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Abstract. Magneticreconnectiornis thoughtto happerin the ubiquitousmagnetidields of the Sun
andit is generallyacceptedhatreconnectiorplaysanimportantrole in mostof the solaractvity

phenomenaHowever, to prove this is not trivial, sincewe cannot “see” reconnectiorhappening.
On the otherhand,from multi-wavelengthobsenationsandtheir combinationwith modellingwe

can provide evidencefor the existenceof mary of the theoretically expectedconsequenes of

reconnectionWe do have mountingcircumstantialevidencethat reconnectioris indeedat work

in e.g.jets, flares,CMEs. Suchobsenations,in turn, introduceconstraintghat help to drive and
improve the models.| summarizesomekey obsenationsthat have helpedto supportthe casefor

reconnectionvhile improving our understandingf thebehaviour of solaratmospheriplasmasnd
magnetidields.

1. Intr oduction

Magneticreconnectioris a topologicalrestructuringof a magneticfield caused
by a changen the connectvity of its field lines. This changeallows the release
of storedmagneticenegy, which is the dominantsourceof free enegy in the
plasma.

A broadpaletteof solarphenomen&om explosive eventsthroughjets, flares
to CMEsshow characteristicthatcanbeinterpretedasresultof magnetiaecon-
nection. Thoughin laboratoryexperimentsreconnectiorhas beensuccessfully
conductedseee.g.Kornacketal., 1998;Browning, 1998),nobodyhasseenfield
linesreconnectingn the solarplasmaWe have no directevidenceof reconnec-
tion, no obsenationof theenegy releasesite. However, therearemanypiecesof
indirectevidenceshowning featuregredictedby theoreticaimodelsto resultfrom
or accompay magneticreconnectiorevents.In this paperl makean attemptto
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put someof the piecesof the obsenational puzzletogether statingthat it is a
subjectve selection Still, | hopethatthe resultingimage,in spiteof beingquite
incompletewill notbetooblurred.l will mainly focuson obsenationalevidence
of magneticreconnectionin solar flares, both in 2- and 3-D, while important
issueslike jetsandcoronalheating,will not be discussedFurthermorethough
reconnectiorhasvery importantmagnetospheriand astrophysicaapplications,
they arealsobeyondthe scopeof this overview.

2. Observationsof changeof coronal loop connectivity

The simplestway to prove that magneticreconnections happeningsomavhere
is to shawv that magneticconnectvities have changedi.e. that a given magnetic
footpoint A, which was connectedo an oppositepolarity footpoint B, becomes
connectedo C instead(and this also forcesthe original connectvity of C to
change)Unfortunately in solarflaresthis is not a simple excerciseto perform,
since coronalloops of the pre-reconnectiorfield lines are usually not heated,
thusthey arenotvisible in X-ray or EUV images.Therefore we just obsere the
connectwities newly createdn thereconnectiorprocesswhich appearasdense,
hotflareloops.

The above remark,that heatedflare loopsarereconnectedoops,is not triv-
ial. In flare loop studiesand somemodelsin the seventiesand eightiesthe fact
that during magneticreconnectiomewn magneticloops are createdwhich may
getheatedoy the magneticenegy releasediuring the reconnectiorprocessgdid
not appeato be prominent. Accordingto the classicalemeging flux mechanism
for flares (Heyvaertset al., 1977) the particlesand heatare injectedalong the
interactingJoops,e.i.pre-reconnectiononnectwities,thustheemeging flux loop
will appearasflareloop. Also, in the seminalpaperby Machadoetal. (1988)on
SMM HXIS flaresreconnectiorwasseenasa meretrigger, which releasedree
enegy insidetheinteractingloops.Thus,accordingo theirresultstheinteracting
loopsbecomeflareloops,andtheir brightnesds proportionalo their freeenegy
content.The newly formedconnectities (thereconnectednagnetidoops)were
not evenconsideedin the above papersHowever, sincethetime of thesepapers
our views graduallychangedand now thereseemso be a consensushat flare
loopsarereconnectetbopsindeed.

After thelaunchof the YohkohspacecraffOgavaraetal., 1991),therehave
beenconsiderablesffort spenton finding examplesin soft X-ray morphologyof
loop-loopinteractionin flares.Theresultwasmeagrepnly a few suchexamples
werefound (e.g. Chengand Acton, 1994; Shimizuet al., 1994; Inda-Koinde et
al.,1995),whichis notsurprisingwhenonerealiseshegreatdifferencebetween
pre-andpostreconnectionoop temperatureanddensitiesasmentionedaborve.
Indeed basedon spectroscopidataobtainedwith SOHO/SUMERevidencewas
provided by Kliem et al. (2002) for reconnectiorbetweenhot and cool loops.
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Furthermorethereis alwaysa possibility, that a setof loops simply fade avay
andotherloops,initially notpopulatedoy plasmasgetfilled with heatedyasand
becomevisiblein SXRs.Thus,thechangeseenn SXR do notnecessarilymply
achangdn magnetidopology

SupplementingXR obsenationswith Yohkoh/HXThardX-ray and2-D No-
beyamanicrovave dataevidencefor interactingflareloopshave beerprovidedby
Hanaokg1996)andNishioetal. (1997),who calledthemthree-lggedstructures,
while they arein fact quadrupolattwo-loop pairs” thatflip magneticconnectv-
ities duringthe flare, astheoreticallyexplainedby Melrose(1997),andobsena-
tionally modeledby Aschwanderet al. (1999).1 will discussrelevantdetailsof
similar 3-D reconnectioreventsin sectioré4.

