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The Magnetic Topology of the Plasmoid Flux Rope

in a MHD Simulation of Magnetotail Reconnection

.1. Nirn and il. IIesse

[Jni”;ersjty of California, Los j\l,uuos National Lahorator}-, I,(w ;\laIllos, X NI S7545

Abstmct. on the basis of a three-dixncnsiona] \llI~) sirllul~tion we discuss t!]emagnetic topology of

a plasmoi(! that forms by a localized reconnection process in a :nagnetotail configuration including a net,

dawn-dusk magnetic field component ll~,v. :\s a COI)S(VIUQIICP of BUN # O the plasmoid gets a h~li~id flux

rope structure rather than an isolated island or bubble structure, Initially all fie!d lines of the plasmoi(i

flUX rope remain connected with the Earth, wlli]e at later times a gradually increasing amount of flUX

tubes heconles separated, connt)cting to either the distant boundary or to tltc fliillk boundaries. Ill this

stage topological]y different flux tubes becume tangled iin(l wrapped around each other, consistent with

predictions on the basis of ad-hoc plasmoid models,



Introduction

One of the major components of the common model of magnetotai] a(’tivity, a,sso(’iatwl ~vith IIlaqlI(Ito-

spheric substorms, is the severance. and s)lt)sequ(’llt tailward ejection. of a part of t ho l)lasnlii sh(~(~(, (’;111(’(1

tho pliU3H10id [e.g., }fones, 1977]. The sinlplest picture of the magnetic topology iitk(l of ils ( hang(’s (luring

t his process. gui(led by two-dimensional or synlnlet ric rnodeIs, is that t ho l)iasllloi(l reprwents a I:lugiI(It ic

“bubble,” an entity consisting of closed loops of fit’ld lines. fOrnlC’(i frO1ll (“lOs(}({~)lilSIllii sheet fiel({ lines

through magnetic reconnection, i~.11(1(JncIoA I)y ii magnetic flux surfac(’. It tliUi !)()()l) r(udized, ho~v(’v(’r,

that the picture where field lines reconnect ~vith themselves to form close(l loops” is highly singuliir AII(l

requires a symmetry that \vill ustlidl~ not exist [Ilu!lh(s (111(1,Sibwk, l!N7; .b’chitdlcr tt di., 1988; Uirn ( t ffl.,

1989]. The more general picture of a plasnloi(l involves I)elicai field Iil}(’s rather than closed loops, Ivhich

[nust be connt-wtc(i with either th(l Iflart h or itltorl)lii]}(~ti~r~ space a[l(l thus fort]) i~ fIUX rope of fi(~l(IIill(w,

not necessarily topologically (ii fferent from the usual pliusnla sheet, lob(’, or open field lines.

In the present paper we will investigate the structure of such a plasmoid flus rope, found in a 3-

11 :$1111)simulation of magnetir reconnection in the Earth’s magnetic tail. ~\ companion i+aper [ll(s.st

and Ilirn, 1989] addresses the properties of the electric field in this simulation, with th(’ emphasis ON tlw

cotnponcnt. parallel to the magnetic field ii.11(1 on possible acceleration ef!lcts. ~ln (wt(w(lwl (Iis(”ussiotl of the

simulation is given by l)irn and lfcssc [1989]. An understanding of the particular structur(’ of the pl;wtl)oi(l

flux rope, (I(?vcdoping in a self-consistent way, might also help to und(~rst, an(l illl(l intcrprut ilppilll’111 flllx

row” structures in oth(’r spaw (’tlvirotllll(’ilts, Sll(’h ilS ttl(’ IlliL~ll(’tol)i! llS(” ( fillX t ransf(’r (’V(]IltS), th(’ M)lill’

atnimphvrc, the solar wind, or other plan(Xary (’llvirollItl(~Ilts,

Field Evolution and Magnet ic Topology

‘Ttl($simulation startc i fronl ih Il)i!gll(’lotili{ (quiiit)riunl (x)nfigur;ltioll ( I!’igllr(’ I ) t hilt ~11(’ill(i(’s it 111’1

dawrl-(iusk tniigil(~ti~ fip{({ cottlpon(jnt, ” /),/N, Whi(’b {)r{’ilksth{’ Illirror s) ’111111(’1ry iltINIl\({ t h(’ {“VlltPr l~]illl”

- = () 0( thf’ l)iiWtIlil sh(wt [Ilinl, ION!)], i\(i(litiollal f(l;~tur(w of tll($ inili;d mluilil)riu l)). ;Ilr(w(iy itlci’l(l(vi iti.

(Iar[i(!r Silllu{at ions [/)iryl (l?I(/ //f) TIrs, I!)SI ; I)irrt. I!)HI], ;~ro griuii($tlts in t II(I .r (iirtv’t i{)tl, i,(’,, aiollg t II($lai!

