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Abstract. Magneticreconnectionis thoughtto happenin theubiquitousmagneticfieldsof theSun
andit is generallyacceptedthat reconnectionplaysan importantrole in mostof thesolaractivity
phenomena.However, to prove this is not trivial, sincewe cannot “see” reconnectionhappening.
On theotherhand,from multi-wavelengthobservationsandtheir combinationwith modellingwe
can provide evidencefor the existenceof many of the theoreticallyexpectedconsequencesof
reconnection.We do have mountingcircumstantialevidencethat reconnectionis indeedat work
in e.g. jets,flares,CMEs.Suchobservations,in turn, introduceconstraintsthat help to drive and
improve themodels.I summarizesomekey observationsthat have helpedto supportthecasefor
reconnectionwhile improving ourunderstandingof thebehaviourof solaratmosphericplasmasand
magneticfields.

1. Intr oduction

Magneticreconnectionis a topologicalrestructuringof a magneticfield caused
by a changein the connectivity of its field lines.This changeallows the release
of storedmagneticenergy, which is the dominantsourceof free energy in the
plasma.

A broadpaletteof solarphenomenafrom explosiveeventsthroughjets,flares
to CMEsshow characteristicsthatcanbeinterpretedasresultof magneticrecon-
nection.Thoughin laboratoryexperimentsreconnectionhasbeensuccessfully
conducted(seee.g.Kornacketal., 1998;Browning,1998),nobodyhasseenfield
lines reconnectingin thesolarplasma.We have no directevidenceof reconnec-
tion, noobservationof theenergy releasesite.However, therearemanypiecesof
indirectevidenceshowing featurespredictedby theoreticalmodelsto resultfrom
or accompany magneticreconnectionevents.In this paperI makeanattemptto
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put someof the piecesof the observationalpuzzletogether, statingthat it is a
subjective selection.Still, I hopethat theresultingimage,in spiteof beingquite
incomplete,will notbetooblurred.I will mainly focusonobservationalevidence
of magneticreconnectionin solar flares,both in 2- and 3-D, while important
issues,like jetsandcoronalheating,will not bediscussed.Furthermore,though
reconnectionhasvery importantmagnetosphericandastrophysicalapplications,
they arealsobeyondthescopeof thisoverview.

2. Observationsof changeof coronal loop connectivity

The simplestway to prove that magneticreconnectionis happeningsomewhere
is to show that magneticconnectivities have changed:i.e. that a givenmagnetic
footpoint A, which wasconnectedto an oppositepolarity footpoint B, becomes
connectedto C instead(and this also forces the original connectivity of C to
change).Unfortunately, in solarflaresthis is not a simpleexcerciseto perform,
sincecoronal loops of the pre-reconnectionfield lines are usually not heated,
thusthey arenot visible in X-ray or EUV images.Therefore,we just observe the
connectivitiesnewly createdin thereconnectionprocess,which appearasdense,
hotflareloops.

The above remark,thatheatedflare loopsarereconnectedloops,is not triv-
ial. In flare loop studiesandsomemodelsin the seventiesandeightiesthe fact
that during magneticreconnectionnew magneticloops arecreatedwhich may
getheatedby themagneticenergy releasedduringthereconnectionprocess,did
not appearto beprominent.Accordingto theclassicalemerging flux mechanism
for flares(Heyvaertset al., 1977) the particlesand heatare injectedalong the
interacting,loops,e.i.pre-reconnectionconnectivities,thustheemergingflux loop
will appearasflareloop.Also, in theseminalpaperby Machadoet al. (1988)on
SMM HXIS flaresreconnectionwasseenasa meretrigger, which releasesfree
energy insidetheinteractingloops.Thus,accordingto their resultstheinteracting
loopsbecomeflareloops,andtheir brightnessis proportionalto their freeenergy
content.Thenewly formedconnectivities(thereconnectedmagneticloops)were
not evenconsidered in theabove papers.However, sincethetime of thesepapers
our views graduallychangedandnow thereseemsto be a consensusthat flare
loopsarereconnectedloopsindeed.

After the launchof theYohkohspacecraft(Ogawaraet al., 1991),therehave
beenconsiderableeffort spenton finding examplesin soft X-ray morphologyof
loop-loopinteractionin flares.Theresultwasmeagre,only a few suchexamples
werefound (e.g.ChengandActon, 1994;Shimizuet al., 1994; Inda-Koindeet
al.,1995),which is notsurprising,whenonerealisesthegreatdifferencebetween
pre-andpostreconnectionloop temperaturesanddensities,asmentionedabove.
Indeed,basedonspectroscopicdataobtainedwith SOHO/SUMERevidencewas
provided by Kliem et al. (2002) for reconnectionbetweenhot and cool loops.

vandriel_natoarw.tex; 6/04/2003; 17:40; p.2



3

Furthermore,thereis alwaysa possibility, that a setof loopssimply fadeaway
andotherloops,initially notpopulatedby plasmas,getfilled with heatedgasand
becomevisible in SXRs.Thus,thechangesseenin SXRdonotnecessarilyimply
a changein magnetictopology.

SupplementingSXRobservationswith Yohkoh/HXThardX-ray and2-D No-
beyamamicrowavedataevidencefor interactingflareloopshavebeenprovidedby
Hanaoka(1996)andNishioetal. (1997),whocalledthemthree-leggedstructures,
while they arein fact quadrupolar“two-loop pairs” thatflip magneticconnectiv-
ities duringtheflare,astheoreticallyexplainedby Melrose(1997),andobserva-
tionally modeledby Aschwandenet al. (1999).I will discussrelevantdetailsof
similar3-D reconnectioneventsin section4.