Whennen magnetidlux emegesinto the solarsurfacein theform of ausual
Q loop, the oppositepolarity flux concentrationsre connectedo eachother
However, in thecoronawe soonseetheappearancef an“anemone’of hot SXR
loopsconnectinghe emeging field to pre-isting magnetidield concentrations
surroundingthe new bipole. An exampleis shovn in Figure 1, wherethe much
greaterextentof the coronalloopsthanthatof theemeging photospheridipole,
is obvious. Suchchangesn magneticconnectvity canonly beachiezed through
magneticreconnectionThe high flaring tendeng accompaying emeging flux
indicateghe enegy releasanvolved.

Multi-wavelengthobsenationscanhelp to recognisechangein connectvity
betweeremeging andpre-eisting flux. In Ha darkarchfilamentsystemis seen
to connectoppositepolaritiesof anemeging bipole.Flarebrighteningsobsened
in emeging flux regions reveal different magneticconnecwities, which could
only be createdthroughreconnectior(seee.g.van Driel-Gesztelyiet al., 1996a
describedn sectiord4.1;andSchmiedeetal., 1997).

/-

decaying AR emerging AR

Figurel. Coronalloopsconnectingemenpingflux with pre-&isting field —asuresignthatchange
in magneticconnectvity is occurringin the solaratmosphereSuchchangecanonly be achieved
throughmagnetiaeconnectionCo-alignedSOHO/MDI and Yohkoh/SXTobsenationsof NOAA
AR 79780n 7 July 1996.

A remarkablesetof TRACEwhite-lightandEUV obsenrationsshaw abipolar
active region, in which sunspotsare obsered to rotate up to 18(° abouttheir
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umbralcentre(Brown etal., 2002).Thecorrespondingoronalloopswereseeno
twist up, andin the movie representationf this obsenationmagneticfield lines
areseerflipping from onesideof theregion to another
SakuTsunetacoinedthe term "global restructuringto describethe forma-
tion of the giantarcadesometimesextendingto a lengthlongerthana solarra-
dius, oftenobsenedby Yohkoh/SXT(Tsunetaetal., 1992b).Thesehugearcades
appearsuddenlyand typically involve “dimming” of adjacentcoronalregions.
Thisapparenextensionof coronal-holeareasuggestshe opening/closingattern
andcertainlyrepresenthangen magnetiacconnectvities. Naturally, theabsolute
proofof large-scaleeconnectiormodelswould comefrom identifying footpoints
thatre-map but evidencefor magnetiaestructurings quite suggestie.

3. Two-ribbon flares- reconnectionin bipolar configuration

Thebest-studiedolarflaresarethetwo-ribbonflares thatcanbemodelledn 2-D
or, in amorerealisticway, 2.5-D. Thelatteris anextensionof the 2-D modelling
addingamagnetidield componenin thethird dimensiongnablingthemodelsto
includemagneticshearRelevzantmodelsareusuallyunified andoftenreferredto
asthe CSHKPmodel(Carmichael 1964;Sturrock,1968;Hirayama,1974;Kopp
andPneumanl976).However, it is notavorthythatthescenaridhasgonethrough
importantevolution sincethe publicationof its main elementsn the sixtiesand
seventies.Fundamentaleaturesof this CSHKPmodelareshavn in Figure2. A
goodsummaryis givene.g.by Shibata(1999)andAschwander{2002).

Mary of the key obsenations,which provide circumstantialevidence,that
magneticreconnectioris taking placein solarflares,comefrom the analysisof
suchtwo-ribbonflares whichoccurin dominantlybipolarmagneticconfiguration.
Magneticreconnections ervisionedto occurin the corona,betweeroppositely-
directedopenmagneticfield lines. The new magneticconnectiongproducedare
bipolar loopson the solar surface-sideandtheir symmetriccounterpartsn up-
ward direction,which escapento interplanetaryspace(Figure 2). Note thatthe
scenarigpresentedn Figure?2 is aneruptiveflare,thusit is applicableto coronal
massejectiong CMES).

In this simplestcaseduringreconnectionantiparalleimagnetidield linesare
thoughtto diffuse,breakandchangeconnectvity anddissipateata point (neutral
or X-point) in the corona.The tensionforce of the reconnectedield linesthen
accelerateshe plasmaout of the dissipationregion. A subsequentlynflowing
plasmacarriesthe ambientmagnetidield linesinto the dissipatiorregion. These
field lines continuethe reconnectiorcycle. Throughthis processthe magnetic
enegy storednearthe neutralpointis releasedo becomethe thermalandbulk-
flow enegy of the plasma.Magneticenegy is convertedinto heatand kinetic
enegy. Large electricfields are createdin the dissipationregion aswell asin
shockwaves,which mayhelpto acceleratparticles.Sincefastparticlesandheat
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Figure2. Cartoonof the2-D flare/CMEmodel,shaving severaltheoreticallypredictecbbsenable
featuresThe cartoonhasbeenadaptedrom McKenzie(2002).

conductioraremainly directedalongthefield lines,they will bechannelledilong

thenewly reconnectetbops.
Scenarioof a typical two-ribbonflare, which canbe well treatedin 2-D and

describedy the CSHKPmodel:

Pre-flare phase:anactive region filament(andits overlying arcadeytartsto rise
dueto weakeruptie instability or lossof equilibrium.

Flare onset:underthe rising filamentalongthe stretchedout field lines a cur
rentsheetforms andfield lines startto reconnectjimpulsive enegy release
occurs.

Main phase:continuingreconnectiorforms hot X-ray loops throughchromo-
sphericevaporationandHa ribbonsat their footpoints,wherethe particles
accelerateduring the reconnectiorprocessmpactthe chromospherethe
reconnectiomegion risesasfield linesmoreandmoredistantfrom the mag-
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netic inversionline reconnectso the resultingnewly formed X-ray loops
increasén size(andheight)andtheHa ribbonsmove apart.