;Ixis, ,uwo(i;lt(~(i wit, il a fioi(i rotlll)otl(~llt” , 11,, Ilorjl)al tt) tho ,)i;tslli;l/(llrrt’llt SIIII{*I, ati(l aII il~(.r(ws(’ (d’ /1,,

aII(l i~(’ror(iitlgi~ {)f tll(’ l)la.st]ia sli(v It t Ilirkll(’ss , ilw’ily frolll tll(’ c{~tll(’r (If t 1111t ;Iil lIIN’;Ir(i tll~’ (I;IW’11illl(l ~lllsk

IliiIlks ( I tl (lirorti[~ns). l“~lrth(’r (i~’lails (JI’11111itliti;ll ((ltlli~llr;lt i(}tl ;Ir(l ~iv(ll] I)y /litt} IIIJI/ //(ss/ I I ~~!~]iIIIIl

l~itvt [ I!H!II,



The d}’narnic evt~lution of the tail \vas initiated by imposing finite resist, ivity, \vl]ich allowed an u]~st;~.ble

tearing mode to develop from an init i;d difrusion. For simplicity, i\Il(l to avoi(l tlie prescription of th(’

location and extent of the reconnection region, the rcsistivity q \vas chosen constant correspon(ling 10 ii

I.un({quist number S = }i.,l.,. \~./q = 200. fvhwv LC represents a typical SCitlC Iengt h (current ShW’t half

width) in the : direction. and I ~. is a t~piCid \lll 1) wave speed. Ihat is here, iill :\lfVfill Sped, definwi

by the characteristic lobe n]agnctic field strength aIIci the plasma shwt density. l’he magnitude of the

net cross-tail field component BY,N was chosetl to }Ju about 370 of the lobe fi(~]d, consistent with average

obscrvwi data [Fuirficfd, 1979]. l’or comparison. a symmetric case with /l,J,I = o was also studied.

Figure 2 shows the magnetic field vvoluti{)ll in the midnigh[ meridian plane y = O. The liucs iir~’

trajectories of the vector field }~r, Hz only and not magnetic field lines (Jr projections of fi~ld lines. I)uc t{

the smallness of }]v, and in particular of dDY/i)y, however, the shown configuration is ver) C!OSetO th~’ ci~st)

13yJ~ = 0, so that Figure 2 is almost identical with the corresponding figure in that ~i~s(~, wh(vw thv Iincs

shown wouid represent actual field lines, The ficl(l evO1lltion ~,xhibite(i by Figure z indicates the formation

of a piasmoi(i and its taii war(i eject ion found ii.lrea(iy in ear]kr simuiat ions [(?,g., }~irn and Hones, l!)N1].

‘I’he southward turning of l?, in the quatorial pianc, wilich ma,rks t,ho formation of a neutrid line

an(i of a piasmoi(i in the symmetric rase /)Y,v = (), occurs at about t = 100, where the time is normalizwi

by a rilaractoristic Aifv6n crossing time, TIIQ re:uits (iwrmnstratwl by I“igure 2 confirm that ti]e fiPi(i

mm!ution is not signifirantiy itit(’f(’(i hy tile ~jresonc{’ of tile hut flu, so tilat it sectns r(’ils{)lla.bl~~ to coutinll~!

tilt) tornlinolo~v “pia.sn)oi(i formation i~ll(i n!otion,”” (i(?veiopwi on the i)iL”i S of t h(~s.yrnmotric Cast’.

:{



pla.smasheet earthwardof tllerecoI~Il(’ctiol~” r(~gioli, ii[l({ttie {lti(’ro[l(~( labeled ff)l)(’loll:s to tllcplasll~;]sl~~’(~t

tailward from the plasmoid, w~lich is not a}fcctwl yet by the rm-onnt~ction pr~)cess. lll)tllt~ftileseficl(i lines

cross the equatorial plane onlv once an(i can therebv be distinguished frolll tile plasnloid field iincs. ‘1’h(’

fourth field Iine (labeled c) crosses the equatorial j)lallealsool~lyO1lcc. due to its small pitch; it belongs

therefore formally not tn the plasmoid. ~inceit is located inside. the regic>Il of~)lasIlloi(l fi(’ld lines with the

major part of the plasmoid field lines ~vinding around it, howpver, it should be considered as such a field

line. too. This shows the problems with a criterion that is not based on the properties of the magnetic field

only. Fortunately only very few field ilne are affected by this classification problem in th(: present ~;~e.

