurrentfrag－

ments．Itisremarkablethatinbothcases，thetime－eVOIved

distributionsoftheelectriccurrentandthevorticltybecome

qulteSimilar．Theresultingdistributionsindicatetheforma－

tion ofthe current－VOrteXfilaments．Once the current－VOrteX

filamentsareformed，theysurvivestably．Thisisduetothe

StrOngCOrrelationbetweentheelectric currentandthevor－

ticltymentionedabove．

From these results，We COnClude the fbllowlng tWO

POlntS．Thefirstoneisthatoncetheelectriccurrentandthe

◎2002AmericanlnstituteofPhysics
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MagneticField

FIG．1．Illustrationofthechaoticreconnection modelis shown．

VOrticltySharethesameposition，theytendtomovesimul－

taneously，Staylng OVerlapped with each other・The second

Oneis thatthe electriC current andthe vorticlty eVOIve to

CreatemOreOVerlapplngreglOnSWheretheycoexist，eVenif

theirinitialspatialdistributionsarenotthesame．Then，the

Current－VOrteXfilamentsareformedbecausetherearemany

reglOnSWheretheelectriccurrentandthevorticltycoexist．

Thepaperisorganizedasfbllows：lnSec・II，WePreSent

basicequationsandasimulationmodel．InSec．ⅠⅠⅠ，WeShow

Simulationresults・Wealsointroducethealignmentfactors・

InSec・ⅠVweglVeCOnClusions．

”．BASIC EQUAT10NSANDSIMULATl0N MODEL

Weusethetwo－dimensionalresistiveMHDequations：

∂Uz

∂J
＝－（〃・∇）山こ＋（β・∇）Jz，

ー＝－（〃・∇）Az＋孟∇2Aこ，∂J

∇・〟＝0，

g＋〟×β＝W，

β＝－ZX∇Az，

Uz＝（∇×〃）・Z，

（1）

（2）

（3）

（4）

（5）

（6）

Jz＝（∇×β）・Z，　　　　　　　　　　　　　　（7）

WhereBanduarethemagneticfieldandthevelocltyOnthe

X－yPlane，AZ，Jz，and（Jzarethezcomponentsofthemag－

netic vectorpotential，the electric currentdenslty and the

VOrtlClty，reSPeCtively．The unitvectorinzdirectionis de－

notedbyZ・Theclassicalelectricresistivltyisdenotedby77．

Initial con丘gurations of the simulations are shownin

Fig・2・ThevelocltylSnOrmalizedbytheAlfv6nveloclty．All

thelength parameters are normalized by theinitialsheet

WidthsoftheelectriccurrentandthevorticityLo，Whichare

the samein alltheinitialconfigurations・The size ofthe
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FIG．2．Theinitialconditions ofsimulationsare Shown．

Simulationboxis4Lointhexdirectionand40Lointhey

direction．Both the current and the vortex sheets have負nite

lengthintheydirection．

We use three difftrentinitialconfigurations，1－3．For

initialconfigurationl，thelengthsofthecurrentandthevor－

texsheetsare36・8Loeach・Boththesheetsperfbctlyoverlap

Witheachotherandformthecurrent－VOrteXSheet．Forinitial

COnfiguration2，therearethreecurrentsheetsandonevortex

Sheet．Namely，therearethreecurrent－VOrteXSheets，andtwo

VOrteX Sheets arelocated between the current－VOrteX Sheets．

Eachlengthofthecurrentsheetintheydirectionisreduced

tol／5（7・4Lo）comparedwiththatfbrinitialconfigurationl，

While thelength ofthe vortex sheetis unchanged・Inthis

CaSe，themagneticreconnectionmaybethedominantpro－
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FIG．3．Timeevolutionsofthedistributionsoftheelectriccurrentdensity，

