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无碰撞磁场重联中的磁岛
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摘要:在以下两个方面回顾了磁岛在无碰撞磁场重联中的作用:磁能到等离子体动能和热能的快速转化以

及高能量电子的产生.重联的X点附近的电流片可能被拉伸并导致撕裂模不稳定性,并形成相互作用的次
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级磁岛.这种非稳态的磁场重联图像可以维持长时间的高重联率,进而有效地耗散磁能.电子可在磁岛内通

过费米和betatron机制加速,也可在X点附近通过重联电场加速.磁岛间的相互作用可进一步加速电子.这
些加速过程可导致高能量电子的幂律谱分布.
关键词:无碰撞磁场重联;磁岛;耗散;高能量电子

0 Introduction
Magneticreconnection,whichisaccompanied

byatopologicalchangeofmagneticfieldlines,

providesaphysicalmechanismtoconvertmagnetic
energytoplasmakineticenergy[1-4].Itisgenerally
accepted that magnetic reconnection is the
fundamenttoexplaintheexplosivephenomenain
spaceplasma,includingsolarflare,substormin
the earth’s magnetosphere, etc[5-8]. These
explosivephenomenausuallylastseveralminutes,

anditmeansthatenergyconversionprovidedby
magneticreconnectionshouldbesufficientlyfastto
explaintheseexplosivephenomena.Simultaneously,

energeticparticlesareubiquitouslyobservedinthese
explosivephenomena[9-12].Therefore,asuccessful
reconnectionmodelshouldhavetwoindispensable
ingredients: a high reconnection rate and
generationofenergeticparticles.

Thefirstquantitativereconnectionmodelwas
proposed by Sweetand Parkerindependently,

whichisnamedastheSweet-Parkermodeland
based on the magnetohydrodynamic (MHD)

theory[13-14].IntheSweet-Parkermodel(asshown
inFig.1),ionsandelectronsarecoupledtogether,

andtheymovetowardthediffusionregionfrom
the inflow region. After these plasmas are
acceleratedinthediffusionregion,theywillenter
theoutflowregion.Thedissipationofmagnetic
energyisfulfilled via Ohmic heating in the
diffusionregion.Thepredictedreconnectionrateis
R0 ∝ R-1

m ,whereRm is magnetic Reynolds
number.In space plasma, magnetic Reynolds
numberRmisverylarge,andthusthereconnection
rateistoosmalltoexplain quantitativelythe
explosive phenomena. Another drawback of
Sweet-Parker modelis that particle dynamics
cannotbeembeddedinthemodelself-consistently.

Therefore,amorepromisingmodelisnecessaryto
describe these explosive phenomena in space
plasma.

Fig.1 SchematicdrawingofSweet-Parkermodel[4]

One appealing solution is collisionless
magneticreconnectionmodel,wherethemotions
betweenionsandelectronsaredecoupled[15-18].
Thediffusionregionconsistsoftheiondiffusion
andelectrondiffusionregion(asshowninFig.2).
Intheiondiffusionregion withitsscalebeing
aboutioninertiallength,electronsarefrozenin
themagneticfield,andionsareunmagnetized;in
theelectrondiffusionregionwithitsscalebeing
aboutelectroninertiallength,both ions and
electrons are unmagnetized. The predicted
reconnection rate is around 0.1, which is
sufficiently high to explain these explosive
phenomenainspaceplasma[19-20].Becauseinthe
iondiffusionregion,electronsarefrozeninthe
magneticfield,movetowardtheXlinealongthe
separatices,andthenawayfromtheXlinealong
themagneticfieldjustbelowtheseparatricesafter
theyareacceleratedinthevicinityoftheXlineby
the reconnection electric field.Such kind of
electronmotionwillleadtotheHallcurrentinthe
reconnectionplane,andaquadrupolarstructureof
the out-of-plane magnetic field is then
formed[21-24].Thereis plenty of observational
evidence to demonstrate the occurrence of
collisionlessmagneticreconnectionintheearth’s
and planetary magnetosphere[25-30]. Particle
dynamicscanalsobeintrinsicallyembeddedin
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collisionlessmagneticreconnection[31-34].