Theinitial instability maybetriggeredby:

¢ atwistedflux tubeof which the twist becameoo high (e.g.vanBallegooijen
andMartens,1989;Torok andKliem, 2003)

e ashearednagneticarcadejn which the magneticenegy is beingbuilt up by
shearingmotions,reachinga critical value (e.g. Sturrock,1966; Mikic and
Linker, 1994).

Theflaresmodelledby the CSHKP modelare so-calledong durationevents
(LDEs), with along, gradualdecayphasdastingfor up to tensof hours.

Thereconnectiomegion (the X-point) is picturedto bein the coronaandit is
expectedo be smallanddark, thusdifficult to obsere. Following the cartoonin
Figure2, we will proceedrom the vicinity of the X-point downwardto look for
obsenationalsignsof reconnectiorpredictedoy the CSHKPmodel.

3.1. OBSER/ATIONS OF THE PLASMOID

Ohyamaand Shibata(1998)found an X-ray plasmaejection(a small, blob-like
feature,suggestie of a closed-fieldplasmoid)above soft X-ray flare loopsin
Yohkoh/SXTobsenations(in anLDE of M2.0 importanceon 5 Oct. 1992).The
ejectastartedto rise with a speedof 250 km s~* beforethe main peakof the
hard X-ray emissionandwasaccelerateduring the impulsive phaseto 500 km
s~1), indicatingthatplasmoidejectionandreconnectiorarecloselycoupled They
derivedthe physicalparametersf theejectedplasmaandobtainedatemperature
of 10.6 + 3.6 MK, densityof (8-16)x10° cm~3, a massof 24 x10* g. They
foundthatthe overall featuresandevolution of the hot plasmaejectionandflare
werein roughagreementvith thoseexpectedfrom thereconnectioomodel,with
areconnectiorrate of Ma = vin/va = 0.02,wherevj, is the speedof the inflow
into thereconnectiomegion, andva is the Alfvén speedHowever, thelow kinetic
enegy of theejectawasnot consistentvith theassumptionn somereconnection
modelsthat an ejectedplasmastretcheghe overlying magneticfields to form a
currentsheeandhencdeadso magnetiaeconnectioninsteadtheirobsenations
suggesthatboth X-ray plasmaejectionandreconnectiorarea consequencef a
commondynamicalprocesssuchasthe global MHD instability of the magnetic
configuration.

Nitta (1996) shaved from systematicanalysesf 130 flaresobsered with
Yohkohthat 35-40%of the flaresareassociatedvith eruptingfeaturesn soft X-
rays.Plasmoidejectionwasfound alsoin impulsive flares(Shibataet al., 1995).
The latter resultsare puzzling,sincein a confinedflare occurringin quadrupo-
lar magneticconfigurationone would not expect eruptive signaturesHowever,
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in suchflaresthe dimpled shapeof the reconnectedield lines (especiallythe
outerone)is quickly straightene@ut by themagnetidensionforce.Suchupward
motion of thefield lines, i.e. flare loops,caneasily be (mistakenly)identifiedas
signatureof eruptionin the X-ray differenceimages.Sincein suchquadrupolar
confinedflaresthe reconnectiomegion is underthis longerreconnectedbop, the
upward-directedeconnectiofjet or fastshocksmayproducea superhotegion at
their collision with this closedloop, which canappeaiin SXRsandmaybeiden-
tified asa plasmoid.A goodexampleof a confinedflare showving false eruptive
signaturesindevena plasmoid-likefeaturewasshovn by Greenetal. (2002).

Tsunetg1997)analysedrohkoh/SXTobsenationsof anLDE of M3.6 GOES
classwhich occurredon 2 Dec. 1991.In his imagesan apparentlyclosed-field
plasmoidappearabore the supposedX-point, with a region of hot plasma(15
MK) in betweenthe X-point and the plasmoid.The speedof the rising plas-
moid wasalmostconstan{96 km s~1) throughouthe obsenation. This compact
high-temperatursourcelocatedabore the X-point wassuggestedo be formed
by fast shocksduereconnectioroutflows propagatingupwardfrom the X-point
encounteringhe region of newly reconnectedipwardU-loops. The dowvnward
propagatingastshockcounterpartsvere suggestedo be at the origin of a hard
X-ray sourcelocatedatthetop of the soft X-ray flareloops(seebelow).

3.2. SLOW AND FAST SHOCKSIGNATURES
Theclassicareconnectiomicturepredictsslow isothermakhocksemeging from

thereconnectiomegion, plusaterminationshockwherethe downwardreconnec-
tion outflow meetsdensematerial.

10000 km

(a) Temperature (b) Pressure

Figure3. In Yohkoh/SXTdataa hotsourceis seerabove the X-point andtheflareloops.The hot
sourceis attributedto theinteractionbetweerthe closed-fieldplasmoidandfast-modeshocks(cf.
Figure2). In thisimagethe plasmoidhasalreadyleft thefield of view of SXT. Thefigurehasbeen
adaptedrom Tsuneta(1997),with permission.

The critical importanceof slow shocksis in corverting magneticenegy to
plasmékineticandthermalenegies.Tsunetg1996)shovedtheexistenceof “hot
ridges”of 12 MK far outsideof theapparenbright X-ray loopsof thecusp-shaped
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flareloop region, that canwell be dueto heatingprovided by suchslow shocks.
A superhot sourceof 100-150MK discoveredto “sit” on top of the flare loops
(Tsunetal997; Tsunetaet al., 1997) canwell be heatedwith a fastbow shock
owing its existenceto the collision of the supersoni@downwardoutflow with the
reconnectedield lines. Theupwardpropagatingeconnectioroutflow waslinked
to theotherhot sourcefoundabove the X-point, discussedbove.

Figure 4. Hard X-ray sourcedn the 13 January1992flare (the “Masudaflare”) that occurred
nearthewestsolarlimb. Emissiondetectedn thelowerenegy HXT channeldollow the SXRloop
structurewhile in harderchannelgwo footpointsourcesandaloop-topsourceappearThealtitude
of thelatterappearso be higherwhenimagedin harderchannelsNotethatthis wasanimpulsive
flare.

