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ABSTRACT

In thispaperI review thedifferentstrongindicationsfor theoccurrenceof reconnectionin thesolarcoronaobservedof
with Yohkoh-SXT. I makeadistinctionbetweentheuniqueindicatorof reconnection,i.e. thechangein connectivity in
themagnetic�eld, andnon-uniquesignaturesof reconnection,thatalsocanoriginatefrom otherprocesses.I review
� ve differenttypesof Yohkoh-SXT observationsthat indicatereconnectionin thesolarcorona:eruptingplasmoids,
X-ray jets, formationof sigmoidsthrough“linkage”, the existenceof interconnectingloops,andthe rigid rotation
of coronalholes. I concludethat the presenceof reconnectionin the solarcoronahasbeenestablishedwith near
certainty, but thathigherresolutionsoft X-ray andEUV observationsareneededto �rmly establishthefull physical
picturefor eachof thephenomenadescribed.

INTRODUCTION

Yohkoh hasleft a splendidlegacy of nearlya full solaractivity cycle of soft andhardX-ray imagingcombined
with spectroscopicobservations. The Yohkoh satellitewaslaunchedon August30, 1991by the Instituteof Space
andAstronauticalScience(ISAS) from its KagoshimaSpaceCenter, andoperateduntil December14,2001,despite
having adesigngoalof a lifetime of only threeyears.In its tenyearsof operationssince,Yohkohhasacquiredabout6
million softX-ray snapshotimagesanddetectedmorethan2800highenergy X-ray solar�ares. Morethanathousand
papersby authorsworldwidehave beenpublishedfrom Yohkoh in journalsandproceedings,andanew generationof
solarphysicistshasbegunthesisresearchusingYohkoh data.

In this paperI will attemptthe dif�cult taskof reviewing the progressmadewith observationsfrom the Soft
X-ray Telescope(SXT, Tsunetaet al. 1991) in establishingthe presenceof reconnectionin the solarcorona. This
presenceis expectedon theoreticalgroundsbecausesoft X-ray imagesof thecoronareveala very complex topology
with discontinuitiesin themagneticconnectivity, anda ceaselessactivity, includingvery powerful eruptions,that is
hardto understandwithout therebeingreconnection.Yet undisputableproof of reconnectionin speci�c instances
is still hardto comeby, becausetheresolutionof currentX-ray imagersis still limited (theX-ray Telescope(XRT)
on Solar-B will be a greatstepforward, seeGolub 1999),and becausethe full 3D structureof magneticregions
is obscuredsincewe observe from only onevantagepoint. The latter situationwill be remediedby the upcoming
STEREOmission.

In thefollowing I will describetheonly observationthat,in my view, canprovideindisputableproofof reconnec-
tion, anddistinguishit from non-uniquesignaturesof reconnection.ThenI will review � ve typesof phenomenafor
whichYohkoh-SXT hasamplyobservedreconnection:eruptingplasmoids,X-ray jets,formationof sigmoidsthrough
“linkage”, theexistenceof interconnectingloops,andtherigid rotationof coronalholes.

Yohkoh-SXT observationsof signaturesof reconnectionby otherinstruments,theHardX-ray Telescope(HXT)
and the Bent CrystalSpectrometer(BCS) have recentlybeenreviewed by respectively Masuda(2002) and Harra
(2002).
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HOW DOES YOHK OH OBSERVE RECONNECTION?

Therearemany signaturesof reconnection,e.g.suddenplasmaheating,themany manifestationsof thepresence
of high energy particles,suchasradio emissionandhardX-rays, fast(i.e. v � ��� ) plasma�o ws, andchangesin
�eld line connectivity. Most of thesesignaturesarenot unique:for examplehigh energy particlescanbeaccelerated
by shocks(andwe know this happensin interplanetaryspace,seeReames,1999),plasma�o ws,canbegeneratedby
“buffeting”, asmaybe thecasefor spicules(Roberts1979),andplasmacanbesuddenlyheatedby compressionor
conduction(Priestetal. 2002).

