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Abstract

Coronalmassejections(CMES) play a crucial role in
spaceweather They arebasicallymagneticohenomena
andsincea decadejmportantadvanceshave beenmade
in understandinghe build up andinitiation of CMEs be-
causeof the launchof new spacecrafi{Yohkoh, SoHO,
andTRACE). Marny CMEscanbeassociatetb ares and
areinitiatedin a relatively small volume comparedwith
theCMEsthemseles. Abouthalf of all CMEscanbeas-
sociatedvith lament eruption thustheinitiationvolume
is largerthanthe are volumebut still muchsmallerthan
the CME volume.Generally are-relatedCMEsconcern
a region with a high magnetic eld gradient,shearand
twist. Theregion of a lament-relatedCME couldbein
adecayphaseandthe lament eruptgustbecaus®f loss
of equilibriumdueto high andincreasingevel of shear
andtwist. We presentypical examplesfor bothclasses
of CMEs and highlight the magneticprocessegrior to
suchevents.
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1. Introduction

CMEs, which play an importantrole in spaceweathey
draw their enegy from the available free magneticen-
ey andinvolve alarge-scalae-olganizatiorof thesolar
magneticelds. CMEsarefundamentallynagneticphe-
nomenaThus,toimprove CME forecastsve haveto nd
outmoreaboutthe characteristicef the smallandlarge-
scalemagnetic eld in and aroundtheir sourceregion
prior to the CME occurrence The studyof the magnetic
evolutionof CME-producingactive regions(AR) shaved
that CMEs are precededby magneticevolution during
which the helicity of the sourceregion is increasingdue
to twisted ux emepgence, shearingmotions between
oppositepolarity footpoints of subsequentlyemeging
bipolesand, to a smallerextent, by the differential ro-
tationactingontheemepged ux.

Furthermorewe nd short-termmagneticprecursorsof
CME events,typically acombinatiorof major ux emer

gence,cancellationand fast shearingmotionsin active
regionswith strongconcentratednagnetic elds prior to

are-related CMEs and small-scalecancellationevents
along the magneticinversionline in decayedactive re-
gions with low magnetic ux densityprior to lament

eruption-relatedCMEs. Magnetichelicity plays a cru-
cial role in the CME initiation process,andthe lack or

presenc®f nearthresholdhelicity in the AR duringperi-

odswhenconditiondn it match aring conditionanaybe
a key differencebetweenconditionsleadingto con ned

ares or eruptve CMEs. This pointis developedin this
issue(van Driel-Gesztelyietal. 2002)andin Démoulin
etal (2002a,b).

In this paper we de ne somebasicsimilaritiesand dif-
ferenceshetween ares and CMEs and shav examples
of magneticevolutionof CME-proli ¢ active regionsand
magnetigrecursor®f CMEsbasednthe magneticand
dynamicalkvolutiononalongtime scaleor in afew hours
beforethe events.

2. Magneticconditionsfor important are activity

The appearancef an active region classied as (um-
brae of oppositepolaritiesseparatedy lessthan 2 he-
liographic degreeswithin the samepenumbra;Kiinzel,
1960), or (a complex active region in which the
positive andnegative polaritiesareirregularly distributed
containingoneor moredeltaspots) especiallywith high
magneticux content 3-410 MKx) increasesubstan-
tially the probabilitiesfor the occurrenceof M andeven
X-class ares (Zirin & Liggett,1987;Zirin, & Marquette,
1991; Sammis,Tang & Zirin, 2000). Furthermoreob-
senationsof magnetic elds associatedvith solar ares
shav that ares arelikely to occurcloseto sunspotsn
regionswherethemagneticeld is shearedilongthepo-
larity inversionline and (1) the maximumshearangle
exceeds85 deggrees; and (2) the extent of strongshear
(shearanglegreaterthan80 degrees)exceeds10,000km
(Moore, Hagyard,& Davis, 1987; Hagyard,Venkataks
ishnan,& Smith, 1990;for modelsseealso: Antiochos,



1998;Antiochos,DeVore& Klimchuk 1999).

Con ned ares relieve local magneticstressesi.e. free
accumulateenegy from, onthe solarscale,a relatively
smallvolume. Such ares re-distritute,but consere he-
licity. On the otherhand,eruptive ares liberatestored
magneticenepgy over a larger volume. They leadto the
partial openingof the eld andhelicity doesnot remain
consered in a volume on the active region scale(Dé-
moulinetal 2002a).For theoccurrencedf eruptive ares
the presenceof a shearedarcadeor a twisted ux tube
(frequentlyoccupiedor manifestedby a lament), where
the shearor twist are increasing,seemto be necessary
conditions The scenarioproposedcan be roughly di-
videdinto two cateyories,of which we showv two recent
examplesbelow.

An eruptive are scenariodevelopedfor the14 July1999
are, wasdescribedoy Aulanieret al (2000). Theseau-
thors shaved that shearingmotionsin a delta-spotied

to a eld line expansionwhich causedrst a slow, then
a fastreconnectiorin the vicinity of the 3-D null-point

presentabore the AR, andled to partial eld line open-
ing. Besideghe increasingsheay the complex magnetic
topologyandthe presenceof the null-pointwere neces-
saryconditionsin the eruptive are processaspredicted
in the“break-outmodel” by Antiochosetal. (1999).

in anotherscenariowhich concernsa twisted ux tube,
accordingto Titov andDémoulin(1999)and Fanget al
(2000),the ux rope (or lament) losesits equilibrium
and moves upward. A currentsheetis formed below
the lament leadingto reconnectedines (cusp),a well-
known signatureof eruptive solar ares.