Whennew magneticflux emergesinto thesolarsurfacein theform of ausual
Ω loop, the oppositepolarity flux concentrationsare connectedto eachother.
However, in thecorona,wesoonseetheappearanceof an“anemone”of hotSXR
loopsconnectingtheemerging field to pre-existing magneticfield concentrations
surroundingthe new bipole.An exampleis shown in Figure1, wherethe much
greaterextentof thecoronalloopsthanthatof theemerging photosphericbipole,
is obvious.Suchchangesin magneticconnectivity canonly beachievedthrough
magneticreconnection.The high flaring tendency accompanying emerging flux
indicatestheenergy releaseinvolved.

Multi-wavelengthobservationscanhelp to recognisechangein connectivity
betweenemerging andpre-existing flux. In Hα darkarchfilamentsystemis seen
to connectoppositepolaritiesof anemerging bipole.Flarebrighteningsobserved
in emerging flux regions reveal differentmagneticconnectivities, which could
only becreatedthroughreconnection(seee.g.vanDriel-Gesztelyiet al., 1996a
describedin section4.1;andSchmiederetal., 1997).

Figure1. Coronalloopsconnectingemergingflux with pre-existingfield – asuresignthatchange
in magneticconnectivity is occurringin the solaratmosphere.Suchchangecanonly be achieved
throughmagneticreconnection.Co-alignedSOHO/MDI andYohkoh/SXTobservationsof NOAA
AR 7978on 7 July 1996.

A remarkablesetof TRACEwhite-lightandEUV observationsshow abipolar
active region, in which sunspotsare observed to rotateup to 180o about their
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umbralcentre(Brown etal.,2002).Thecorrespondingcoronalloopswereseento
twist up, andin themovie representationof this observationmagneticfield lines
areseenflipping from onesideof theregion to another.

SakuTsunetacoinedthe term "global restructuring"to describethe forma-
tion of thegiantarcadessometimesextendingto a lengthlongerthana solarra-
dius,oftenobservedby Yohkoh/SXT(Tsunetaetal., 1992b).Thesehugearcades
appearsuddenlyand typically involve “dimming” of adjacentcoronalregions.
Thisapparentextensionof coronal-holeareasuggeststheopening/closingpattern
andcertainlyrepresentchangein magneticconnectivities.Naturally, theabsolute
proofof large-scalereconnectionmodelswouldcomefrom identifyingfootpoints
thatre-map,but evidencefor magneticrestructuringis quitesuggestive.

3. Two-ribbon flares- reconnectionin bipolar configuration

Thebest-studiedsolarflaresarethetwo-ribbonflares,thatcanbemodelledin 2-D
or, in a morerealisticway, 2.5-D.Thelatteris anextensionof the2-D modelling
addingamagneticfield componentin thethird dimension,enablingthemodelsto
includemagneticshear. Relevantmodelsareusuallyunifiedandoftenreferredto
astheCSHKPmodel(Carmichael,1964;Sturrock,1968;Hirayama,1974;Kopp
andPneuman,1976).However, it is noteworthythatthescenariohasgonethrough
importantevolution sincethe publicationof its mainelementsin thesixtiesand
seventies.Fundamentalfeaturesof this CSHKPmodelareshown in Figure2. A
goodsummaryis givene.g.by Shibata(1999)andAschwanden(2002).

Many of the key observations,which provide circumstantialevidence,that
magneticreconnectionis taking placein solarflares,comefrom the analysisof
suchtwo-ribbonflares,whichoccurin dominantlybipolarmagneticconfiguration.
Magneticreconnectionis envisionedto occurin thecorona,betweenoppositely-
directedopenmagneticfield lines.The new magneticconnectionsproducedare
bipolar loopson the solarsurface-side,andtheir symmetriccounterpartsin up-
warddirection,which escapeinto interplanetaryspace(Figure2). Note that the
scenariopresentedin Figure2 is aneruptiveflare,thusit is applicableto coronal
massejections(CMEs).

In thissimplestcase,duringreconnection,antiparallelmagneticfield linesare
thoughtto diffuse,breakandchangeconnectivity anddissipateatapoint (neutral
or X-point) in the corona.The tensionforce of the reconnectedfield lines then
acceleratesthe plasmaout of the dissipationregion. A subsequentlyinflowing
plasmacarriestheambientmagneticfield linesinto thedissipationregion.These
field lines continuethe reconnectioncycle. Throughthis process,the magnetic
energy storedneartheneutralpoint is releasedto becomethe thermalandbulk-
flow energy of the plasma.Magneticenergy is convertedinto heatand kinetic
energy. Large electric fields are createdin the dissipationregion as well as in
shockwaves,whichmayhelpto accelerateparticles.Sincefastparticlesandheat
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Figure2. Cartoonof the2-D flare/CMEmodel,showingseveraltheoreticallypredictedobservable
features.Thecartoonhasbeenadaptedfrom McKenzie(2002).

conductionaremainlydirectedalongthefield lines,they will bechannelledalong
thenewly reconnectedloops.

Scenarioof a typical two-ribbonflare,which canbewell treatedin 2-D and
describedby theCSHKPmodel:

Pre-flarephase:anactive regionfilament(andits overlyingarcade)startsto rise
dueto weakeruptiveinstability or lossof equilibrium.

Flare onset:underthe rising filamentalongthe stretchedout field lines a cur-
rent sheetformsandfield linesstartto reconnect;impulsive energy release
occurs.

Main phase:continuingreconnectionforms hot X-ray loops throughchromo-
sphericevaporationandHα ribbonsat their footpoints,wherethe particles
acceleratedduring the reconnectionprocessimpact the chromosphere;the
reconnectionregion risesasfield linesmoreandmoredistantfrom themag-
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netic inversionline reconnect,so the resultingnewly formed X-ray loops
increasein size(andheight)andtheHα ribbonsmove apart.

Theinitial instabilitymaybetriggeredby:
� a twistedflux tubeof which the twist becametoo high (e.g.vanBallegooijen

andMartens,1989;Török andKliem, 2003)

� a shearedmagneticarcade,in which themagneticenergy is beingbuilt up by
shearingmotions,reachinga critical value(e.g.Sturrock,1966;Mikic and
Linker, 1994).