thevorticity，themagneticvectorpotentialandthestreamfunctionforthe

velocityfieldfbrtype（a）areShown・The負guresarethecontourplotsof

themonthex－yplane・Thepositivevalueisindicatedbyblack，andthe

negativevalueisindicatedbywhite・

cess．Forinitialconfiguration3，therearethreevortexsheets

andonecurrentsheet．Namely，therearethreecurrent－VOrteX

sheets，and two current sheetsarelocated between the

current－VOrteXSheets．Thelengthofthecurrentsheetisthe

sameasthatofthevortexsheetforinitialconfiguration2，

andviceversa．Theinitialcurrentdensltyandthevorticity

areglVenbyj。andwo，reSPeCtively・Initialjoandwoare

uniforminthe sheet．

ThesimulationischaraCterizedbythreetimescales：The

AlfvintransittimeTA，theresistivediffusiontimeTRand

the charaCteristic time scale of the tearlnginstability Tr

＝堵5Tぎ5．ThetimescaleisnomalizedbyTA・Thevalues

areTA＝1，TR＝1000andTT＝63・0・Themeshnumbersare

257inthexdirectionandlO25intheydirection．Timestep

isAT＝10‾4．TYleSeCOnd－Orderschemeisusedfornumeri－

calcalculations・Wtadoptfreeboundaryconditionsatallthe

edgesofthesimulationbox，becausethesheetsdonotde－
fominthexdirectionneartheupperandlowerboundaries，

ifperiodicboundaryconditionsareuSed，andweconsider

thatthedefbmationofthesheetisimportantforthefilamen－

tation．Thevaluesoftheelectriccurrentdensityjoandthe

vorticity‘doareChosenasunity・

日．SIMULAT10N RESULJS

Timeevolutionsofthedistributionsoftheelectriccur－

rentdensityjz，thevorticity‘dz，themagneticvectorpoten－

tialAzandthestreamfunctionfbrthevelocityfield¢zonthe

x－yPlaneareplottedinFigs・3－5・Thefiguresshowcontour

plotsofthem・Thestreamfunctionisdefinedby

封¢Z（r）＝‾至言 Uz（r′）lnlrイ匝r′・ （8）

Thepositivevalueisindicatedbyblack，andthenegative

valueisindicatedbywhite・Initialconfigurations1－3are
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FIG．4．Timeevolutionsofthedistributionsoftheelectriccurrentdensity，

thevorticity，themagneticvectorpotentialandthestreamfunctionfbrthe

velocity鮎ldfbrtype（b）areShown・TheyarePlottedinthesamemanneras

Fig．3．

usedforthesimulationsshowninFigs・3－5，reSPeCtively・

Fromnowon，WeCallthesimulationresultsshowninFigs・

3－5，aStyPeS（a）－（C），reSPeCtively・

Fortype（a）showninFig・3，WeCanSeethatthevortex

sheetslightlyrotatescounterclockwise・Thisisbecauseno

periodicboundaryCOnditionsareused，andthesheethas

positive（directedtopositivez）vorticity・Thecurrentsheet

alsomovessimultaneously，StaylngOVerlappedwiththevor－

texsheet．Thisimpliesthestrongcorrelationbetweenthe

electriccurrentandthevorticity・Oncetheysharethesame

positiononthex－yplane，theytendtomovesimultaneously

witheachother．

Fortype（b）showninFig・4，themagneticreconnection

occurs，becausetheelectriccurrent（indicatedbywhitear一

eas）isinducedbetweenthemagneticislands・Threemag－

neticislandsaredefbmedbytheflowinducedbythevor－

Elocblccurront MagnetjcGotd
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FIG．5．Timeevolutionsofthedistributionsoftheelectriccurrentdensity・