Fig.2 Schematicdrawingofcollisionless

magneticreconnectionmodel[2]

The reconnection models described above
assumethatreconnectionisinasteadystate.
However,inreality,magneticreconnectionis
usually non-stationary. Magnetic islands are
usuallygeneratedduringthetopologicalchangeof
magnetic field lines occurring in magnetic
reconnection. These islands can undergo
contractingandcoalescencebetweenislands,and
then particlescan beenergizedthroughthese
processes[35-38].Therefore,magneticislandsplay
animportantroleinbothdissipationofmagnetic
energyandparticleacceleration.Inrecentyears,

satellite observations with a constellation of
spacecraftinasmallinterspacecraftspacingcan
achievefinespatialresolutionandhightemporal
resolutionforplasmadata,providingachanceto
studytherolesofmagneticislandsincollisionless
magneticreconnection[39-40].We willreviewthe
observationalandsimulationprogressofmagnetic
islandsonenergydissipationandelectrondynamics
incollisionlessmagneticreconnection,focuingon
collisionlessmagneticreconnection:ifthereisno
explicit expression, magnetic reconnection
describedinthefollowingiscollisionless.

1 Magneticislandsandenergydissipation
Particle-in-cellsimulationshaveshownthat

thecurrentsheetaroundtheXlineofmagnetic
reconnectionis notstationary,anditcan be
extendedalongtheoutflowdirectionslowly[41-44].
Then,theopeninganglemadebytheupstream
magnetic field becomes smaller, and the
reconnectionrate(orequivalentlythereconnection
electric field) decreases[45]. Therefore, the
extensionofthecurrentsheetaroundtheXline
willleadtothedecreaseofreconnectionrate,and
it willalsoreducetheefficiency ofboththe
dissipationfrommagneticenergytoplasmakinetic
energyandelectronacceleration[42,46].However,

Drakeetal.[41]pointedoutthatmagneticislands
canbegeneratedintheextendedcurrentsheet
aroundtheXlineduetotearingmodeinstability,

andtheseislandsarecalledsecondaryislands.The
generationofsecondaryislandswillseparatethe
extendedcurrentsheetintoseveralfragmented
currentsheets,andanewXlineisthenformed
betweentwosecondaryislands.AroundthenewX
line,alargeropeninganglemadebytheupstream
magnetic field is formed, and then the
reconnectionrateisincreased.Thesesecondary
islandsatlastmergeintotheoutflowregion,thus
enhancingtheefficiencyofenergydissipation.In
Ref.[41],anambientguide magneticfieldis
introduced,anditisconsideredasaprerequisite
conditionto generate secondaryislandsin an
extendedcurrentsheetaroundtheXline.Later,

Daughtonetal.[42]foundthateveninanti-parallel
magnetic reconnection when open boundary
conditionsareusedintheirPICsimulations,the
currentsheetaroundthe X linecan also be
extended,andthensecondarymagneticislandsare
generatedintheextendedcurrentsheet,justasin
guidefieldreconnection.

Nowweknowthatsecondaryislandscanbe
ubiquitouslyobservedinPICsimulationsofanti-
parallelandguidefieldreconnection.SeveralPIC
simulationsfurtherfoundthatsecondaryislands
can berepetitively generatedin the extended
currentsheetaroundtheXline[47,48].Fig.3shows
the evolution of magnetic field lines and
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reconnectionelectricfieldinPICsimulationswith
anopenoutflowboundarycondition.AtΩit=50,

theprimaryXlineisaroundx=85di,whereΩiis
iongyrofrequencyanddiisioninertiallengthand
therearetwosecondaryislandsmovingtowardthe
outflowboundaries.Whenthetwoislandsmove
awayfromtheoutflowboundaries,atΩit=76,

anothersecondaryislandappearsataboutx =
98di.AtΩit=127and200,secondaryislandsare
repetitively generatedin the extended current
sheet.TheelectricfieldinducedaroundthenewX
lineandinsidemagneticislandscanincreasethe
plasmakineticenergyinthecurrentsheet,and
leadtotheenhancementofenergydissipation.