Theflaresmodelledby theCSHKPmodelareso-calledlong durationevents
(LDEs),with a long,gradualdecayphaselastingfor up to tensof hours.

Thereconnectionregion(theX-point) is picturedto bein thecorona,andit is
expectedto besmallanddark,thusdifficult to observe.Following thecartoonin
Figure2, we will proceedfrom thevicinity of theX-point downwardto look for
observationalsignsof reconnectionpredictedby theCSHKPmodel.

3.1. OBSERVATIONSOF THE PLASMOID

OhyamaandShibata(1998)found an X-ray plasmaejection(a small, blob-like
feature,suggestive of a closed-fieldplasmoid)above soft X-ray flare loops in
Yohkoh/SXTobservations(in anLDE of M2.0 importanceon 5 Oct.1992).The
ejectastartedto rise with a speedof 250 km s

� 1 beforethe main peakof the
hardX-ray emissionandwasacceleratedduringthe impulsivephase(to 500km
s
� 1), indicatingthatplasmoidejectionandreconnectionarecloselycoupled.They

derivedthephysicalparametersof theejectedplasmaandobtaineda temperature
of 10.6

�
3.6 MK, densityof (8-16)� 109 cm

� 3, a massof 24 � 1013 g. They
foundthat theoverall featuresandevolution of thehot plasmaejectionandflare
werein roughagreementwith thoseexpectedfrom thereconnectionmodel,with
a reconnectionrateof MA = vin/vA = 0.02,wherevin is the speedof the inflow
into thereconnectionregion,andvA is theAlfvén speed.However, thelow kinetic
energy of theejectawasnot consistentwith theassumptionin somereconnection
modelsthat an ejectedplasmastretchesthe overlying magneticfields to form a
currentsheetandhenceleadstomagneticreconnection.Instead,theirobservations
suggestthatbothX-ray plasmaejectionandreconnectionarea consequenceof a
commondynamicalprocesssuchastheglobalMHD instability of the magnetic
configuration.

Nitta (1996)showed from systematicanalysesof 130 flaresobserved with
Yohkohthat35-40%of theflaresareassociatedwith eruptingfeaturesin soft X-
rays.Plasmoidejectionwasfoundalsoin impulsive flares(Shibataet al., 1995).
The latter resultsarepuzzling,sincein a confinedflare occurringin quadrupo-
lar magneticconfigurationone would not expecteruptive signatures.However,
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in suchflares the dimpled shapeof the reconnectedfield lines (especiallythe
outerone)is quickly straightenedoutby themagnetictensionforce.Suchupward
motionof thefield lines, i.e. flare loops,caneasilybe (mistakenly)identifiedas
signatureof eruptionin the X-ray differenceimages.Sincein suchquadrupolar
confinedflaresthereconnectionregion is underthis longerreconnectedloop, the
upward-directedreconnectionjet or fastshocksmayproduceasuperhotregion at
their collisionwith thisclosedloop,which canappearin SXRsandmaybeiden-
tified asa plasmoid.A goodexampleof a confinedflareshowing falseeruptive
signaturesandevena plasmoid-likefeaturewasshown by Greenetal. (2002).

Tsuneta(1997)analysedYohkoh/SXTobservationsof anLDE of M3.6GOES
classwhich occurredon 2 Dec. 1991. In his imagesan apparentlyclosed-field
plasmoidappearabove the supposedX-point, with a region of hot plasma(15
MK) in betweenthe X-point and the plasmoid.The speedof the rising plas-
moidwasalmostconstant(96 km s

� 1) throughouttheobservation.Thiscompact
high-temperaturesourcelocatedabove the X-point wassuggestedto be formed
by fast shocksduereconnectionoutflows propagatingupwardfrom the X-point
encounteringthe region of newly reconnectedupwardU-loops.The downward
propagatingfastshockcounterpartsweresuggestedto beat the origin of a hard
X-ray sourcelocatedat thetop of thesoftX-ray flareloops(seebelow).

3.2. SLOW AND FAST SHOCKSIGNATURES

Theclassicalreconnectionpicturepredictsslow isothermalshocksemerging from
thereconnectionregion,plusa terminationshockwherethedownwardreconnec-
tion outflow meetsdensermaterial.

Figure3. In Yohkoh/SXTdataahotsourceis seenabove theX-point andtheflareloops.Thehot
sourceis attributedto theinteractionbetweentheclosed-fieldplasmoidandfast-modeshocks(cf.
Figure2). In this imagetheplasmoidhasalreadyleft thefield of view of SXT. Thefigurehasbeen
adaptedfrom Tsuneta(1997),with permission.

The critical importanceof slow shocksis in converting magneticenergy to
plasmakineticandthermalenergies.Tsuneta(1996)showedtheexistenceof “hot
ridges”of 12MK faroutsideof theapparentbrightX-ray loopsof thecusp-shaped
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flare loop region, thatcanwell bedueto heatingprovidedby suchslow shocks.
A super-hot sourceof 100-150MK discoveredto “sit” on top of the flare loops
(Tsuneta1997;Tsunetaet al., 1997)canwell be heatedwith a fast bow shock
owing its existenceto thecollision of thesupersonicdownwardoutflow with the
reconnectedfield lines.Theupwardpropagatingreconnectionoutflow waslinked
to theotherhot sourcefoundabove theX-point, discussedabove.

Figure 4. Hard X-ray sourcesin the 13 January1992flare (the “Masudaflare”) that occurred
nearthewestsolarlimb. Emissiondetectedin thelower-energy HXT channelsfollow theSXRloop
structure,while in harderchannelstwo footpointsourcesandaloop-topsourceappear. Thealtitude
of thelatterappearsto behigherwhenimagedin harderchannels.Notethatthis wasanimpulsive
flare.