A surprisingdiscovery from the Yohkoh/HXTwasthe detectionof animpul-
sive hard X-ray sourcelocatedabove the soft X-ray loop (Figure 4; Masudaet
al., 1994). Tsunetaand Naito (1998) suggestedhat a consistenexplanationof
non-thermalelectronacceleratiorwould resultfrom acceleratiorin the model’s
terminationshockandparticletrappingby its slow shocksthusexplainingtheim-
pulsive loop-tophardX-ray source SuchHXR loop-topsourcesverediscovered
in impulsive flares.In LDEs HXR imagesin the higherenegy bandshave been
synthetizedor alimited numberof events.For LDEstheHXR spectrumis quite
soft, thesourcearemoreextendedhanin impulsive flares,andthe brightestcore
of theHXR sourceis locatedat slightly higheraltitudethanthatof the SXR loops
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(Masudaetal., 1998).Thoughtheintensityandhardnes®f suchloop-topsource
strongly decreasesvith time, it is still presentduring the gradualphaseof the
flares,suggestie of on-goingreconnectiorprocesgHarra-Murnionetal., 1998).

Type Il radio burstsare indicative of shocks.Aurasset al. (2002) found a
typell burstataconstanfrequeny (zero-drifttype) betweer800and400 MHz,
indicatinga densityof 10° cm~3. The burst startedalmost1 hour after the im-
pulsive phaseof the 7 April 1997 LDE and lastedfor more than 30 min. The
authorsaguethatif typell burstsindicatefast-modeshocksthena standingype
Il burstsuggest standingfast-modeshock,or terminationshock.However, such
obsenationsarerare,andit is puzzlingwhy the burststartedso late in theflare.
The authorssuggesthat favourablecircumstancegor the radio detectionof a
terminationshockin thereconnectioroutflow areacomparatiely large heightof
the diffusionregion, a low plasmaf3 upstreanof the shocks,anda small angle
betweenthe reconnectindield lines, that wasreachedonly in the later gradual
phaseof this flareandmayberelatvely infrequent.

Simultaneousietectionof radiotypelll burstshaving forward-andreverse-
slopespointing to the actual X-point of the reconnectiormodel as the site of
the particle acceleratiorare the obsenational signaturesof upwardand down-
wardparticlebeamsoriginatingfrom thereconnectiorsite (AscwanderandBenz,
1997;Aschwanden1998; Aschwanden2002).

3.3. FIRSTOBSER/ATION OF THE RECONNECTIONINFLOW

Figure5. Obsenationof thereconnectiorinflow. TheEIT imageontheleft indicateshelocation
of the “cut”, alongwhich plasmaflows are shavn in the right-handpanelas function of time.
Adaptedfrom Yokoyamaet al. (2001),with permission.

Oneof the main criticism hasalwaysbeenagainsithe reconnectiortheory

of solarflaresthat the reconnectiorinflow and outflow had not beenobsered.
UsingSOHO/EITandYohkoh/SXTdata,a clearevidencefor theexistenceof the
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reconnectionnflow wasdiscoveredby Yokoyamaetal. (2001).They obsereda

flare on the solarlimb, which displayeda geometryandscenario(e.g. plasmoid
ejection,cusp, X-point) highly resemblingto the 2-D reconnectiorsimulations
(Figure6). Following the ejectionof a plasmoid,a clearmotion with v=1.0-4.7
km s~! was obsered towardsthe reconnectiorregion (X-point, seeFigure 5).

Basedon X-ray data,amagnetidield strengthof B 16rmksT 1 2=12-40G was
estimatec&andanAlfvén speedvascomputedo bein therangeof va 160 970
km s ~1. Thereconnectiomate,whichis definedastheratio of theinflow speedo

the Alfvén velocity, derivedfrom this obsenationwasMa = 0.001-0.03whichis

roughlyconsistentvith Petcheks (1964)reconnectionrmodel,andis muchhigher
thanwould be expectedfrom the Sweet-Rrkermodel(Sweetl958; Parker1957,
1963).

3.4. CUSPS

Theobsenationof cusp-shapedoft X-ray loopsin thefamouscandle-flamé.DE
flare on 21 Feh 1992 (Tsunetaet al., 1992a)madea strongimpressionon ob-
senersandtheoreticiangndit is widely consideredsobsenationalevidencefor
the CSHKPflare model,beingvery suggestie of X-type reconnectiortopology
(cf. Figures2 and6). Sincethen,it hasbecomeclearthattheformationof a cusp
structureafter eruptionis anubiquitousfeature seenin thequietSun(giantcusp;
Tsuneteetal.,1992a,1992b Hiei etal., 1993,Hanaokeetal., 1994, McAllister et
al., 1996)aswell asin active regions(mini cusp;YoshidaandTsunetal 996).The
sizeof the giantcuspsis aslarge asthe solarradius,andthe mini cuspsassmall
as10* km. However, it is notevorthy thatthe presencef cuspss notnecessarily
evidencefor reconnectionlt could alsomarkthe transitionwherethe plasmaf
parametebecomesargerthanone,sothattheplasmarom thelooptop canfreely
streamoutacrosghefield, like in streamers.

3.5. OUTFLOWS FROM THE RECONNECTIONREGION

First, ForbesandActon (1996),througha carefulanalysisof flare loops,shaved
how cuspedoopsshrinkandrelaxinto aroughly semi-circulashapeasa conse-
guenceof theretractionof the newly reconnectedield linesdueto the magnetic
tensionforce. This is anindirect evidencefor the existenceof an outflow from
the magneticreconnectiorregion. More recently McKenzieandHudson(1999)
andMcKenzie(2000)found downwardplasmamotionsabove X-ray arcadegso-
calledsupra-arcaddown-flows)formedin long-duratiorflaresat speed®etween
40 and500 km s™1, confirmingthe existenceof suchoutflow, andindicatinga
patchyandintermittentreconnectiorprocessabove thearcadgFigure7).