Fig.3 Therepetitivegenerationofsecondaryislands

intheextendedcurrentsheet[47]

With Cluster spacecraft, Wang et al.[49]

presentedthefirstevidencefortheexistenceofa
secondarymagneticislandinthevicinityofanion
diffusionregion.Thelengthoftheislandisabout
3ioninertiallengths,andthereismoreobvious
enhancementofenergeticelectronfluxesinsidethe

secondary island than the other regions as
predictedinnumericalsimulations.Theexistence
ofsecondaryislandsinthevicinityoftheXlinehas
then been identified by numerous satellite
observations[50-53].In2016,Wangetal.[54]further
identifiedatotalof19secondaryislandsintheion
diffusion region ofa magnetotailreconnection
eventwithClusterobservations,andmostofthese
secondaryislandsaresufferingfromcoalescence.
Atlast,theyproposedanewpictureofmagnetic
reconnection:theiondiffusionregionisfullof
secondaryislandsinteractingwitheachother.The
reconnectionratecanmaintainahighvaluefora
longtimein such a nonstationary picture of
magneticreconnection.
Inthree-dimensional(3D)kineticsimulations

ofmagneticreconnection,thesecondaryislands
(usuallycalledfluxropesinthree-dimension)

generatedinthevicinityoftheXlinearenot
homogeneousintheout-of-planedirection,andcan
interactinavarietyofcomplexwayswhichare
impossiblein2Dmodels[55],asshowninFig.4.In
3D magneticreconnection withalimited X-line
extent,aninternalX-lineasymmetryalongthe
out-of-planedirectiondevelopsbecauseoftheflux
transportby electrons beneaththeion kinetic
scale[56,57].Howthese3Dstructureofsecondary
islands willaffectthe dissipation of magnetic
energy is still unknown and need further
investigation.

Fig.4 3Dstructuresofsecondaryislands[55]
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2 Magneticislandsandelectron
acceleration
After electrons are accelerated by the

reconnectionelectricfieldinthevicinityoftheX
line,they willleave the acceleration region
quickly.Therefore,itisdifficulttoacceleratean
electrontoveryhighenergy.However,satellite
observationsassociatedwithmagneticreconnection
usuallyfindthatenergeticelectronsownapower
lawdistribution[9-11],anditmeansthatadditional
accelerationprocessisnecessary.

Byperforming2Dparticle-in-cellsimulations,

Fuetal.[58]studiedelectronaccelerationina
magneticislandformedinanti-parallelmagnetic
reconnection. Fig.5 plots the generation of
magneticislandandatypicalelectrontrajectoryin
theisland.Because ofthe periodic boundary
conditionutilizedinthesimulation,theelectrons
aretrappedinthemagneticisland.Fig.6describes
thetimeevolutionoftheenergyandvelocitiesof
theelectrontrappedintheisland(A2toD2).The
islandisgeneratedbetweentwoXlines,andis
thencompressedbythehigh-speedoutflowfrom
thetwoXlines.Theelectronscanbeaccelerated
atthetwoendsoftheisland.Becauseintheir
simulationsthereisnoinitialguidefieldinthe
currentsheet,the electron motions are non-
adiabatic,althoughsuchanaccelerationprocessis
similartothatofFermiaccelerationinmagnetic
island,whichhasbeenstudiedbyDrakeetal.[59].
AstrongguidefieldisintroducedinRef.[59],the
trappedelectroninsidethemagneticislandsuffers
from aclassicFermiacceleration.Theelectron
accelerationinsideamagneticislandhasalsobeen
confirmedbysatelliteobservationsbyidentifying
theenhancementofenergeticelectronfluxesinside
themagneticisland[49,60-63].Ifthereareseveral
magneticislandsinthecurrentsheet,theseislands
willmergewitheachotherandeventuallyforma
bigisland.Okaetal.[64]andothers[65-67]further
found that electrons can also be efficiently
acceleratedbytheinducedelectricfieldduringthe

mergingof magneticislands.The merging of
magneticislandshavealreadybeenobservedby
satellites[54,68-70].