A surprisingdiscovery from theYohkoh/HXTwasthedetectionof animpul-
sive hardX-ray sourcelocatedabove the soft X-ray loop (Figure4; Masudaet
al., 1994).TsunetaandNaito (1998)suggestedthat a consistentexplanationof
non-thermalelectronaccelerationwould resultfrom accelerationin the model’s
terminationshockandparticletrappingby its slow shocks,thusexplainingtheim-
pulsiveloop-tophardX-ray source.SuchHXR loop-topsourceswerediscovered
in impulsive flares.In LDEs HXR imagesin thehigherenergy bandshave been
synthetizedfor a limited numberof events.For LDEs theHXR spectrumis quite
soft,thesourcesaremoreextendedthanin impulsiveflares,andthebrightestcore
of theHXR sourceis locatedatslightly higheraltitudethanthatof theSXRloops
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(Masudaetal., 1998).Thoughtheintensityandhardnessof suchloop-topsource
stronglydecreaseswith time, it is still presentduring the gradualphaseof the
flares,suggestiveof on-goingreconnectionprocess(Harra-Murnionet al.,1998).

Type II radio burstsare indicative of shocks.Aurasset al. (2002) found a
typeII burstat a constantfrequency (zero-drifttype)between300and400MHz,
indicatinga densityof 109 cm� 3. The burst startedalmost1 hour after the im-
pulsive phaseof the 7 April 1997 LDE and lastedfor more than 30 min. The
authorsarguethatif typeII burstsindicatefast-modeshocks,thenastandingtype
II burstsuggestastandingfast-modeshock,or terminationshock.However, such
observationsarerare,andit is puzzlingwhy theburststartedso late in theflare.
The authorssuggestthat favourablecircumstancesfor the radio detectionof a
terminationshockin thereconnectionoutflow areacomparatively largeheightof
the diffusion region, a low plasmaβ upstreamof the shocks,anda small angle
betweenthe reconnectingfield lines, that wasreachedonly in the later gradual
phaseof thisflareandmayberelatively infrequent.

Simultaneousdetectionof radio type III burstshaving forward-andreverse-
slopespointing to the actualX-point of the reconnectionmodel as the site of
the particleaccelerationare the observationalsignaturesof upwardanddown-
wardparticlebeamsoriginatingfrom thereconnectionsite(AscwandenandBenz,
1997;Aschwanden,1998;Aschwanden,2002).

3.3. FIRSTOBSERVATION OF THE RECONNECTIONINFLOW

Figure5. Observationof thereconnectioninflow. TheEIT imageontheleft indicatesthelocation
of the “cut”, along which plasmaflows are shown in the right-handpanelas function of time.
Adaptedfrom Yokoyamaet al. (2001),with permission.

Oneof the main criticism hasalwaysbeenagainstthe reconnectiontheory
of solarflaresthat the reconnectioninflow andoutflow hadnot beenobserved.
UsingSOHO/EITandYohkoh/SXTdata,aclearevidencefor theexistenceof the
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reconnectioninflow wasdiscoveredby Yokoyamaet al. (2001).They observeda
flareon the solarlimb, which displayeda geometryandscenario(e.g.plasmoid
ejection,cusp,X-point) highly resemblingto the 2-D reconnectionsimulations
(Figure6). Following the ejectionof a plasmoid,a clearmotion with v=1.0-4.7
km s� 1 wasobserved towardsthe reconnectionregion (X-point, seeFigure5).
BasedonX-ray data,amagneticfield strengthof B ��� 16πnkBT � 1 � 2=12-40G was
estimatedandanAlfvén speedwascomputedto bein therangeof vA 	 160 
 970
km s

� 1. Thereconnectionrate,whichis definedastheratioof theinflow speedto
theAlfvén velocity, derivedfrom thisobservationwasMA = 0.001-0.03,which is
roughlyconsistentwith Petchek’s(1964)reconnectionmodel,andis muchhigher
thanwouldbeexpectedfrom theSweet-Parkermodel(Sweet1958;Parker1957,
1963).

3.4. CUSPS

Theobservationof cusp-shapedsoftX-ray loopsin thefamouscandle-flameLDE
flare on 21 Feb. 1992(Tsunetaet al., 1992a)madea strongimpressionon ob-
serversandtheoreticiansandit is widely consideredasobservationalevidencefor
theCSHKPflaremodel,beingvery suggestive of X-type reconnectiontopology
(cf. Figures2 and6). Sincethen,it hasbecomeclearthattheformationof a cusp
structureaftereruptionis anubiquitousfeature,seenin thequietSun(giantcusp;
Tsunetaetal.,1992a,1992b,Hiei etal.,1993,Hanaokaetal.,1994,McAllister et
al.,1996)aswell asin activeregions(mini cusp;YoshidaandTsuneta1996).The
sizeof thegiantcuspsis aslargeasthesolarradius,andthemini cuspsassmall
as104 km. However, it is noteworthythatthepresenceof cuspsis notnecessarily
evidencefor reconnection.It could alsomark the transitionwherethe plasmaβ
parameterbecomeslargerthanone,sothattheplasmafrom thelooptopcanfreely
streamoutacrossthefield, like in streamers.

3.5. OUTFLOWS FROM THE RECONNECTIONREGION

First,ForbesandActon (1996),througha carefulanalysisof flareloops,showed
how cuspedloopsshrinkandrelaxinto aroughlysemi-circularshapeasa conse-
quenceof theretractionof thenewly reconnectedfield linesdueto themagnetic
tensionforce.This is an indirect evidencefor the existenceof an outflow from
themagneticreconnectionregion. More recently, McKenzieandHudson(1999)
andMcKenzie(2000)founddownwardplasmamotionsaboveX-ray arcades(so-
calledsupra-arcadedown-flows)formedin long-durationflaresatspeedsbetween
40 and500 km s� 1, confirming the existenceof suchoutflow, andindicatinga
patchyandintermittentreconnectionprocessabove thearcade(Figure7).

