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ABSTRACT

In thispaper review thedifferentstrongindicationsfor theoccurrencef reconnectiorn thesolarcoronaobsered of
with Yohloh-SXT. | make a distinctionbetweertheuniqueindicatorof reconnectioni.e.thechangen connectvity in
themagneticeld, andnon-uniquesignatuesof reconnectionthatalsocanoriginatefrom otherprocessesl. review
ve differenttypesof Yohloh-SXT obserationsthatindicatereconnectionn the solarcorona: eruptingplasmoids,
X-ray jets, formationof sigmoidsthrough“linkage”, the existenceof interconnectingoops, andthe rigid rotation
of coronalholes. | concludethat the presenceof reconnectiorin the solar coronahasbeenestablishedvith near

certainty but thathigherresolutionsoft X-ray andEUV obsenrationsareneededo rmly establishthefull physical
picturefor eachof the phenomenalescribed.

INTRODUCTION

Yohloh hasleft a splendidlegagy of nearlyafull solaractiity cycle of softandhardX-ray imagingcombined
with spectroscopiobsenrations. The Yohkoh satellitewaslaunchedon August30, 1991 by the Institute of Space
andAstronauticalSciencgISAS) from its KagoshimaSpaceCenter andoperateduntil Decembetl4, 2001,despite
having adesigngoalof alifetime of only threeyears.In its tenyearsof operationsince,Yohkoh hasacquiredcabout6
million soft X-ray snapshotmagesanddetectednorethan2800high enegy X-ray solar ares. Morethanathousand
paperdy authorsworldwide have beenpublishedfrom Yohlohin journalsandproceedingsanda nen generatiorof
solarphysicistshasbegunthesisresearctusing Yohkoh data.

In this paperl will attemptthe dif cult taskof reviewing the progresanadewith obsenationsfrom the Soft
X-ray TelescopgSXT, Tsunetaet al. 1991)in establishinghe presencef reconnectiorin the solarcorona. This
presencés expectedon theoreticalgroundsbecausesoft X-ray imagesof the coronareveala very comple topology
with discontinuitiesn the magneticconnectrity, anda ceaselesactuity, including very powerful eruptions thatis
hardto understandvithout therebeingreconnection.Yet undisputableproof of reconnectiorin speci ¢ instances
is still hardto comeby, becauséhe resolutionof currentX-ray imagersis still limited (the X-ray TelescopgXRT)
on SolarB will be a greatstepforward, seeGolub 1999), and becauseahe full 3D structureof magneticregions
is obscuredsincewe obsere from only onevantagepoint. The latter situationwill be remediedoy the upcoming
STEREOmission.

In thefollowing | will describeheonly obserationthat,in my view, canprovide indisputableroofof reconnec-
tion, anddistinguishit from non-uniquesignatureof reconnection.Thenl will review ve typesof phenomendor
which Yohloh-SXT hasamplyobseredreconnectioneruptingplasmoids X-ray jets,formationof sigmoidsthrough
“linkage”, theexistenceof interconnectingoops,andtherigid rotationof coronalholes.

Yohloh-SXT obserationsof signatureof reconnectiorby otherinstrumentsthe Hard X-ray TelescopdHXT)

andthe Bent Crystal Spectromete(BCS) have recentlybeenreviewed by respectiely Masuda(2002) and Harra
(2002).



HOW DOES YOHK OH OBSERVE RECONNECTION?

Therearemary signature®f reconnectione.g.suddemlasmaheating themary manifestationsf thepresence
of high enepgy particles,suchasradio emissionand hard X-rays, fast(i.e. v ) plasma o ws, andchangesn
eld line connectiity. Most of thesesignaturesrenot unique:for examplehigh enegy particlescanbe accelerated
by shocks(andwe know this happensn interplanetarnspaceseeReames]1999),plasmao ws, canbe generatedby
“buffeting”, asmay be the casefor spicules(Roberts1979),andplasmacanbe suddenlyheatedby compressioror
conduction(Priestetal. 2002).

A uniqueindicatorof magneticreconnections a changen connectiity of the magneticeld; in factthis can
be the de nition of reconnectionseePriestand Forbes2000,Chap.8.1 for an extensie discussion).To establish
reconnectiorin the solarcoronain this mannerone hasto obsere for examplethat one or both foot points of a
magnetidoop connectto differentendpointsafteran ‘event’, suchasaneruption. A greatdecreasén the shearof
magneticloopsafter an eruptionmay be a casein point. Of courseone hasto rule out that photospheridootpoint
motionscanleadto the samechangen connecitiity; in mostcaseghe velocitiesrequiredduring the “event' would
belargerthanary ever obseredin the photosphere.