.4 perspective view of the apparent plasmoid flux rope surface is given by Figures 4 and 5 for two

different times. The flux rope represented in thes~ figures is not only twisted, but also folde(i, so that field

lines that are nei~r the apparent surface in onc region may become apparent interior field lines in allot her

region. This is more obviuus at the later time ( Fig. 5). when the plasmoid consists not only of closed field

lines, that are connected with the Earth at both ends, but also of open field lines conncc~ing the earthward

boundary z = O with the distant boundary .c = -6(I (heavily shaded bundle) or with the flank boundaries

Iy[ = 10 (lightly shaded bundles) (all lengths normalized by L,, the characteristic plasma sheet scale length

in the z direction (current sheet half thickness) nearest to the Earth). .4 closed !ield line starting near the

outer pla...moid surface on one side of the tail Illay cnd near the itlterior surface between open and closed

fie]~~Iille,; oll the ~lther si[j(~, Figure ,5 ShoWs now flux tul)(>s with diff~rerlt conllectious get intcrtwin(!d M](!

wrappwl around wwh ot Iwr as predicted I)y l)irw Ct (11, [198{)] on the t)i~sis ofan iid IIOC 3- D pii~sllloi(l

modol,Note that, despite the smallness of f) ~, most field !incs make only a f(’w loops” around the cvntvr

of tho pli~n]oi(l flux rope, as OIIQ raII sw from f+’igurxw3 5, ‘1’he r{!1,.sonis the Iiit’g(’ siw of t!l(? pl;~stlloid

in the x dirertion. which kwds to a c(~tlsidvral)lt’ (lisl)]a~{’111{’lltof a fi[~l(l lill(~ ill the !I dirwtion despit(’ tho

sn]allnrss of OV.

I;rom l:igurc 5 it niay look” as if t,lio alll~)llnt, (If OI)VIIl)la.sltloi(l flllx f“f)lltl(i(ttvl wit]) thr flank bollnd;~rivs

(’olnpariit)l(i to, or ovvti Iargrr t hiLII t ho (~p(*II I)lasm)id flux (’onn(vtwi 10 111(* (Iistant I)(mn(faryo ‘t’his,

howww’r, is tt)isfwldill~, ‘Iih(’ alllollt]t of flux (’ol~i,wtwf to t hv fl;ulks is ill fitrt tIIIICh smaf!vr I han Ih($

;IIIIOII III (’(lntlo(’11*11 to t II() {fi,+t ant l~oilll(l;lry, (I(isl)iti! (’olllll;lrill)l(i hllrf;i(’(i ;II’II; I.S ;II III(I l)l~lll~(fari(vi, l)waIIsII

III(I [Itrfll(lr I~lIt~ (’arri{!s ItlIly 1lit) sIII;III /),, (’{)llll)l)lll!lli arro. ss III(I lN~IIII(l; IIy, \vlJil(’ 1II(I (Iisl;illt fill.x (’arri!w

I 1111illli(h !;lrgor /)y (’(}1111){}11(1111i~(r,)ss, ‘[’his is t 1111rww}tl ivlIy (jIIly (qjI~II ]~l;ihlti(ji(l flllx CI)IIII(I($14’(1 wil II t III’

I



distant boundary (dark shaoing) is visible at the n~ar-earth boundary in I:igurt~ .;.

The detailed internal structure of the pla.snloi(i an(i its evoiution are furt ilvr (icnlo!lstrated by Figurt> (;,

which shows the magnetic connections in scverai cross-sections .r = consl of I II{’ t;til at t = 21 ~. ‘“1* le

diffmcnt types of field iirws are indicateci ijy (iifYercnt syn~bois as expiaine~i in tile figure caption. Tile

figure demonstrates again the complexity of the fieid coilnections in the iater stage, tvhen the piasmoid

separates from Earth. Surprisingly. this separation starts much later tilan suggestwi by Figure 2.

For comparisons with observations of a piasmoid in the magnetottil or with other apparent flux rope

structures in space, it is of particular interest to study the temporal variation of fieid components at ii

fixed iocation. This is done in Figures i’ and S, which show the evoiution of the three components of the

magnetic field in the midnight meridian piane y = O for z = O and z = 0.56, respectively, and the locations

z = -30 and x = –45. The locations in x are tailward from the reconnection site near r = -10 at

distances corresponding to about 40 R~ and 70 1{~, if we assume a scaling iength LC = 2 R~. Note that in

our present simulation both locations are still within the initially closed piasma sheet region, where BZ is

positive before the passage of the ph.smoi(i, [lot]] figures show how the north-south signature of the passing

plasmoid becomes more pronounced with distance. The Bv components show also a rllaxilnum-millilllulll

signaturw with a small phase deiay against tiw north-south signature of BZ. Tile first maximum is not Veiy

pronounced at the nearer location in x, Three is, however, a secon(i maximum at the locations x = -30,