A uniqueindicatorof magneticreconnectionis a changein connectivity of themagnetic�eld; in fact this can
be the de�nition of reconnection(seePriestandForbes2000,Chap.8.1 for an extensive discussion).To establish
reconnectionin the solar coronain this manneronehasto observe for examplethat oneor both foot points of a
magneticloop connectto differentendpointsafteran`event', suchasaneruption.A greatdecreasein theshearof
magneticloopsafteran eruptionmay be a casein point. Of courseonehasto rule out that photosphericfootpoint
motionscanleadto thesamechangein connectivity; in mostcasesthevelocitiesrequiredduring the`event' would
belargerthanany ever observedin thephotosphere.

Note that this topologicalindicatorof reconnectiondoesnot requiredetailedobservationsof the reconnection
site (usuallya currentsheetor a “null”) itself. This is a greatadvantage,becauseestimatesof sheetthicknessvary
from 10 cm to 10 km in thesolarcorona,still by a long way out of reachof our highestresolutioncoronalimagers.
Indeedtherearrangementof topologythroughreconnectioncanmanifestitself from veryshortto thevery largescales
of theoverallcoronalstructure.Yohkohis ideallydesignedto observereconnectiononalargescalein thesolarcorona,
becauseits �eld of view is thewholeSun,while its resolutionis suf�cient to identify individual softX-ray loops.

In closingthis sectionI notethatwhile thenon-uniquesignaturesof reconnection(�o ws, heating,high energy
particles)discussedabove do not unambiguouslyestablishreconnection,oncereconnectionhasbeendemonstrated
from achangein connectivity observedin atimeseriesof Yohkoh-SXT mages,thenthesesignaturesbecomeimportant
quantitativediagnosticsof thereconnectionprocess.They will yield cluesto the�eld strength,energy conversionrate,
andthecollisionalityof thereconnectionregimein operation.

FIVE TYPES OF RECONNECTION OBSERVED BY YOHK OH-SXT

Cuspsin the Aftermath of Erupting Plasmoids

Fig. 1. A “cusp” on the solar limb observed by Yohkoh-SXT through the Aluminum-Magnesium combination
of �lters .
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The“cusp”, abright loopin softX-rayswith apointy top(seeFigure1), hasbecomesortof anemblemfor SXT.
Cuspsoccurin theaftermathof plasmaeruptionsandarepartof two-ribbon�ares. Theirdiscovery seemsto con�rm
the“standard”picturefor two-ribbon�ares, known astheCarmichael(1964)- Sturrock(1968)- Hirayama(1974)-
KoppandPneuman(1976)model(CSHKP),extensively describedin theliterature;seetherecentreview byMcKenzie
(2002). However, as I will describebelow, in 3D the picture is far from clear yet. This CSHKP interpretation
is summarizedby Figure2, taken from McKenzie's review, which identi�es the major physicalprocessesandthe
papersin which they aredescribed.TheYohkoh-SXT observationshave to a largedegreecon�rmed andre�ned this
“standard”model,but its origin predatesYohkoh, as the cartoonsby Cliver (1983),andMartensandKuin (1989)
demonstrate.

Fig. 2. The “standard” CSHKP model for �lament eruptions and two-ribbon �ares , with the main physical
processes identi�ed on the left and pertinent papers listed on the right. From McKenzie (2002).

The CSHKP scenarioimplies reconnectionand the formationof a currentsheetin the wake of the erupting
plasmoid.Thepresenceof a cuspin themagnetic�eld con�gurationis exactly whatoneexpectsfrom MHD models
below sucha currentsheet,andthe brightnessof the cusploop indicatesthat the bulk of the energy releasetakes
placein thecurrentsheeton top of thesheet.Time-of-�ight analysisof high energy particlesimplied by hardX-ray
emsissionfrom thefootpointsof the�are loops(seethereview by Aschwanden,2002)con�rms thatscenario.