Note that this topologicalindicatorof reconnectiordoesnot requiredetailedobserationsof the reconnection
site (usuallya currentsheetor a “null”) itself. Thisis a greatadwantage becausestimateof sheetthicknessvary
from 10 cmto 10 km in the solarcorona,still by along way out of reachof our highestresolutioncoronalimagers.
Indeedtherearrangemerntf topologythroughreconnectiortanmanifestitself from very shortto theverylarge scales
of theoverallcoronalstructure.Yohkohis ideally designedo obsere reconnectiomn alargescalein thesolarcorona,
becausdts eld of view is thewhole Sun,while its resolutionis sufcient to identify individual soft X-ray loops.

In closingthis sectionl notethatwhile the non-uniquesignaturef reconnectior( o ws, heating,high enegy
particles)discussedibore do not unambiguouslyestablishreconnectionpncereconnectiorhasbeendemonstrated
fromachangen connectrity obseredin atime seriesof Yohkoh-SXT magesthenthesesignaturebecomeamportant
guantitatve diagnostic®of thereconnectioprocessThey will yield cluesto the eld strengthgnegy conversionrate,
andthe collisionality of thereconnectiomegimein operation.

FIVE TYPES OF RECONNECTION OBSERVED BY YOHK OH-SXT

Cuspsin the Aftermath of Erupting Plasmoids

Yohkah

bar. 183

Fig. 1. A “cusp” on the solar limb observed by Yohloh-SXT through the Aluminum-Magnesium combination
of lters.



The“cusp”, abrightloopin soft X-rayswith a pointy top (seeFigurel), hasbecomesortof anemblemfor SXT.
Cuspsoccurin the aftermathof plasmaeruptionsandarepartof two-ribbon ares. Their discovery seemso con rm
the“standard”picturefor two-ribbon ares, knovn asthe Carmichael1964)- Sturrock(1968)- Hirayama(1974)-
KoppandPneumarf1976)model(CSHKP),extensvely describedn theliterature;seetherecentreview by McKenzie
(2002). However, as| will describebelow, in 3D the pictureis far from clearyet. This CSHKP interpretation
is summarizedoy Figure 2, taken from McKenzies review, which identi es the major physicalprocesseandthe
paperdn which they aredescribed.The Yohkoh-SXT obserationshave to a large degreecon rmed andre ned this
“standard”model, but its origin predatesvohloh, asthe cartoonsby Cliver (1983),and Martensand Kuin (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 reconnectiorand the formation of a currentsheetin the wake of the erupting
plasmoid.The presenc®f a cuspin themagneticeld con gurationis exactly whatoneexpectsfrom MHD models
below sucha currentsheet,andthe brightnessof the cusploop indicatesthat the bulk of the enegy releaseaakes
placein the currentsheeton top of the sheet.Time-of- ight analysisof high enegy particlesimplied by hard X-ray
emsissiorfrom thefootpointsof the are loops(seethereview by Aschwanden2002)con rms thatscenario.

Reconnectiors anecessityn the 2D or 2.5D versionsof this scenariosince eldlines thatstartfrom the same
photospheri¢ootpointsoriginally conneciover the eruptingplasmoidandlater closebelaw it aspartof thepost are
loop system.The obsened decreasén the shearof magnetidoopsafterthe eruptionappeargo clinchthecase.Yet,
thefull 3D situationmight be morecomplicatedhanthe CSHKP picture,andit is herethatfuture higherresolution
obsenrations,for examplefrom XRT on SolarB could shedmorelight. One problemwith the “standard'modelis
thatcuspsobsered on the disk usuallydo not form arcadesasthe 2D or 2.5D modelimplies, but singleloops(see
Figure 3), with the otherpartsof the arcademuchlessbright andwith loop topsat lower height. Theoretically in
full 3D, the eruptingplasmoidcouldwiggle itself throughthe overlying eld withoutthe needfor reconnectior{e.g.
the cartoonby Sturrock1989, his Figure 2), very muchlike a hernia.| expectthat progressn the remainderof this
decadewill comefrom observingandanalyzingthis full 3D picture,andthatreconnectiorwill be con rmed to play



amajorrole butin amorecomplicatedgeometry-it is dif cult to understandheenormousnegy releaseawithin 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 jetsis, to my knowledge, alsoa Yohkoh rst. In particular Shibataand co-workers
(e.g.thereview by Shibatal999) have studiedand modeledthesefeaturesextensvely. The length of jets ranges
from 1000to 400,000km andthe apparentselocity is 100 - 1000km/s. The interpretationsummarizedn Figure
4, is thatreconnectioropensup nen pathwaysfor enegy releasedy the sameprocesgo escapelongthe eld to
remotefootpointsor into interplanetanspace Simultaneousadio obsenrationsof typelll bursts(Aurassetal. 1994,
Kunduet al. 1995)demonstratehe presencef high enegy electronsin suchevents,reinforcingthe reconnection
interpretation.