The discoveredsupra-arcadedown-flows indicatefield-line retractionwith-
out the formationof long-lastingcuspsduring the rise phaseof the flare,anda
downwardflow above the arcadeduring the decayphase.The late-phasedown-
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Figure6. This March1999event,studiedby Yokoyamaet al. (2001;c.f. Figure5), providedthe
first goodexample(via comparingYohkohandEIT images)of theclosing-downof openfield lines
following anLDE/CME, andleadingto abrightsoft X-ray cusp.

ward motion is in the form of X-ray dark voids moving at 100-200km s� 1,
i.e., at velocitiesmuch smallerthan the free-fall speedor the assumedAlfvén
speed.McKenzieandHudson(1999)andMcKenzie(2000) interpretthe voids
ascrosssectionsof evacuatedflux tubesresultingfrom intermittentreconnection
following the associatedCME. Their datarepresentthe first direct evidenceof
high-speedflows in theregion immediatelyabove theflareloops.

3.6. FLARE LOOPS

Thereare several observational evidenceto show that flare loops observed in
LDEs (Figure2) arenewly reconnectedmagneticstructures,andthat therecon-
nectionprocessextendswell into the gradual(decay)phaselasting for several
(even tensof) hoursat a graduallyincreasingaltitude,forming new loopsat an
ever-increasingsize.Accordingto the CSHKPmodel,the latter is relatedto the
fact thatfirst field linesclosestto the inversionline reconnect,andastime goes
on, field lines more and more distant from the inversion line will go through
this process.Therefore,the distancebetweenthe footpointsof the loopshasto
increasewith time aswell. In sucha 2-D configuration,thereis a simplerela-
tion betweenthe rateof the reconnectionand the motion of the chromospheric
footpoints(ForbesandPriest,1984;Lin andForbes,2000).

Flare loops rangefrom temperaturesof 3 � 107 down to 104 K, the cooler
loopsarenestedbelow the hotteronessincethey form from hot loopsby cool-
ing (radiative andconductive)processes.Thenewly formedloopsarefilled with
hot plasmaby chromosphericevaporationandcancool down quickly, in a few
minutes,or slowly, over1 or 2 hours,dependingontheir density, passingthrough
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Figure7. Supra-arcadedown-flows(spiky raysabovethespineof theflare-looparcade)in thelate
phaseof longdurationeventsareattributedto (a) shrinkingof cuspedfield linesandresultingslow
reconnectionoutflow, (b) apatchyandintermittentreconnectionprocess.Yohkoh/SXTobservation
on 21 Jan.1999,at 11:48:11UT. The outflow hasbeenobserved during the entirelong-duration
flareprocess,and22 suchexampleshave beenfoundin theYohkoh/SXTdata(McKenzie,2000).
Thefigurehasbeenadaptedfrom McKenzieandHudson(1999),with permission.

severalintermediatetemperaturerangesto appeareventuallyasHα loops.At any
giventime, the distancebetweenthe hot X-ray loopsof 106 K andthe cool Hα
loopsof 104 K temperatureis relatedto both the growth rateof the arcadeand
their coolingtime.

Usingcoordinatedobservationsof a largesystemof flareloopson25-26June
1992,whichproducedthelongesteversimultaneousobservationstakenin X-rays
andin Hα of suchevents,vanDriel-Gesztelyietal. (1997)studiedtheformation,
dynamicsandrelative altitudesof hot andcool loops.The expansionrateof the
flareloopsystemwasfoundof theorderof 10 km s

� 1 shortlyafter theimpulsive
phase,thendecreasedexponentially, andabout4 hourslaterit stabilisedat1.1km
s� 1. Theshapeandstructureof theloopswerevery similar in X-raysandin Hα
duringtheentiregradualphase,taking into accountthat theHα aredescendants
of X-ray loopsobservedearlierandnot relatedto theX-ray loopsobservedat the
sametime(Figure8).

Figure9 shows that at any giventime hot loopsappearhigherthanthe cool
loops,and the gap betweenthe two altitude curves becomeswider with time.
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Figure8. Evolutionof thehotSXRandcoolHα loopsduringanX3.9GOES-classlong-duration
event(LDE) above thewesternsolarlimb on 25-26June1992.TheSXR imagesweretakenwith
Yohkoh/SXT,while theHα imagesarefromvariousground-basedobservatories(Hida,PicduMidi,
ValašskèMeziřici, Wroclaw andLaPalma).All theimageshavebeenco-aligned.Thisfigureis from
vanDriel-Gesztelyietal., (1996b).

The observedcooling time is the time differencebetweenhot andcool loopsto
reachthesamealtitude,supposingnoshrinkingof thefield lines.Schmiederetal.
(1996a)analysedthe densityevolution of the loopsusingthe filter-ratio method
for Yohkoh/SXTimagesandcomputedthecoolingtimestakinginto accountther-
mal conductionandradiative losseswith a startingtemperatureof 6.5 � 106 K.
Thesetheoreticallycomputedcooling timeswereshorterthantheonesdeducted
from therelative altitudesof hot andcool loops.Supposingthat thecoolingtime
calculationsarecorrect,theseresultsimply that loopsshouldshrink during the
coolingprocess,which is in accordancewith otherstudies(Švestkaet al., 1987;
Harra-Murnionet al., 1998).Note that this “thermal” shrinkage,which is dueto
increasingplasmadensityin the loops,is differentof the shrinkageanalysedby
ForbesandActon(1996),whichis dueto themagnetictensionforcetransforming
a cuspedloop into a semi-circularone.
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Figure 9. Projectedaltitudesof oneof thethreeloopssystemsasmeasuredfrom thesolarlimb.
Horizontallinesindicatethetimedifferencebetweenhot X-ray (Yohkoh/SXT)andcool Hα loops
(Hida,Pic du Midi, ValašskèMeziřici andLa Palmaobservations)to reachthesamealtitude.The
calculatedcooling times were found to be considerablyshorter, indicating that the loops shrink
while cooling(vanDriel-Gesztelyiet al., 1996b).