whicil is not, cr not yet, visible at .c = -4t5. The 49= component shows at ,all locations a minimum, tilat

coincides with the first maximum of By, [’xcept at z = –4.5, : = 0.56. :It tilis iOCiLtiOIl 11= col!tiilues to

decrww iilld (’V(’11 reverses sign. This signature. which would comrnoniy be interprwtwi as a neutral sllevt

crossing, is rclate(i to the indcntmi lTliiglleti C field structure in thp roar end of the l)iiMIll Oi(i at Iatc tim(~s,

visii)le in the ~a-st pan(’i of Figurv 2,

Summary

\VciIavr (iisrusswi the magnvt.ic t,oi)(do~y” ofa ttlr(’(’-(iirl~(’tlsic}tl;d l)ii~~li]oi(l, using rlwlllts fr(, m a rvsistivo

hl li 1) simulation of I[lagnvtic rm)nn(wti(}n in til(’ Illilgn(’tot aii. I)u(I to tiIv i)r(wnc( (Ifa n(’t(Iawll-(illsk

II)agn(’li(’ fivld (-ollli)oll(’nt” /]VN III(I i)iasltloi(i forms ;I Iillx roi)() with itliliaily i)(Jl,il ((’(*I ;Lt the 11(’iir earl II

I)ollt](iary, /1S 111(’I)iilsllloi(l lll(N’f’S lilil W’iil’(i, ;lII itl(. rwsihg ,lli)()~lnt of IIIIX i) II II(il(Is (I!) IIIIS 10 thv Iai]jvar(l

I)ollfl(lary all(i, to a smailvr ;LIIIf)IIIIt, 1(} t II(I llaIIk i)olltl(i:iriw, ‘i’lI(Is(~I)lIfIII IIIIX i, II II(liI15 ;IV(I illt(’rtwitl(vl \viti)

III(’ ri(IsP(i llux i)ut)(ilt%, that ;lrv stili fhllv cOIIIIW1O{I witil th(’ (Iarthwar(i i):)llll(iary, 1)(’si)il(’ tilo stl)aiiil(’ss

5



of BY the plasmoid field lines exhibit typically only a fmv loops, befo~e thel’ return to Earth or to the

distant tail. The reason is the large size of the plasmoid in the r direction. i.e., along the tail, compared

to its dawn-dusk extent. The plasmoid flux rope is not onlv twisted, but also folded. so that freld Iin?s

that are located near its apparent surface in one region can become apparent interior field lines in another

regicn.
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Figure Captions

Fig. 1. Perspective view O( the initial configuration as seen from the tail, showing a magnetic flux surface.

originating from a circle T = 20 11~ a! .l-~%,~~ = –’20 R~. The shaded region consists of field lines }vith

both ends inside this circle.

Fig. 2. llagnetic field evolution in the midnight meridian plane y = f). The lines connect projections of

field vectors in this plane and are not field lines or projections of field lines.

Fig. 3. Perspective view of four field lines as seen from the earthward side, for t = 165. Field lines labeled

(a) and (d) represent ordinary pl~masheet field likes, crossing the equatorial plane just once; the field

line labeled (b) represens aclosed plasmoid field line, also connected with the near-earth boundary at

both ends, but crossing the equatorial plane Inore than once; the field line labeled (c) near the center of

the plasmoid flux rope, crosses the equatorial plane only once, due to its small pitch, but should also be

considered as a plasmoid field line.

Fig. 4. Perspective view of the apparent pla,smoid flux rope surface as seen from the earthward side, for

t = 165.

Fig. 5. flame as Figure 3, but for t = 212. Dark shading indicates open plasmoid field lines connecting the

near-earth ooundary z = O with the distant boundary z = –60; light shading indicates plasmoid field

lines connected with one of the flank boundaries at Iyl = 10.

Fig. 6. Topological connections of field lines in different planes z = const for t = 212. The symbols

represent closed plastnasheet field lines (horizontal bars), crossing the neutral sheet z = O just once;

closed plasmoid field lines (symbol #), also with both ends at the near-earth boundary, but crossing

the neutral sheet more than once; lobe fieid lin~s (asterisks), that do not cross the neutral sheet; lobe-

Iike plasmoid field lines (symbol X), also connecting the near-earth boundary z = O with the distant

boundary z = -60, bllt with two or more neutral sh(wt crossings; and boundary field lines (vertical bars)

connected with one of the boundaries at Iy[ = lo.

Fig. 7, ?volution of the three magnet, ic field components Bz) Bv, and /lZ iit fixed points with the

coordinates y = 0, : = (), and r = –30 (solid line), x = –,1+5(dashed line).

Fig. x, S;m~ ,as Figure 7, but for : = 0.56.
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