Figure4(c), from Yokoyamaand Shibata(1995), shavs that for single jets reconnectioris ervisagedto take
placein ageometrysimilarto thatfor cuspsputin this casewhatis the post areloopin the cuspcases theonebeing
reconnectedvith an overlying eld line, andthe reconnectedeld line containingthe jet that carriesthe liberated
enegy is what s the pre are overlying eldline in the cuspcase. Hencethe reconnectiorgoesin the opposite
direction. Thedriver for thereconnectioris assumedo betheemepgenceof new ux, in thecentralarcadewhichis
thepost arearcadegor the CSHKPgeometry

Thereis, asfarasl know, no directevidenceof a changeof connectiity of eld linesattheonsetof ajet. Such
evidencewould indeedbe hardto comeby, sincethe pre are loop is smallandwould be tenuous.However, despite
this lack of direct proof, reconnectiorasin Shibatas modelsis a very plausibleexplanation. Othermechanismef
generatingets, suchas granularbuffeting, are not likely to producethe obsered high enegy electronsand high
temperaturg4-6 MK) jet plasma.Futurehigh resolution,high cadenceobserationsmight be capableof detecting
the“slingshot' effect of the newly reconnecteceldline in thejet.
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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 Yohloh-SXT images, and on the bottom

cartoon interpretations. From Yokoyama and Shibata (1995).

The Formation of Sigmoidsand Filaments

It is well known thattheformationof a coronal lament or sigmoidoftenis the precursotto a plasmoideruption
andtwo-ribbon are. Recentdetailedobserations of the formation of sigmoids(e.g. Pestsov et al. 1996) and of
laments (e.g. the review by Martin 1998) have revealedthat reconnectiormay also be an importantfeaturenot
only in the eruptionof thesefeaturesput alsoin their formation. Martensand Zwaan(2001) have coinedthe term
“linkage” to describesuchevents,and presenteca modelin which ux cancellationin a mixed polarity magnetic
eld (atleasta quadrupoleausessuchlinkage. Figure5 (left), from Pevtsos et al. (1996), shavs an example of
linkagein the formationof a sigmoidobsered by SXT. Two loops,eachin the shapeof a sh-hook link up attheir
endpointsto form fully developedsigmoid. The interpretationof Martensand Zwaan(2001)is shavn in Figure5
(right): two simply connectednagneticdipolescornverge andreconnecht their sidesto form morecomplicatedeld
lines thatfollow the polarity inversionline all along. This scenariowas developedfor prominenceformation, but
may apply to sigmoidsaswell, asFigure5 (left) suggestsNote thatin this casethe reconnectionwhich shawvs up
as“cancellation”in magnetogram@Martin 1998)occursbeneattthe corona,probablyin the temperatureninimum
region (Litvinenko andMartin 1999). Theresultingsigmoidsor laments however, shav up in the corona,andare

obseredby Yohloh-SXT, thelatterasavoid.
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Fig. 5. Left: Yohloh-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 alternatve interpretationof theseevents,
adwocatedby Rust(2001)andothers.The“linkage” canbethe nal phaseof theemegenceof apre«isting ux tube:
the emegencea U-type loop segmentthat connectghe two sigmoidor lament segmentsbeneatithe photosphere.
This modelis particularlyplausiblein newvly emepging active regionswith afairly uncomplicatednagneticstructure.
However, it is wholly implausiblefor lament formationin the polarcrown or the switchbackor in decayingactive
regions,where ux emegenceon sucha scaleis simply never obsered. Moreover, the segmentsthatlink up in
theseregionsoriginatefrom differentbipolesor active regions,andthusareunlikely to have connectionselowv the
photosphere.Henceobserations of “linkage” by SXT and groundbasedtelescopegparticularlyH ) outsideof
newvly emepging active regionsarea gooddirectindicatorof reconnectiorbelov the corona.



Inter connectingLoops

Theexistenceof loopsthatconnectistinctactive regions,oftenover very large distanceandsometimescross
the equatoris nearlyindisputablesvidenceof the occurrenceof reconnectionn the corona. The full disk SXT soft
X-ray imagein Figureé6 illustratesthe case.Theinterconnectindoopsoften bridgelarge regionsof very small eld
strengthin which no emegenceotherthanthatof tiny dipolesis obsered. Moreover, of the two active regionsthat
theseloopsconnectoneis usuallydemonstrablylderthanthe other sothata loop connectinghemcould not have
emegedwith theolderone,becausé would have hadnowhereto connecto. EUV obserationsby TRACE, takenat
averyhighcadencehave indeedshavn rapid coronalrestructuringandtheformationof interconnectindoopsduring
theemepgenceof actve 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.