3.7. FLARE RIBBONS

Footpointsof flare loopsmapto Hα emissionfeaturesin thechromosphere,that
areknown asflare ribbons.ThebrightestpatchesalongtheHα flareribbonsare
the footpointsof the brightest(densest)SXR loops(Švestkaet al., 1982).Flare
ribbons are known to separateduring the flare. The velocity of the footpoint
motionsweepingthroughthe magneticfield linescorrespondsto the rateof the
magneticflux convectedinto thediffusionregion in thecoronawheretherecon-
nectingcurrentsheetis generated.It is relatedto therateof thenetchangeof the
magneticflux from onetopologicaldomaininto anotherthroughthereconnection
region (ForbesandLin 2000,andreferencestherein).Therefore,it is expected
thatflareribbonsmove fasterthroughweakfields.It hasindeedbeenfrequently
observed that the velocity of the ribbon decreasesdramaticallyasit reachesre-
gionsof strongmagneticfield (e.g.Malville andMoreton,1963).Theoutermost
edgeof thehotX-ray loopsmapsto theouteredgeof theHα ribbons(Schmieder
atal.,1996b),while theinneredgeof thecoolHα loopsmapsto theinneredgeof
theHα ribbons(RustandBar, 1973),demonstratingwell their coupledtemporal
andspatialhierarchy.

HardX-ray doublefootpointsources(evidencesfor energeticelectronprecip-
itation) mapto the footpointsof the mostenergetic loops.Sakao(1994) found
that, in a majority of cases,theHXR sourcesmove apartwith time, asexpected
from the rising reconnectionregion in the CSHKPmodel.Masudaet al. (2001)
showedthefirst ribbonstructureobservedin HXRsin the14July2000flare.The
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co-locationof theHXR sourceswith theHα ribbons(within thelimitationsof the
relatively low spatialresolutionof theHXR images)supportsthepicturearising
from theCSHKPmodel.

Qiu et al. (2002),analysinghigh-cadenceandhigh-resolutionHα-1.3Å, mi-
crowave, HXR andmagneticobservationsof a C9.0 flare,measurethe velocity
of thekernelmotion(20-100km s� 1), that is usedtogetherwith thelongitudinal
magneticfield to infer anelectricfield (90 V cm

� 1 at flaremaximum)insidethe
reconnectioncurrentsheet.They find a correlationbetweenthe evolution of the
electricfield andthe HXR time profile during the rise of the HXR emissionin
a kernel that moves along the magneticfield gradient,but no suchcorrelation
was seenin anotherkernel, which moves along isogausslines. This result is
partly in supportof the generalscenarioof magneticenergy releasevia current
dissipationinsidethe reconnectioncurrentsheet,thoughit is clearthat the two-
dimensionalmagneticreconnectionmodelinvolving theHα kernelmotionis not
fully applicablein theanalyzedimpulsiveflare.

Chromosphericup-flows and down-flows along the flare ribbonsshow that
blueshiftedsoft X-raysarecoincidentwith redshiftedHα, which is very sugges-
tiveof thechromosphericevaporationshown earlier(e.g.Schmiederet al., 1987;
Wülseret al., 1994).Czaykowskaet al. (1999)througha multi-line analysisof
SOHO/CDSEUV spectroheliogramstakenduringthegradualphaseof theM6.8
flare on 29 April 1998,found bright down-flowing plasmato coincidewith the
endsof flare loopsseenwith SOHO/EIT. The dimmerplasmaon the outerside
of theribbonsshowedstrongrelative blue-shifts(upflows). Sincetheouteredge
of flare ribbonsaremappingto morerecentlyreconnectedloopsthanthe inner
edge,evaporation(blueshift)wasobservedat the outeredges,while downflows
in thecoolingloopsmappedalongtheinneredgeof flareribbons.Thispatternof
up-flowsanddown-flowsdemonstrated,for thefirst time in transitionregion and
coronallines,theexistenceof chromosphericevaporationduringthelategradual
phaseof a flareandprovidedevidencefor ongoingreconnection.

3.8. RELAXATION OFSHEAR

An importantconsequenceof magneticreconnectionis thatit releasesfreeenergy
storedin the magneticfield in form of field-alignedelectriccurrents(force-free
conditions),thusa relaxationof theshearis expectedto happenduringthe flare
process.A very interestingexampleof suchrelaxationwasfoundby Sakuraiet
al. (1992)in theearlyYohkoh/SXTdata.NOAA AR 7042hadastronglysheared
(sigmoidal)pre-flareX-ray loop structure.During anM4.4 long-durationflarea
cleararcadeof flare loopsappeared,and by the endof the flare the sigmoidal
structurewasreplacedby loopswhichwerealmostpotential,thusnearlycurrent-
free.However, otherstudiesshowed,thatmagneticshearmaydecrease(Wanget
al., 1994),or remainthesame(Hagyardetal., 1999;Li etal., 2000)aftera flare.
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4. Reconnectionin 3-D

Mostof theflaringconfigurationsin solaractiveregionshaveacomplex magnetic
topology. In thosemorecomplicated,but morerealisticmagnetictopologiesthe
2-D modelsare insufficient, thus 3-D reconnectionmodelshave to be applied.
The 3-D characteristicsof magneticreconnectionarehighly complex, involving
complicatedintersecting3-D surfaces,which separatedomainsof differentfield
line connectivities(separatrices,andtheir intersectiontheseparator).