thevortlClty，themagneticvectorpotentialandthestreamfunctionforthe

velocity鮎ldfbrtype（C）areShown・Theyareplottedinthesamemanneras

Fig．3．



Phys・PJasmas・Vol・9，No・2，February2002

tlClty・Ontheotherhand，thevortexsheetissplitintosome

pleCeS Withtime，fbllowlngthe＞distributionoftheelectric

Current・Becausethetopologyofthestreamfunctionisnot

ChangedsomuchcomparedwiththatofthemagneticBeld，

WeCOnSiderthevelocltyfieldlinereconnectionisnotamain

PrOCeSSinthiscase・Itisimportantthatnewconfigurations

appearin the distributions ofthe electric current and the

VOrticltyafterT＝100・Theyexhibitverysimilarfbrms．This

meansthattheelectriCcurrentandthevortlCltyOCCupythe

SamePOSitiononthex－yPlane．ThestruCtureisrathermore

filament－likethansheet－1ike・Oncethefilamentsareformed，

theysurvivestably・Thisisduetothestrongcorrelationbe－

tweentheelectriccurrentandthevorticlty，Whichisshown

inFig．3．

Fortype（C）showninFig・5，thevelocityfieldlinere－

COnneCtionoccurs，andthetopologyofthestreamfunction

graduallychangeswithtime・ThevorticitylSinducedbe－

tweentheislandsofthestreamfunction・Inthiscase，POSi－

tivevortlCltyandnegativevorticltyaPpearSimultaneously・

ThisisrelatedtotheconservationofthevorticltylntWO－

dimensionalidealMHD・Becausethetopologyofthemag－

neticfieldisnotchangedsomuch，COmParedwiththatofthe

Streamfunction，WeCOnSiderthatthemagneticreconnection

isnotamainprocessinthiscase．Wecanstillseethesame

fragmentationprocessasinFig・4・Namely，thecurrentsheet

issplitintosomepleCeSWithtime，fbllowlngthedistribution

Ofthe vorticity・The resulting distributions ofthe electriC

CurrentandthevorticltyShowaverysimilarfbrminthis
CaSe also．

ThusweconcludethefbllowlngPOlntSfromtheresults

Shownin Figs・4and5・The similardistributions fbrthe

electriccurrentandthevorticityareformedduringthetime

evolution，eVeniftheinitialdistributionsarenotthesame．

Thestructureisrathermorefilament－1ikethansheet－1ike，and

WeCOnSiderthatthecurrent－VOrteXfilamentsarefbrmed．The

PrOCeSSeS are driven by eitherthetearlngOrthe Kelvin－

Helmholtzinstability・Oncethefilamentsarefbrmed，they

Survivestably・TheseresultsglVeabasisfbrtheMHDmodel

basedonthecurrent－VOrteXfilament．

Fromthesesimulationresults，itisobviousthattheposi－

tiveelectriccurrentdoesnotalwaysalignwiththepositive

VOrticity・Therearesomecaseswherethepositiveelectric

CurrentalignswiththenegativevortlClty，aSisshowninFigs・

4and5・Tbdiscussthealignmentquantitatively，Weintro－

duceanalignmentfactor・Wedefinetwotypesofalignment

factor・OneisatotalalignmentfactorCl（t）andtheotheris

anantiparallelalignmentfactorC2（t）・Thetotalalignment

factorindicatestheratioofareawheretheelectriccurrent

andthevortlCltyHcoexistHtothetotalareaWheretheyHex－

ist・MTheantlParallelalignmentfactorindicatestheratioof

areawheretheelectriCcurrentandthevortlCltyCOeXistand

alignintheantlParalleldirectionstothetotalareawherethey

exist・Theyaredefinedby

Cl（り＝
JlJz（朴恒三（川d∫

僻村云師う義’
（9）
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（10）

Wheretheintegralsareperfbrmedonthex－yplaneinthe
Simulationbox．

ThemaximumandminimumvaluesofCl（t）areunity

andzero，reSPeCtively・InthecaseofC．（t）＝1．0，theelectric

Currentandthevorticltyfullyoverlapandalignineitherthe

Parallelorantiparalleldirection・InthecaseofCl（t）＝0．0，

noelectriccurrentoverlapswiththevortlClty，althoughthere

areelectriccurrentandvortlCltyOnthex－yPlane・Themaxi－

mumandminimumvaluesofC2（t）areunityandzero，re－

SPeCtively・InthecaseofC2（t）＝1．0，theelectriccurrentand