Fig.5 TypicalelectrontrajectoriespassingthroughtheXline
(A1toE1)andtrappedinamagneticisland(A2toD2)[58]

Fig.6 Thetimeevolutionoftheenergyandvelocities

oftheelectrontrappedintheisland(A2toD2)[58]

When the spatiotemporal scales for the
variationofelectromagneticfieldaremuchlarger
thanthoseofelectrongyromotion,theelectron
motionsareadiabaticbecausetheirtrajectoriescan
be well described at the lowest order by
perpendiculargyrationaboutthemagneticfieldand
parallelpropagation along the magneticfield.
Besidestheaccelerationbytheparallelelectric
field,electronscanalsobeacceleratedthrough
betatronandFermimechanismsifelectronmotions
areadiabatic[71].Betatronaccelerationisassociated
withtheperpendiculargyromotionandlinkedto
conservation of the adiabatic invariant μ =
mv2

⊥/(2B).Asaparticleexperiencestemporal
variationinthemagneticfield,itsenergyevolution
followstheequationε⊥∝ mv2

⊥∝ B .Foran
electron,theenergygainmustultimatelybedueto
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theelectricfield,whichshouldbeeitheropposite
tothegyromotion oraninducedelectricfield
oppositetothegrad-Bdrift.Huangetal.[72]found
thatthatonlytheelectronstrappedbytheparallel
electricfieldintheregionwiththeenhancementof
magneticfieldcansufferbetatronacceleration.In
Fermiprocessofelectronacceleration,theparallel

action∫v‖dlalongafieldlineisconserved,and

thecontractionofthefieldlineresultsinenergy
gain.Equivalently,contractingofthe magnetic
fielddrivesaninducedelectricfieldoppositetothe
directionofthecurvaturedrift.

Inmagneticreconnectionwiththegeneration

ofmagneticislands,inadditiontothefactthat
electronscanbeacceleratedinthevicinityofXline
bythereconnectionelectricfield,electronscan
stillbeacceleratedinmagneticislandswherethey
arecompressedandcontractedbythetension-drive
flowfromtheXlines.WithMMSobservationsin
anearth’smagnetotailreconnectionevent,Zhong
etal.[73]foundenhancedenergeticelectronsina
reconnection-generatedmagneticisland,whichis
identified to be caused due to the adiabatic
processesofbetatronandFermiacceleration.Fig.
7describestheschematicdiagramofbetatronand
Fermiaccelerationinanisland.

Fig.7 SchematicdiagramofbetatronandFermiaccelerationinanisland[73]

  Whenthereisaguidefieldin magnetic
reconnection,thespatiotemporalscalesofelectron
gyromotion becomes very small,and electron
trajectoriescan be welldescribed asadiabatic
motions.ElectronaccelerationaroundtheXlineis
causedduetotheparallelelectricfieldbecauseof
theexistenceoftheguidefield.Numerouskinetic
simulationshaveanalyzedthecontributionsofthe
parallel electric field, betatron and Fermi
mechanismsinmagneticreconnectionwithaguide
field,whereseveralislandsaregeneratedand
interactwitheachother[74-77].Wangetal.[67]found
thatin multipleislandreconnectionelectronsare
firstlyacceleratedbyboththeparallelelectricfield
inthevicinity ofthe X linesandthe Fermi
mechanism duetothecontractionof magnetic
islands,andthentwomagneticislandsbeginto
mergeeachother.Insuchaprocess,theelectrons