Themainchangeswhenmoving from 2-D to 3-D arethat

� the reconnectingmagneticfields arenot necessarilyantiparallel,however, it
is only the antiparallelpart of the magneticfield, which participatesin the
process;

� theemphasisis put on thefield line connectivities - separatricesor quasisep-
aratrix layers(QSLs)separatedomainswith drasticallydifferentmagnetic
connectivities;

� magneticreconnectionoccursnot only at the intersectionof separatricesand
QSLs(thegeneralisationof theX-point), but canalsooccuralongthesepa-
ratrices,which havea complex 3-D shape.

The field line linkage is discontinuous acrossthe separatrixsurfaces.When
reconnectionoccurs,magneticflux is transferredacrossthe separatricesfrom
onetopologicallydistinctdomainto another. To understandandprove this con-
ceptobservationally, severalstudieshaverelatedthelocationof flarebrightenings
to the topology computedfrom observed photosphericfield modelledby sub-
photosphericmagneticsources(e.g. Gorbachev and Somov, 1988;Mandrini et
al., 1991;Démoulinet al., 1993,1994;vanDriel-Gesztelyiet al., 1994).In such
studiesobserved magneticpolaritiesaregroupedtogetherandrepresentedby a
magnetic“source”(modellinga concentratedsub-photosphericflux tube)placed
underthephotosphere.Thetopologyisdefinedby themagneticlink betweenthese
sources.In theobservationalstudiesHα brighteningswerefoundto belocatedat
theintersectionwith thechromosphereof thecomputedseparatrixsurfaces.

Démoulinetal. (1996)havegeneralisedtheconceptof separatricesto configu-
rationswithoutfield-linediscontinuities.They showedthatmagneticreconnection
canoccurin theabsenceof null pointsat “quasiseparatrixlayers”(QSLs).QSLs
areregionswherethemagneticfield line linkagechangesdrastically, but in acon-
tinuousway at very smallscales(discontinuously when,approachingzerothick-
ness,they behave like separatrices).The methodto computeQSLsandanalyze
theirpropertieswasdevelopedby Démoulinetal. (1997a)andappliedto observa-
tionse.g.by Mandrini et al. (1996,1997),Démoulinet al. (1997b),Bagaláet al.
(2000).Oneof theadvantagesof theQSL conceptis thatit caninvolvemagnetic
field line extrapolationsusing,as boundarycondition,observed magnetograms
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without modification(unlike thesourcemethod).Anotherimportantpoint is that
theQSL conceptshows thatmagneticreconnectioncanoccurin a muchbroader
classof magneticconfigurations,i.e. thepresenceof magneticnulls is no longer
neededfor reconnectionto occur.

4.1. RECONNECTIONWITHOUT THE NEEDOFNULL POINT- THE QSL
APPROACH

Figure10. Spatialevolutionof thequasiseparatrixlayers(QSLs)in themagnetictopologyof an
XBP observedon 1-2 May 1993.Thetime of Hawaii SPandPotsdammagnetogramsfrom (a) to
(d): May 1, 07:16UT, 16:26UT, 22:45UT, May 2, 08:02UT. The decimallogaritmof the QSL
thickness(in m) is addedat a few characteristicplacesalongthe centralQSLs.Note that as the
thicknessof theQSLsgrow andtheir lengthdecreases,sofadestheXBP (left panel).

A goodexampleof theapplicationof theQSL conceptwastheanalysisof a
flaringX-raybrightpoint(XBP)of about16hourslifetime (vanDriel-Gesztelyiet
al., 1996a,Mandrinietal.,1996).Ground-basedopticalobservationscoordinated
with Yohkoh/SXTof an old, disintegratingbipolar active region (NOAA 7493)
provided a multi-wavelength(magneticfields,Hα andX-rays) dataset for this
study. TheXBP wasrelatedto theemergenceof aminorbipoleof about1020 Mx.
The XBP wasa tiny loop-like ratherthanpoint-like, andit linked the emerging
negative polarity to a pre-existing positive polarity facularregion. Another, long
and faint X-ray loop (FXL in Figure10) appearedto brightenduring the XBP
flares.Extrapolatingthephotosphericmagneticfield in alinearforce-freeapprox-
imation,Mandrini et al. (1996) found goodagreementwith the observationsof
the emerging flux (Hα archfilamentsystem)andthe soft X-ray loops(both the
XBP andFXL). The photosphericfootpointsof their field lines were found on
bothsidesof thecomputedquasi-separatrixlayers(QSLs),asexpectedfrom the
3-D reconnectionmodel.
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Figure11. Computationof theevolving locationandthicknessof quasiseparatrixlayers(QSLs)
aroundtheXBP (left panels)andthetimeevolutionof theSXRbrightnessof theXBP (right panel).
Note thatas the thicknessof QSL is gettingthicker, the XBP fades.The thicknessof the QSL is
relatedto thereconnectionrate/efficiency. Adaptedfrom Mandriniet al. (1996),with permission.

Mandrinietal. (1996)show thattheX-rayflareloops(theXBPandFXL) were
createdandheatedby magneticreconnectionbetweenfield linesof theemerging
bipoleandthepre-existingmagneticfields,andthatthereconnectionwasinduced
by the motion of oneof the new magneticelementstowardsthe old plagewith
a velocity of 0.2 km s

� 1. Note, that Parnell et al. (1994),who weresupposing
a similar approachingmotion betweenoppositepolarity magneticelementsand
modelling an XBP using a few magneticsources,have also shown that XBPs
can be interpretedas tiny reconnectedmagneticloops.Mandrini et al. (1996)
followed the brightnessevolution of the XBP during 16 hoursand combined
it with a computationof the thicknessof the relatedQSLs (Figure 11). They
foundthatwhenthe thicknessof theQSLsdecreased,theXBP becamebrighter,
due to increasingreconnectionrate,while the decreasingbrightnesscoincided
with a growing thicknessof the QSLs,which apparentlybecametoo large to
allow significantmagneticenergy release.Theabove multi-wavelengthobserva-
tions combinedwith 3-D modellingprovide a very strongcaseand arguments
for theflare loopsbeingreconnectedloops,anda successof theQSL methodto
understand3-D flaringconfigurations.
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4.2. RECONNECTIONINVOLVING A 3-D NULL POINT: THE 1998
BASTILLE-DAY FLARE