The discoveredsupra-arcadelown-flows indicatefield-line retractionwith-
out the formationof long-lastingcuspsduring the rise phaseof the flare,anda
downwardflow above the arcadeduring the decayphase The late-phaselownn-
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Figure6. This March1999event,studiedby Yokoyamaetal. (2001;c.f. Figure5), providedthe
first goodexample(via comparingrohkohandEIT images)f the closing-davn of openfield lines
following anLDE/CME, andleadingto a brightsoft X-ray cusp.

ward motion is in the form of X-ray dark voids moving at 100-200km s,
i.e., at velocitiesmuch smallerthan the free-fall speedor the assumedAlfvén
speed McKenzieand Hudson(1999) and McKenzie (2000) interpretthe voids
ascrosssectionof evacuatedlux tubesresultingfrom intermittentreconnection
following the associatedCME. Their datarepresenthe first direct evidenceof
high-speedlowsin theregion immediatelyabove theflareloops.

3.6. FLARELOOPS

There are sevseral obsenational evidenceto shav that flare loops obsered in
LDEs (Figure 2) arenewly reconnecteanagneticstructuresandthatthe recon-
nectionprocessextendswell into the gradual(decay)phaselasting for several
(eventensof) hoursat a graduallyincreasingaltitude, forming new loopsat an
everincreasingsize. Accordingto the CSHKPmodel,the latteris relatedto the
fact thatfirst field lines closestto the inversionline reconnectandastime goes
on, field lines more and more distantfrom the inversionline will go through
this process.Therefore the distancebetweenthe footpoints of the loops hasto
increasewith time aswell. In sucha 2-D configurationthereis a simplerela-
tion betweenthe rate of the reconnectiorand the motion of the chromospheric
footpoints(ForbesandPriest,1984;Lin andForbes,2000).

Flare loops rangefrom temperature®f 3 x 10’ down to 10* K, the cooler
loopsare nestedbelow the hotteronessincethey form from hot loops by cool-
ing (radiatve and conductie) processesThe newly formedloopsarefilled with
hot plasmaby chromospheri@vaporationand cancool down quickly, in a few
minutes or slowly, over 1 or 2 hours,dependingntheir density passinghrough
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Figure7. Supra-arcaddown-flows (spiky raysabove thespineof theflare-looparcadejn thelate
phaseof long durationeventsareattributedto (a) shrinkingof cuspedield linesandresultingslov
reconnectioroutflow, (b) a patchyandintermittentreconnectioprocessYohkoh/SXTobsenation
on 21Jan.1999,at 11:48:11UT. The outflow hasbeenobsened during the entirelong-duration
flare processand22 suchexampleshave beenfoundin the Yohkoh/SXTdata(McKenzie,2000).
Thefigure hasbeenadaptedrom McKenzieandHudson(1999),with permission.

sev/eralintermediatéemperatureangedo appeaeventuallyasHa loops.At ary
giventime, the distancebetweerthe hot X-ray loopsof 10° K andthe cool Ha
loopsof 10* K temperaturés relatedto both the growth rate of the arcadeand
their coolingtime.

Usingcoordinatedbsenationsof alarge systenof flareloopson 25-26June
1992 whichproducedhelongestever simultaneousbsenationstakenin X-rays
andin Ha of suchevents,vanDriel-Gesztelyietal. (1997)studiedthe formation,
dynamicsandrelative altitudesof hot andcool loops. The expansionrate of the
flareloop systemwasfound of the orderof 10 km s~ shortly aftertheimpulsive
phasethendecreasedxponentially andabout4 hourslaterit stabilisedat1.1km
s~1. Theshapeandstructureof the loopswerevery similar in X-raysandin Ha
duringthe entiregradualphasetakinginto accountthatthe Ha aredescendants
of X-ray loopsobseredearlierandnotrelatedto the X-ray loopsobsenedatthe
sametime (Figure8).

Figure9 shows thatat ary giventime hot loopsappearhigherthanthe cool
loops, and the gap betweenthe two altitude curves becomeswider with time.
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Figure8. Evolution of thehot SXR andcool Ha loopsduringan X3.9 GOES-clas$ong-duration
event(LDE) above thewesternsolarlimb on 25-26Junel992.The SXR imagesweretakenwith
Yohkoh/SXTwhiletheHa imagesarefrom variousground-basedbsenatoriegHida, Picdu Midi,
ValaSskéMezifici, Wroclav andLa Palma).All theimageshave beenco-alignedThisfigureis from
vanDriel-Gesztelyietal., (1996b).

The obsered cooling time is the time differencebetweenhot and cool loopsto
reachthesamealtitude,supposingio shrinkingof thefield lines. Schmiedeetal.
(1996a)analysedhe densityevolution of the loopsusingthe filter-ratio method
for Yohkoh/SXTimagesandcomputedhecoolingtimestakinginto accounther
mal conductionand radiative losseswith a startingtemperatureof 6.5 x10° K.
Thesetheoreticallycomputedcooling timeswere shorterthanthe onesdeducted
from therelative altitudesof hot andcool loops.Supposinghatthe coolingtime
calculationsare correct,theseresultsimply thatloops shouldshrink during the
cooling processwhich is in accordancevith otherstudies(Svestkaet al., 1987;
Harra-Murnionet al., 1998).Note thatthis “thermal” shrinkagewhich is dueto
increasingplasmadensityin the loops, is differentof the shrinkageanalysedy
ForbesandActon (1996),whichis dueto themagnetidensionforcetransforming
acuspedoopinto a semi-circularone.
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Figure9. Projectedaltitudesof oneof the threeloopssystemsasmeasuredrom the solarlimb.
Horizontallinesindicatethe time differencebetweerhot X-ray (Yohkoh/SXT)andcool Ha loops
(Hida, Pic du Midi, ValaSskéMezifici andLa Palmaobsenations)to reachthe samealtitude.The
calculatedcooling times were found to be considerablyshorter indicating that the loops shrink
while cooling(vanDriel-Gesztelyietal., 1996b).