Transequatoridbopsarea strongcasein point: it is very unlikely on theoreticalgrounds,andhasnever been
obsered, that suchloopsemege aspre-«isting ux tubesfrom belov the chromosphereFigure7, from Pevtsor
(2000),captureghe formationof suchaloop in a time spanof two daysbetweena matureandan emeping active
region.



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?

| putaquestiormarkin thetitle of this subsectionbecausé¢he evidencepresentedn theliteratureis muchless
rm thanthat for the four casesdescribedabore. The obserationsare very muchworth while describingthough
becausehey clearlyindicatethatfuture obserations,with a higherresolutionanda highercadencewill very likely
verify or rejectthereconnectiorhypothesis.

The issuehereis that coronalholesobsered in (the lack of) soft X-rays appearto rotaterigidly, while the
underlyingphotospherdan whichtheopen eld linespermeatingheholearerooted,rotatedifferentially Clearly, if
the footpointsof the eldlines rotatedifferentially oneexpectstheir extensioninto the coronato do the same,or at
leastsomethingsimilar. They do not, holesrotaterigidly, andwhy thisis soremainsoneof the solarenigmas.

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 reconnectiorhave beenproposed.Figure 8, from a recentpaperby
KahlerandHudson(2002)representene of thesemodels.An opencoronal eld line atthe easterrboundaryof the
coronalhole on theright, reconnectaindformsa closedoop, while a U-type loop escapeito interplanetaryspace.



This causeshe coronalhole boundaryto shift westwardin a co-rotatingframe,andthusallows the boundaryat high
latitudeto keepup with thatat lower latitudes.Notethatin orderto presere the shapeof the coronalholethereverse
procesanustoccurat the westernboundaryof the hole, and proceedat the samespeed.Moreover, to presere the
shapeof a coronalholeextendingfrom thepolarcrown deepinto lower latitudes asis occasionallyobsered (e.g.the
Elephants Trunk; for moredetailseeKahlerandHudson2002),the westward migrationof the hole boundariesnust
occuratapredeterminedpeedor eachlatitude! Sucha coincidenceseemsighly unlikely.

Fig. 9. Three examples of loop variations at coronal hole boundaries, indicated by the black lines. All are
Yohloh-SXT images, the top two in the ALl Iter combination, and the bottom one in AIMg. 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, reconnectiorat the boundariess one of the more plausiblescenarioffered at this time, so it is worth
while looking for evidenceof reconnectiorat the coronalhole boundariesUsing SXT KahlerandHudsonrepeated
anearlierstudyfrom Skylab data(KahlerandMoses1990). KahlerandHudsons mainresult,asstatedin the paper
is “Our basicobservationaresultis that, exceptat ARs,the processeshat retaintherigid boundariegproceedwith
no clear signatuesin the X-ray images”. However, in few casessomeof which areillustratedin Figure9 by black
lines, the authorsdid nd brighteningof faint loopsaccompaniedby a small shift in the loop position. This could
beinterpretedasreconnection Sothe problemis worth looking at with future instrumentdor furtherindicationsof
reconnectionalthougha completelyunanticipatedolution,perhapselatedto dynamoactionin the subphotospheric
layersseemsnorelikely to thisauthor
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CONCLUSION

| canbe brief here: reconnectiorin the solarcoronais an establishedact, asit is in laboratoryplasmasand
in the Earth's magnetosphereThis is importantbecausehe ability of reconnectiorto releaseenegy impulsively
andacceleratgarticlesto high enegiesis a commoncharacteristiof magnetizeccosmicplasmaghroughoutthe
Universe,from magnetospherds active galaxies.The proximity of the Sunprovidesuswith oneof the few oppor
tunitiesto studythis processn spatialdetailon a cosmicscale andthusacquireinformationthatappliesthroughout
all of astrophysicsCurrent(RHESS) andfuture (XRT on SolarB andAIA on SDO)soft X-ray andEUV telescopes,
aswell asfastandimagingspectrometeréElS on SolarB and MOSES),with a considerablyhigherresolutionand
cadencehanSXT, will provide amuchmoredetailedknowledgeof the physicalprocessesatwork in reconnection,
but Yohloh will forever retainthe creditof having laid the groundverk.
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