Numericalreconnectionexperiments(for a recentreview seeHoodet al., 2002)
createdanew zooof termstodescribedifferentcharacteristicsof 3-D magneticre-
connectiontopologies,suchasmagneticskeleton,multiple3-D null points,spine
field line andfanplane.However, to prove thatthey doexist indeed,observations
combinedwith modelling shouldbe invoked. Magneticnull points have been
found in half of theflarecasesstudiedby Démoulinet al. (1994).In suchcases
QSLssimplybecomeseparatrices.While they donot representthemajority, flare
casesinvolving magneticnull pointsareworth studying,becausethe theoryof
nulls is moredevelopedandtherearemoremathematicaltoolsavailablethanfor
thestudyof topologieswithoutnulls.

Figure 12. Observation andmodelof 3-D reconnection.Before the impulsive phaseof the 14
July 1998flarebrighteningstravelled in thevicinity of thespinefieldline towardsthefan surface.
Adaptedfrom Aulanieretal. (2000),with permission.

Utilising TRACE datawhich show oneof thefinestdetailedobservationsof
an eruptive flare ever done,Aulanier et al. (2000)analysedthe magnetictopol-
ogy of AR NOAA 8270,relatedto a M4.7 GOES-classflare, which peakedat

vandriel_natoarw.tex; 6/04/2003; 17:40; p.19



20

12:59UT on 14 July 1998.Figure12 showsa potentialfield extrapolationa Kitt
Peakmagnetogramtaken5 hoursafter the flare, which revealsthe presenceof
a magneticnull point and its associated“spine” and “fan” field lines. TRACE
171Å imagesshowedevidencefor fastplasmamotionsandabrighteningwhich
startedto appearalongtheloopin thevicinity of the“spine” field line at12:51:31
UT, 3 minutesbeforethe start of the impulsive phaseof the flare. They show
thatduringtheevent,theintersectionsof the“fan” andthe“spine” with thepho-
tospherebrightenand move continuously, indicating that heatingoccursin the
vicinity of thesespecialfield linesandthat the “fan” and“spine” evolve during
theflareasmagneticfield linesarereconnecting.Theseobservations,indicating
that magneticreconnectionoccur at the magneticnull point, provide the best
matchto datebetween3-D magneticreconnectiontopologiesandvery detailed
observationsof a flare.

Theexistenceof a coronal3-D null-point wasalsoinferredfrom SOHO/EIT
imagesin an active region by Filippov (1999),and in the 3 May 1999flare by
Fletcheret al. (2001).Relaxationof stressedmagneticfields wasinterpretedin
termsof spineor fan reconnectionduringthis flare.Recently, Maia et al. (2003),
using multi-wavelengthdata including Nançaymetric radio observations,ana-
lyzed an X1 flare andCME event, which occurredin a large activity complex.
Magneticextrapolations/modelling revealedthepresenceof a coronalnull point.
Observationsindicatethat magneticreconnectionstartedat the null point three
minutesprior to the eruption.The sequenceandcomplexity of eventsindicate
that the triggeringand evolution of this CME involved multiple magneticflux
systemsovera largecoronalvolumesurroundingtheflaresite,andthatit resulted
of the couplingof scalesfrom narrow reconnectioncurrentsheetsto very large
scalemagneticconnectionsbetweendifferentactive regions.

5. Reconnectionin flares:is it all clear?

The answerto the above questionis: of course,it is not all clearand proven!
Thereis evidence(but mostlymorphologicalandindirect)thateruptiveflaresand
CMEsfollow thereconnectionscenarioof theCSHKPmodel.Theglobalpicture
appearsto matchreasonablywell with observations,but therearemany problems
with details,physicalparameters,numbers...I shouldremindthereaderthatthere
hasonly beenonesingleobservationof the reconnectioninflow so far! Reality
is alwaysmorecomplicatedthansimplecartoons:thereis alsoa lot of evidence
in fast time structuresin hardX-raysandradioduringflaresthataccelerationof
particlesdoesnot happencontinuously, but ratherintermittentin spaceandtime,
whichpointsto ahighly fractalandintermittentreconnectionmode.

Furthermore,the outflow from the reconnectionhasbeenobserved, but its
speedis definitelylower thantheAlfvénic speedpredictedby theCSHKPmodel
(or theAlfvén speedis lowertherethanwethought!).However, PriestandForbes
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(2000)showsthattheoutflow speedandthereconnectionratemaybeaffectedby
plasmaparametersaroundthe reconnectionregion. Enhancedoutflow pressure,
especiallybelow the down-flowing jet canmaketheout-flowing jet move much
slowerthantheAlfvén speed.However, it is noteworthythatthedeterminationof
theAlfvén speeddependsonthedeterminationof theplasmadensity(weintegrate
alongtheline of sight)andmoreover, on themagneticfield, which is unknown in
thereconnectionregion!

Weshouldbeawarethatin a lot of papers“cartoonphysics”is applied,which
doesnot involve any quantitative testing.The popularityof simple2-D models
over that of the muchmorecomplicated3-D reconnectionmodelslike, e.g. the
QSL conceptindicatesthat many of us usewhat is simple,andnot necessarily
whatmakesthemostphysicalsense.

In orderto makea more realisticcomparisonwith observationswe have to
go to 3-D. For improved 3-D analyseswe will needwell-measured(preferably
vector)magneticfields,notonly in thenon-force-freephotosphere,butalsohigher
up in thesolaratmosphere– includingthecorona.
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