3.7. FLARE RIBBONS

Footpointsof flare loopsmapto Ha emissionfeaturesn the chromospherehat
areknown asflare ribbons.The brightestpatchesalongthe Ha flareribbonsare
the footpointsof the brightest(densestBXR loops (Swvestkaet al., 1982).Flare
ribbons are known to separateduring the flare. The velocity of the footpoint
motion sweepinghroughthe magneticfield lines correspondso the rateof the
magneticflux corvectedinto thediffusionregion in the coronawheretherecon-
nectingcurrentsheetis generatedlt is relatedto the rateof the netchangeof the
magnetidlux from onetopologicaldomaininto anotheithroughthe reconnection
region (ForbesandLin 2000,andreferencesherein). Therefore,it is expected
thatflare ribbonsmove fasterthroughweakfields. It hasindeedbeenfrequently
obsered that the velocity of the ribbon decreasedramaticallyasit reachege-
gionsof strongmagneticfield (e.g.Malville andMoreton,1963).The outermost
edgeof the hot X-ray loopsmapsto the outeredgeof theHa ribbons(Schmieder
atal., 1996b),while theinneredgeof thecoolHa loopsmapsto theinneredgeof
theHa ribbons(RustandBar, 1973),demonstratingvell their coupledtemporal
andspatialhierarchy

Hard X-ray doublefootpointsourcegevidencedor enegeticelectronprecip-
itation) mapto the footpointsof the mostenegetic loops. Sakao(1994)found
that,in a majority of casesthe HXR sourcesnove apartwith time, asexpected
from the rising reconnectiorregion in the CSHKP model. Masudaet al. (2001)
shavedthefirstribbonstructureobsenedin HXRsin the 14 July 2000flare. The
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co-locationof the HXR sourcesvith theHa ribbons(within thelimitationsof the
relatively low spatialresolutionof the HXR images)supportghe picturearising
from the CSHKPmodel.

Qiu et al. (2002),analysinghigh-cadencandhigh-resolutiorHa-1.3 A, mi-
crovave, HXR and magneticobsenationsof a C9.0flare, measurehe velocity
of the kernelmotion (20-100km s~1), thatis usedtogethemwith the longitudinal
magnetidield to infer anelectricfield (90 V cmi~? atflare maximum)insidethe
reconnectiorcurrentsheet.They find a correlationbetweenthe evolution of the
electricfield andthe HXR time profile during the rise of the HXR emissionin
a kernelthat moves along the magneticfield gradient,but no suchcorrelation
was seenin anotherkernel, which moves along isogausdines. This result is
partly in supportof the generalscenarioof magneticenegy releasevia current
dissipationinsidethe reconnectiorcurrentsheetthoughit is clearthat the two-
dimensionamagneticeconnectioomodelinvolving the Ha kernelmotionis not
fully applicablen theanalyzedmpulsiveflare.

Chromospheriap-flows and down-flows along the flare ribbonsshov that
blueshiftedsoft X-rays arecoincidentwith redshiftedHa, whichis very sugges-
tive of the chromospherievaporationshovn earlier(e.g.Schmiedeetal., 1987;
Woilseret al., 1994). Czaykavskaet al. (1999)througha multi-line analysisof
SOHO/CDSEUV spectroheliogramkenduring the gradualphaseof the M6.8
flare on 29 April 1998, found bright down-flowing plasmato coincidewith the
endsof flare loopsseenwith SOHO/EIT The dimmerplasmaon the outerside
of theribbonsshowed strongrelative blue-shifts(upflows). Sincethe outeredge
of flare ribbonsare mappingto more recentlyreconnectedoopsthanthe inner
edge,evaporation(blueshift) wasobsenred at the outeredgeswhile downflows
in the coolingloopsmappedlongtheinneredgeof flareribbons.This patternof
up-flows anddown-flows demonstratedpr thefirst time in transitionregion and
coronallines, the existenceof chromospherievaporationduringthe late gradual
phaseof aflareandprovidedevidencefor ongoingreconnection.

3.8. RELAXATION OF SHEAR

An importantconsequencef magnetiaeconnectioris thatit release$reeenegy
storedin the magneticfield in form of field-alignedelectriccurrents(force-free
conditions) thusa relaxationof the shearis expectedto happenduring the flare
processA very interestingexampleof suchrelaxationwasfound by Sakuraiet
al. (1992)in the early Yohkoh/SXTdata.NOAA AR 7042hadastronglysheared
(sigmoidal)pre-flareX-ray loop structure During an M4.4 long-durationflare a
cleararcadeof flare loops appearedand by the end of the flare the sigmoidal
structurewasreplacedy loopswhich werealmostpotential thusnearlycurrent-
free.However, otherstudiesshoved,thatmagneticshearmay decreas¢Wanget
al., 1994),or remainthe same(Hagyardetal., 1999;Li etal., 2000)afteraflare.
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4. Reconnectionin 3-D

Mostof theflaring configurationsn solaractive regionshave acomplex magnetic
topology In thosemorecomplicated put morerealisticmagnetictopologiesthe
2-D modelsare insufficient, thus 3-D reconnectiormodelshave to be applied.
The 3-D characteristic®f magneticreconnectiorare highly comple, involving
complicatedntersecting3-D surfaceswhich separatelomainsof differentfield
line connectities (separatricesandtheirintersectiorthe separator).
Themainchangesvhenmoving from 2-D to 3-D arethat

¢ the reconnectingnagneticfields are not necessarilyantiparallel,however, it
is only the antiparallelpart of the magneticfield, which participatesn the
process;

o theemphasiss put on thefield line connectiities - separatricesr quasisep-
aratrix layers(QSLs) separatelomainswith drasticallydifferentmagnetic
connectities;

e magneticreconnectioroccursnot only at the intersectionof separatriceand
QSLs(the generalisatiomf the X-point), but canalsooccuralongthe sepa-
ratriceswhich have acomple 3-D shape.