thevorticltyfullyoverlapandalignintheantlParalleldirec－

tion・InthecaseofC2（t）＝0・0，therearetwopossibilities．

OneisthatnoelectriccurrentoverlapswiththevortlClty・

TheotheristhatalltheelectriCcurrentandthevorticltyalign

intheparalleldirection．

Time evolutions ofthe alignment factors Cl（t）and

C2（t）fbrtypes（a）－（C）areshowninFigs．6and7，reSPeC－

tively・Fortype（a），thetotalandantiparallelalignmentfac－

tors become approximately constant after T＝50，and the

ValuesareCl（t）＝0・99andC2（t）＝0．00．Thisindicatesthat

theelectriccurrentandthevorticlty，Whoseinitialdirections

arePOSitivez，donotchangetheirdirectionsduringtheev0－

1utionandstayoverlappedwitheachother・Thisresultgives

evidenceofthestrongcorrelationbetweentheelectric－eur－

rentandthevortlClty・

Fortypes（b）and（C），Similarevolutiohsofthealignment

factorsareobserved・TheinitialvaluesofCl（t）arenotequal
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FIG・7・TimeevolutionsoftheantiparallelalignmentfactorC2（t）areplot－
ted．
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tounltyfbrthesecases．Thisisbecausethereareareaswhere

eithertheelectriccurrentorvorticltyOnlyexistsinitially．We
haveseenthatthedistributionsoftheelectriCcurrentandthe

VOrticltybecomesimilarduringtheevolutioninFigs．4and

5．Infact，theevolutionsoftheCl（t）tellusthattheyevoIve

to create more overlapplng reglOnS through the evolution．

Whentheyalign，thedirectionsoftheelectriccurrentandthe

VOrticlty are，however，nOt unifbrm，because the values of

C2（t）fbrtypes（b）and（C）increasewithtime，Whiletheyare

unifbrmfbrtype（a）．ThevalueofC2（t）fbrtype（b）islarger

thanthatfbrtype（C）．Thisisbecausethedirectionsofthe

induced current by the magnetic reconnection are almost

positivez，WhilethedirectionsoftheinducedvortlCltyare

halfpositiveandhalfnegative．Themostimportantpolntis

thatthevalues ofCl（t）and C2（t）graduallyincreasewith

timefbrtypes（b）and（C），eVeniftheinitialdistributionsof

theelectriccurrentandthevortlCltyarenOtthesame．Thus，

WeCOnCludethatthealignmentoccursfbrthesecases．Itisa

goodreasontoconsiderthattheelectriccurrentandthevor－

tlCltyfbrmthecurrent－VOrteXfilaments．

lV．CONCLUSIONS

VVe demonstrated the time evolution of the current－

vortex sheet via the numerical simulations．

Wheninitialspatialdistributionsoftheelectric current

andthe vortlClty are the same，the electric currentandthe

VOrtlClty tend to move simultaneously，Staylng OVerlapped

Witheachother．Thismeansastrongcorrelationbetweenthe

electriccurrentandthevortlClty．

Wheninitialspatialdistributions are notthe same，the

magnetic reconnection and／orthe veloclty負eldline recon－

YatsuyanagietaI・

nection occurs．When the magnetic reconnectionis domi－

nant，thedistributionofthevorticltyfragments．Ontheother

hand，Whenthevelocltyfieldlinereconnectionisdominant，

thedistributionoftheelectriccurrentfragments．Itisremark－

ablethatinbothcases，thetime－eVOIveddistributionsofthe

electriCcurrentandthevortlCltybecomequlteSimilarfbrms，

eveniftheirinitialspatialdistributionsarenOtthesame．The

resultingdistributionsindicatethefbrmationofthecurrent－

vortex　filaments．Once the current－VOrteX　filaments are

fbrmed，theysurvivestably．Thisisduetothestrongcorre－

lationbetweentheelectriccurrentandthevorticlty．

Now we are carrylng Out reSearCh work on the MHD

simulationbasedonthecurrent－VOrteXfilamentsindetailand

Willreportthiselsewhere．
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