canbeacceleratedbyboththeparallelelectricfield
andbetatron mechanisms.Duringthebetatron
acceleration,theelectronsarelocallyacceleratedin
theregionswherethemagneticfieldispiledupby
thehigh-speedflowfromtheXline.Atlast,when
thecoalescenceoftwoislandsintoonebigisland
finishes,theelectronscanbefurtheraccelerated
bytheFermimechanismbecauseofthecontraction
ofthebigisland.Suchaprocessisdescribedin
Fig.8.Withtheincreaseoftheguidefield,the
contributions of the Fermi and betatron
mechanismstoelectronaccelerationbecomeless
andlessimportant. When the guidefieldis
sufficientlylarge,thecontributionsoftheFermi
andbetatron mechanismsarealmostnegligible.
Suchaprocesswithgenerationandcoalescenceof
magnetic islands can lead to a power-law
distributionofenergeticelectrons,aspresentedin
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satelliteobservations.Lietal.[77]alsoinvestigated
electronaccelerationinmagneticreconnection,and
foundthatalowerupstreamplasmabetatendsto
formasmallerindexofapowerlawspectrum.
However,thereisstillacontroversyonwhichis
thedominantmechanismthatresultsinthepower-

lawspectraofenergeticelectrons.Guoetal.[48]

thoughtthatFermimechanismisthedominant
mechanism.However,Luetal.[78]analyzedthe
acceleration mechanismsforenergeticelectrons
withapowerlawdistribution,andfoundboththe
parallelelectricfieldandFermimechanismwork.

Fig.8 Thetimeevolutionof(a)themagneticfieldlinesandelectronenergyinadefinedfluxtube,

(b)thecontributionsoftheparallelelectricfield,Fermi,andbetatronmechanismstoelectronaccelerationinthefluxtube[67]

  Mostofkineticsimulationsonelectronacceleration
during magnetic reconnection used a two-
dimensionalmodel,whichassumesanunlimited
lengthintheout-of-planedirection.Dahlinet
al.[75] useda3D kineticsimulationstostudy
electronacceleration.Theresultshaveshownthat
magneticislandsin3Ddevelopedanaxialstructure.
HoweveritwillnotthrottlethedominantFermi
mechanism responsible for efficient electron
acceleration.Electron accelerationin 3D magnetic
reconnectionisstillwaitingforfurtherinvestigation.

3 Conclusion
Thegenerationofmagneticislandsisusually

observedinthetopologicchangeofamagneticfield
occurringduring magneticreconnection.Inthis
paper,wedescribedtherolesofmagneticislands
inthedissipationfrom magnetictoplasmakinetic
energyandtheproductionofenergeticelectrons.
Thegenerationofsecondarymagneticislandsand
the consequential interactions between these
islandsintheextendedcurrentsheetaroundtheX
line can lead to the maintenance of large
reconnection ratesfor along time,and the
efficientlydissipate magneticenergytoparticle
energy.Electronscanbeacceleratedinthevicinity
oftheXlinebyreconnectionelectricfield,and
inside magneticislandsby Fermiandbetatron
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mechanisms.Theinteractionofmagneticislands
canresultinfurtherelectronacceleration,andthe
producedenergeticelectronspossessapower-law
spectrum.

Pleasealso note,inthispaper,weonly
considerthedissipationofmagneticenergyinthe
vicinityofXlineduring magneticreconnection,

whilerecentlybothsimulationsandobservations
haveindicatedthatthedissipationcanalsooccur
inside magneticislands[79-81].Besides,thereare
stilltwofactors which mayinfluence magnetic
reconnection.Oneistheinhomogeneityintheout-
of-planedirection,andtheotherisplasmawaves.
3DkineticsimulationshaveshownthatboththeX
lineandislandsmaybedistortedalongtheout-of-
plane direction. Numerous plasma waves are
observedbyspacecraftaroundthe Xline,the
separatrixregionandtheoutflowregion,andthey
caneffectivelyscatterandthenheatparticles[82-89].
Howthesefactorsinfluencethedissipationand
electron accelerationisanotherfrontiertopic,

whichneedsfurtherinvestigation.
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