Thefield line linkageis discontinuos acrossthe separatrixsurfacesWhen
reconnectionoccurs, magneticflux is transferredacrossthe separatricegrom
onetopologicallydistinctdomainto another To understandnd prove this con-
ceptobsenationally, severalstudieshave relatedthelocationof flare brightenings
to the topology computedfrom obsened photospheridield modelledby sub-
photospherianagneticsourceqe.g. Gorbache and Soma, 1988; Mandrini et
al., 1991;Démoulinetal., 1993,1994;van Driel-Gesztelyiet al., 1994).In such
studiesobsenred magneticpolaritiesare groupedtogetherand representedby a
magnetic'source” (modellinga concentratedub-photospheriffux tube)placed
underthephotospherel hetopologyis definedoy themagnetidink betweerthese
sourcesln theobsenationalstudiesHa brighteningsverefoundto belocatedat
theintersectiorwith thechromospheref thecomputedseparatrixsurfaces.

Démoulinetal. (1996)have generalisetheconcepbf separatricet configu-
rationswithoutfield-linediscontinuites.They shavedthatmagnetiaeconnection
canoccurin theabsencef null pointsat “quasiseparatridayers”(QSLs).QSLs
areregionswherethemagnetidield line linkagechangeslirastically butin a con-
tinuousway at very small scales(discontinuoliswhen,approachingerothick-
nessthey behae like separatrices)l'he methodto computeQSLsandanalyze
their propertiesvasdevelopedoy Démoulinetal. (1997a)andappliedto obsena-
tionse.g.by Mandrinietal. (1996,1997),Démoulinetal. (1997b),Bagaléet al.
(2000).0neof theadwantage®f the QSL concepis thatit caninvolve magnetic
field line extrapolationsusing, as boundarycondition, obsened magnetograms
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without modification(unlike the sourcemethod).Anotherimportantpointis that
the QSL conceptshavs thatmagneticeconnectiorcanoccurin amuchbroader
classof magneticconfigurationsi.e. the presencef magneticnulls is no longer
neededor reconnectioro occur

4.1. RECONNECTIONWITHOUT THE NEED OF NULL POINT - THE QSL
APPROACH

Figure10. Spatialevolution of the quasiseparatridayers(QSLs)in the magnetidopologyof an
XBP obsenedon 1-2 May 1993.Thetime of Hawaii SPand Potsdammagnetogram&om (a) to
(d): May 1, 07:16 UT, 16:26 UT, 22:45UT, May 2, 08:02UT. The decimallogaritm of the QSL
thickness(in m) is addedat a few characteristiplacesalongthe centralQSLs. Note that asthe
thicknesof the QSLsgrow andtheirlengthdecreasesofadesthe XBP (left panel).

A goodexampleof the applicationof the QSL conceptwasthe analysisof a
flaring X-ray brightpoint (XBP) of aboutl6 hourslifetime (vanDriel-Gesztelyiet
al., 1996aMandrinietal., 1996).Ground-basedpticalobsenationscoordinated
with Yohkoh/SXTof anold, disintegratingbipolar active region (NOAA 7493)
provided a multi-wavelength(magneticfields, Ha and X-rays) datasetfor this
study The XBP wasrelatedto theemegenceof aminor bipoleof about10?° Mx.
The XBP wasa tiny loop-like ratherthan point-like, andit linked the emeging
negative polarity to a pre-&isting positive polarity facularregion. Another long
andfaint X-ray loop (FXL in Figure 10) appearedo brightenduring the XBP
flares.Extrapolatinghephotospherienagnetidield in alinearforce-freeapprox-
imation, Mandrini et al. (1996) found good agreementith the obsenationsof
the emeging flux (Ha archfilamentsystem)andthe soft X-ray loops (both the
XBP and FXL). The photospheridootpointsof their field lines were found on
both sidesof the computedquasi-separatrilayers(QSLs),asexpectedfrom the
3-D reconnectiormodel.
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Figure11. Computatiorof the evolving locationandthicknessf quasiseparatridayers(QSLs)
aroundthe XBP (left panelsiandthetime evolution of the SXR brightnesof the XBP (right panel).
Note thatasthethicknessof QSL is gettingthicker, the XBP fades.The thicknessof the QSL is
relatedto thereconnectiomate/eficiengy. Adaptedfrom Mandriniet al. (1996),with permission.