Reconnectionis a necessityin the2D or 2.5Dversionsof this scenario,since�eldlines thatstartfrom thesame
photosphericfootpointsoriginally connectover theeruptingplasmoidandlaterclosebelow it aspartof thepost�are
loop system.Theobserveddecreasein theshearof magneticloopsaftertheeruptionappearsto clinch thecase.Yet,
thefull 3D situationmight bemorecomplicatedthantheCSHKPpicture,andit is herethat futurehigherresolution
observations,for examplefrom XRT on Solar-B couldshedmorelight. Oneproblemwith the “standard'modelis
thatcuspsobserved on thedisk usuallydo not form arcades,asthe2D or 2.5Dmodelimplies,but singleloops(see
Figure3), with the otherpartsof the arcademuchlessbright andwith loop topsat lower height. Theoretically, in
full 3D, theeruptingplasmoidcouldwiggle itself throughtheoverlying �eld without theneedfor reconnection(e.g.
thecartoonby Sturrock1989,his Figure2), very muchlike a hernia. I expectthatprogressin theremainderof this
decadewill comefrom observingandanalyzingthis full 3D picture,andthatreconnectionwill becon�rmed to play
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amajorrolebut in amorecomplicatedgeometry– it is dif�cult to understandtheenormousenergy releasewithin the
shortdurationof the�are otherwise.

Fig. 3. A pair of cusps on the disk, observed by Yohkoh-SXT. The cusp on the right demonstrates that cusps
are not part of a simple translationally symmetric arcade of post�are loops as in the standard model, while
the cusp on the right appears to have its point linked to a remote footpoint rather than interplanetary space.
Figure courtesy of Alex Pevtsov.

X-ray Jets

The discovery of X-ray jets is, to my knowledge,also a Yohkoh �rst. In particularShibataand co-workers
(e.g. the review by Shibata1999)have studiedandmodeledthesefeaturesextensively. The lengthof jets ranges
from 1000to 400,000km andthe apparentvelocity is 100 - 1000km/s. The interpretation,summarizedin Figure
4, is that reconnectionopensup new pathwaysfor energy releasedby thesameprocessto escapealongthe �eld to
remotefootpointsor into interplanetaryspace.Simultaneousradioobservationsof typeIII bursts(Aurassetal. 1994,
Kunduet al. 1995)demonstratethe presenceof high energy electronsin suchevents,reinforcingthe reconnection
interpretation.

Figure4(c), from YokoyamaandShibata(1995),shows that for single jets reconnectionis envisagedto take
placein ageometrysimilar to thatfor cusps,but in thiscasewhatis thepost�areloopin thecuspcaseis theonebeing
reconnectedwith an overlying �eld line, andthe reconnected�eld line containingthe jet that carriesthe liberated
energy is what is the pre�are overlying �eldline in the cuspcase. Hencethe reconnectiongoesin the opposite
direction.Thedriver for thereconnectionis assumedto betheemergenceof new �ux, in thecentralarcade,which is
thepost�arearcadefor theCSHKPgeometry.

Thereis, asfar asI know, no directevidenceof a changeof connectivity of �eld linesat theonsetof a jet. Such
evidencewould indeedbehardto comeby, sincethepre�are loop is smallandwould betenuous.However, despite
this lack of directproof, reconnectionasin Shibata's modelsis a very plausibleexplanation.Othermechanismsof
generatingjets, suchas granularbuffeting, arenot likely to producethe observed high energy electronsandhigh
temperature(4-6 MK) jet plasma.Futurehigh resolution,high cadenceobservationsmight be capableof detecting
the“slingshot' effect of thenewly reconnected�eldline in thejet.
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 9 Feb, 1993 4:07:41UT 
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JetJet

Fig. 4. Two types of reconnection between emerging and overlying �ux. The left pair shows reconnection
with open �eld, and the right pair with closed �eld. On top are Yohkoh-SXT images, and on the bottom
cartoon interpretations. From Yokoyama and Shibata (1995).

The Formation of Sigmoidsand Filaments

It is well known thattheformationof acoronal�lament or sigmoidoftenis theprecursorto aplasmoideruption
andtwo-ribbon �are. Recentdetailedobservationsof the formationof sigmoids(e.g.Pevtsov et al. 1996)andof
�laments (e.g. the review by Martin 1998) have revealedthat reconnectionmay also be an importantfeaturenot
only in theeruptionof thesefeatures,but alsoin their formation. MartensandZwaan(2001)have coinedthe term
“linkage” to describesuchevents,andpresenteda model in which �ux cancellationin a mixed polarity magnetic
�eld (at leasta quadrupole)causessuchlinkage. Figure5 (left), from Pevtsov et al. (1996),shows an exampleof
linkagein theformationof a sigmoidobservedby SXT. Two loops,eachin theshapeof a �sh-hook link up at their
endpointsto form fully developedsigmoid. The interpretationof MartensandZwaan(2001)is shown in Figure5
(right): two simply connectedmagneticdipolesconvergeandreconnectat their sidesto form morecomplicated�eld
lines that follow the polarity inversionline all along. This scenariowasdevelopedfor prominenceformation,but
mayapply to sigmoidsaswell, asFigure5 (left) suggests.Note that in this casethereconnection,which shows up
as“cancellation”in magnetograms(Martin 1998)occursbeneaththecorona,probablyin thetemperatureminimum
region (Litvinenko andMartin 1999). Theresultingsigmoidsor �laments however, show up in thecorona,andare
observedby Yohkoh-SXT, thelatterasavoid.
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Fig. 5. Left: Yohkoh-SXT observations of two soft X-ray loops (a) linking (b-e) into a single sigmoid, followed
by the sigmoid's eruption (f). From Pevtsov et al. 1996. Right: A model for “linkage” through convergence
and cancellation of the magnetic �eld of two previously unconnected dipoles, leading to the formation of a
prominence or sigmoid at the cancellation region. From Martens and Zwaan (2001).

It is importantto inform the readerat this point that thereexists an alternative interpretationof theseevents,
advocatedby Rust(2001)andothers.The“linkage” canbethe�nal phaseof theemergenceof apreexisting �ux tube:
theemergencea U-type loop segmentthatconnectsthe two sigmoidor �lament segmentsbeneaththephotosphere.
Thismodelis particularlyplausiblein newly emerging active regionswith a fairly uncomplicatedmagneticstructure.
However, it is wholly implausiblefor �lament formationin thepolarcrown or theswitchback,or in decayingactive
regions,where�ux emergenceon sucha scaleis simply never observed. Moreover, the segmentsthat link up in
theseregionsoriginatefrom differentbipolesor active regions,andthusareunlikely to have connectionsbelow the
photosphere.Henceobservationsof “linkage” by SXT and groundbasedtelescopes(particularlyH � ) outsideof
newly emerging active regionsareagooddirectindicatorof reconnectionbelow thecorona.
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InterconnectingLoops

Theexistenceof loopsthatconnectdistinctactive regions,oftenover very largedistancesandsometimesacross
theequator, is nearlyindisputableevidenceof theoccurrenceof reconnectionin thecorona.Thefull disk SXT soft
X-ray imagein Figure6 illustratesthecase.Theinterconnectingloopsoftenbridgelargeregionsof very small �eld
strengthin which no emergenceotherthanthatof tiny dipolesis observed. Moreover, of thetwo active regionsthat
theseloopsconnectoneis usuallydemonstrablyolderthantheother, sothata loop connectingthemcouldnot have
emergedwith theolderone,becauseit wouldhavehadnowhereto connectto. EUV observationsby TRACE, takenat
averyhighcadence,have indeedshown rapidcoronalrestructuringandtheformationof interconnectingloopsduring
theemergenceof active regions.

Fig. 6. Yohkoh-SXT full disk image clearly showing the presence of interconnecting loops across the
meridian between two Active Regions in the northern hemisphere.

Transequatorialloopsarea strongcasein point: it is very unlikely on theoreticalgrounds,andhasnever been
observed, that suchloopsemerge aspre-existing �ux tubesfrom below the chromosphere.Figure7, from Pevtsov
(2000),capturesthe formationof sucha loop in a time spanof two daysbetweena matureandan emerging active
region.
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Fig. 7. Formation of transequatorial loops between mature and emerging �ux from 1993 April 7 to 9. The
dotted line indicates the solar equator. From Pevtsov (2000).

Reconnectionat the Boundariesof Coronal Holes?

I put a questionmarkin thetitle of thissubsection,becausetheevidencepresentedin theliteratureis muchless
�rm thanthat for the four casesdescribedabove. The observationsarevery muchworth while describingthough
becausethey clearly indicatethatfutureobservations,with a higherresolutionanda highercadence,will very likely
verify or rejectthereconnectionhypothesis.