Mandrinietal. (1996)show thatthe X-ray flareloops(the XBP andFXL) were
createcandheatedy magnetiaeconnectiorbetweerfield lines of theemeging
bipoleandthepre-&isting magnetidields,andthatthereconnectionvasinduced
by the motion of one of the new magneticelementsowardsthe old plagewith
a velocity of 0.2 km s~1. Note, that Parnell et al. (1994), who were supposing
a similar approachingnotion betweenoppositepolarity magneticelementsand
modelling an XBP using a few magneticsourceshave also shovn that XBPs
can be interpretedas tiny reconnectednagneticloops. 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 the QSLsdecreasedhe XBP becamebrighter
dueto increasingreconnectiorrate, while the decreasingrightnesscoincided
with a growing thicknessof the QSLs, which apparentlybecametoo large to
allow significantmagneticenegy releaseThe abose multi-wavelengthobsena-
tions combinedwith 3-D modelling provide a very strongcaseand arguments
for the flareloopsbeingreconnectedbops,anda succes®f the QSL methodto
understan@®-D flaring configurations.
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4.2. RECONNECTIONINVOLVING A 3-D NULL POINT: THE 1998
BASTILLE-DAY FLARE

Numericalreconnectiorexperimentgfor a recentreview seeHood et al., 2002)
createdanew zooof termsto describaifferentcharacteristicef 3-D magnetiae-
connectiortopologies suchasmagneticskeletonmultiple 3-D null points,spine
field line andfan plane.However, to prove thatthey do exist indeed obsenations
combinedwith modelling should be invoked. Magnetic null points have been
foundin half of the flare casesstudiedby Démoulinet al. (1994).In suchcases
QSLssimply becomeseparatricedVhile they do notrepresenthe majority, flare
casednvolving magneticnull points areworth studying,becausehe theory of
nullsis moredevelopedandtherearemoremathematicatools availablethanfor
the studyof topologieswithoutnulls.

Figure 12. Obsenation and model of 3-D reconnectionBefore the impulsive phaseof the 14
July 1998flare brighteninggravelledin thevicinity of the spinefieldline towardsthefan surface.
Adaptedfrom Aulanieretal. (2000),with permission.

Utilising TRACE datawhich shov oneof the finestdetailedobsenationsof

an eruptie flare ever done,Aulanier et al. (2000) analysedhe magnetictopol-
ogy of AR NOAA 8270, relatedto a M4.7 GOES-clasdlare, which peakedat
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12:59UT on 14 July 1998.Figure12 shows a potentialfield extrapolationa Kitt

Peakmagnetograntaken5 hoursafter the flare, which revealsthe presenceof

a magneticnull point andits associatedspine” and“fan” field lines. TRACE
171A imagesshavedevidencefor fastplasmamotionsanda brighteningwhich
startedo appeamlongtheloopin thevicinity of the“spine”field lineat12:51:31
UT, 3 minutesbeforethe startof the impulsive phaseof the flare. They show
thatduringthe event, theintersection®f the“fan” andthe“spine” with the pho-
tospherebrightenand move continuously indicating that heatingoccursin the
vicinity of thesespecialfield lines andthatthe “fan” and*“spine” evolve during
the flare asmagneticfield lines arereconnectingTheseobsenations,indicating
that magneticreconnectioroccur at the magneticnull point, provide the best
matchto datebetween3-D magneticreconnectiortopologiesand very detailed
obsenationsof aflare.

The existenceof a coronal3-D null-pointwasalsoinferredfrom SOHO/EIT
imagesin an active region by Filippov (1999),andin the 3 May 1999flare by
Fletcheret al. (2001). Relaxationof stressednagneticfields wasinterpretedin
termsof spineor fan reconnectiorduringthis flare. Recently Maia et al. (2003),
using multi-wavelengthdataincluding Nangaymetric radio obsenations,ana-
lyzed an X1 flare and CME event, which occurredin a large activity comple.
Magneticextrapolations/modellig revealedthe presencef a coronalnull point.
Obsenationsindicatethat magneticreconnectiorstartedat the null point three
minutesprior to the eruption. The sequenceand compl«ity of eventsindicate
that the triggering and evolution of this CME involved multiple magneticflux
systemaver alarge coronalvolumesurroundingheflare site,andthatit resulted
of the couplingof scalesrom narrav reconnectiorcurrentsheetdo very large
scalemagneticconnectiondetweerdifferentactive regions.

5. Reconnectionin flares:isit all clear?

The answerto the above questionis: of course,it is not all clearand proven!
Thereis evidence(but mostlymorphologicabindindirect)thateruptive flaresand
CMEsfollow thereconnectiorscenariof the CSHKPmodel. Theglobalpicture
appearso matchreasonablyvell with obsenations but therearemary problems
with details,physicalparametersjumbers..lI shouldremindthereadethatthere
hasonly beenone single obsenation of the reconnectiorinflow so far! Reality
is alwaysmore complicatedthansimple cartoonsthereis alsoa lot of evidence
in fasttime structuresn hard X-raysandradio during flaresthatacceleratiorof
particlesdoesnot happercontinuouslybut ratherintermittentin spaceandtime,
which pointsto a highly fractalandintermittentreconnectiormode.
Furthermorethe outflow from the reconnectiorhasbeenobsered, but its
speeds definitelylowerthanthe Alfvénic speedoredictecby the CSHKPmodel
(or the Alfvén speeds lowertherethanwe thought!).However, PriestandForbes
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(2000)shavsthattheoutflow speedandthereconnectiomatemaybe affectedby
plasmaparametersiroundthe reconnectiorregion. Enhancedutflov pressure,
especiallybelow the down-flowing jet canmakethe out-flowing jet move much
slowerthanthe Alfvén speedHowever, it is notevorthythatthe determinatiorof
theAlfvén speedlependenthedeterminatiorof the plasmalensity(weintegrate
alongtheline of sight)andmorewer, onthemagnetidield, whichis unknovnin
thereconnectiomegion!

We shouldbe awarethatin alot of papers’cartoonphysics”is applied,which
doesnot involve ary quantitative testing. The popularity of simple2-D models
over that of the muchmore complicated3-D reconnectiormodelslike, e.g.the
QSL conceptindicatesthat mary of us usewhatis simple,and not necessarily
whatmakegshe mostphysicalsense.

In orderto makea morerealisticcomparisorwith obsenationswe have to
go to 3-D. For improved 3-D analysesve will needwell-measuredpreferably
vector)magnetidields,notonly in thenon-force-freghotospherdyut alsohigher
upin thesolaratmosphere- includingthe corona.
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