The issuehereis that coronalholesobserved in (the lack of) soft X-rays appearto rotaterigidly, while the
underlyingphotosphere,in which theopen�eld linespermeatingtheholearerooted,rotatesdifferentially. Clearly, if
the footpointsof the �eldlines rotatedifferentially, oneexpectstheir extensioninto thecoronato do thesame,or at
leastsomethingsimilar. They do not,holesrotaterigidly, andwhy this is soremainsoneof thesolarenigmas.

Fig. 8. A possible magnetic reconnection scenario at a coronal hole boundary. The open �eldline at the
Eastern (left) coronal hole boundary (left �gure), closes down after reconnection (right �gure), whereby the
Eastern coronal hole boundary shifts to the West (right). From Kahler and Hudson 2002.

Several cartoon-typesolutionsinvolving reconnectionhave beenproposed.Figure8, from a recentpaperby
KahlerandHudson(2002)representsoneof thesemodels.An opencoronal�eld line at theeasternboundaryof the
coronalholeon theright, reconnectsandformsa closedloop,while a U-typeloop escapesinto interplanetaryspace.
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This causesthecoronalholeboundaryto shift westwardin a co-rotatingframe,andthusallows theboundaryat high
latitudeto keepupwith thatat lower latitudes.Notethatin orderto preserve theshapeof thecoronalholethereverse
processmustoccurat thewesternboundaryof thehole,andproceedat the samespeed.Moreover, to preserve the
shapeof acoronalholeextendingfrom thepolarcrown deepinto lower latitudes,asis occasionallyobserved(e.g.the
Elephant's Trunk; for moredetailseeKahlerandHudson2002),thewestwardmigrationof theholeboundariesmust
occurat apredeterminedspeedfor eachlatitude! Suchacoincidenceseemshighly unlikely.

Fig. 9. Three examples of loop variations at coronal hole boundaries, indicated by the black lines. All are
Yohkoh-SXT images, the top two in the Al.1 �lter combination, and the bottom one in AlMg. The top row
shows a coronal hole on 1992 January 27, the middle row shows brightness changes in loops connecting
the western boundary of a coronal hole with NOAA AR 7130 on 1992 April 19, and the bottom row activity
in loops connecting AR 9254 with the eastern boundary of a coronal hole on 2000 December 8. From
Kahler and Hudson 2002.

Yet, reconnectionat the boundariesis oneof the moreplausiblescenariosofferedat this time, so it is worth
while looking for evidenceof reconnectionat thecoronalholeboundaries.UsingSXT KahlerandHudsonrepeated
anearlierstudyfrom Skylab data(KahlerandMoses1990).KahlerandHudson's mainresult,asstatedin thepaper,
is “Our basicobservationalresultis that,exceptat ARs,theprocessesthat retaintherigid boundariesproceedwith
no clear signaturesin theX-ray images”. However, in few cases,someof which areillustratedin Figure9 by black
lines, the authorsdid �nd brighteningof faint loopsaccompaniedby a small shift in the loop position. This could
beinterpretedasreconnection.Sotheproblemis worth looking at with future instrumentsfor further indicationsof
reconnection,althoughacompletelyunanticipatedsolution,perhapsrelatedto dynamoactionin thesubphotospheric
layersseemsmorelikely to thisauthor.
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CONCLUSION

I canbe brief here: reconnectionin the solarcoronais an establishedfact, as it is in laboratoryplasmasand
in the Earth's magnetosphere.This is importantbecausethe ability of reconnectionto releaseenergy impulsively
andaccelerateparticlesto high energies is a commoncharacteristicof magnetizedcosmicplasmasthroughoutthe
Universe,from magnetospheresto active galaxies.Theproximity of theSunprovidesuswith oneof thefew oppor-
tunitiesto studythis processin spatialdetailon a cosmicscale,andthusacquireinformationthatappliesthroughout
all of astrophysics.Current(RHESSI) andfuture(XRT onSolar-B andAIA onSDO)softX-ray andEUV telescopes,
aswell asfastandimagingspectrometers(EIS on Solar-B andMOSES),with a considerablyhigherresolutionand
cadencethanSXT, will provide a muchmoredetailedknowledgeof thephysicalprocessesat work in reconnection,
but Yohkoh will forever retainthecreditof having laid thegroundwork.
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