3. Aretheconditionsfor are andCME actiity
different?

About 93 % of the are activity (only part of themare
eruptive!) arisesin active regionswhich containsunspots
(Dodson& Hedeman,1970), while the spanof CME
actiity is muchlongerandwell extendsinto the phase
of active region evolution when the magnetic eld is
dispersedand the region is frequently classi ed as a
“quietsolarregion’, which containsa lament (vanDriel-
Gesztelyietal, 1999).Thetwo classeof CMEs, namely
the are-related CME events and the CMEs associated
with a lament (or, on the limb, prominence)eruption
are well re ected in the evolution describedabove: in
a youngactive region with major sunspotsnainly are-
relatedCMEs appearandasthemagneticux of theac-
tive region is gettingdispersedthe non- are, lament-
eruptionrelatedCMEswill becomedominant.However,
since laments are presentevenin active regionswhich
still containstrongmagneticeld concentrationgspots),
and are eventsin suchregions are associatedvith the
eruptionof the lament, mixedcasesarenotrare.

A high level of magneticnon-potentialig, which is nor
mally associatedvith aring youngactive regions, may
persistor can even grow after the strongmagneticcon-
centrationgsunspotsyisappeat(van Driel-Gesztelyiet
al, 1999; Démoulin et al, 2002b). Thus, it is impor

tant to follow solaractive regionsthroughoutheir evo-
lution well into their decayphaseandmonitortheir level
of magneticnon-potentialityand CME actiity, in order
to understandhe underlyingphysicsandto enableusto
forecastCMEs like the stronglygeoefective 6 January
1997halo CME, which camefrom a dispersednagnetic
region andhadonly very weaklower coronalsignatures.

In the “eruptve are + lament eruption CME' sce-
nario describedabore (Titov and Démoulin,1999;Fang
etal, 2000)the rst stepis thata ux ropelosesequilib-
rium andstartsrising. However, questiongemainwhy
the ux ropeis presentandwhy suchlossof equilibrium
occursleadingto a CME.

A twisted ux tubecanbeformedin thecoronaeitherby
magneticreconnectiorin a shearedarcadeor by emer
gencefrom the cornvective zone(for a discussiorseevan
Driel-Gesztelyietal, 2000).Both processesanprogres-
sively bring the magneticcon guration to an unstable
state. Sucheruptionof a twisted ux-tube hasbeenpro-
posedby several authors(e.g. Martensand Kuin 1989;
Moore and Roumeliotis1992; Forbes1992; Lin et al.
1998; Titov and Démoulin 1999). The main character
istics predictedin suchmodelsare (i) a shearedarcade
and a twisted ux tube embeddedn it, (ii) reconnec-
tion forms a long sigmoidalloop and shortloopsin the
middle of the arcade (iii) the sigmoidexpands,dueto a
re-distritution of thetwist duringthereconnectioranda
subsequenihstability, building a currentsheetbelow it,
which createsa cuspabove the shortreconnectedoops.
Notethatanunstablestateis probablyreachedy increas-
ing shearand/ortwist (seeFig.10in van Driel-Gesztelyi
etal. 2000).

4. Flare-relatedCME eventsin strongmagnetic eld
active regions

The southhemisphericAR 8100producedat leastnine

are/CME eventsduring its disc passagen November
1997 (Delanrée et al, 2000). The magnetictopologyof
NOAA 8100becamecomple dueto repeatedux emer
genceat its NW edge(seeFig. 2 in van Driel-Gesztelyi
etal. 2001). One of thesenew bipoleswasthe primary
centreof eightof thenineeruptive events(CMES),which
originatedfrom this region. The magneticstressesvere
nothighin the AR asawhole(Yan& Sakurai,2000),but
local stressesverecreatedbetweerthefast-mawing trail-
ing partsof the new bipolesandthe leadingspotsof the
mainbipole,sincethey movedin oppositedirections.

Therewas a signi cant ux imbalancein the AR due
to ux emepgencein its trailing part. Flux imbalance
forcesthe AR to develop externalmagneticconnections.
Indeed,large-scaldoop connectiondbetweenthe North

hemisphericAR 8102 and AR 8100 were seen. The

eruptionof theselarge-scaldoopsmadethe CMEstruly

large-scalg Kahn& Hudson,2000;Maiaetal, 1999).

Delanrée,& Aulanier(2000)analysedhe are whichoc-
curredon 3 November1997at 10:31UT in thevicinity
of thenew ux emepgencein theNW partof the AR, the
positive polarity part of which they refer to as parasitic



Figure 1. SOHO/MDImagnetogam of Sept25, 1996at 23:21 UT with the 2 boxeswhere we follow the evolution of
the smallpolarities(e.g. left panel: new emegenceand cancellationof magneticeld in the lower box). Thecontours

indicatethepositionoftheH lament

polarity. Using SOHO/EIT 195 A obsenations, they
identi ed the brighteningof thin transequatorialoops
connectindAR 8100andAR 8102,anddimmingslocated
betweenthe two active regions. EIT differenceimages
shaved a loop-like structurerootednearthe are loca-
tion. The coronalmagnetic eld derived from potential
extrapolationdrom a SOHO/MDI magnetogranshaved
thatthe topologywascomple nearthe parasiticpolarity
anda so-called bald patch'waspresen{wherethemag-
netic eld is tangento thephotosphere)yhichis a are-
active magnetictopology(Titov et al, 1993; Aulanier et
al 1998). Delanree, & Aulanier (2000) proposedthat
thelarge-scaldransequatoriakld lineswerepushedup
by the openingof low-lying shearedeld linesforming
the bald patch. In this scenariathe large-scalemagnetic
topologycombinedvith magneticevolutionin theprinci-
pal CME sourceregion botharecrucial conditionsn the
CME initiation. A similar scenariccanbe appliedto the
6 Nov. 1997event(Maiaetal, 1999andthe 2 May 1998
event (Pohjolaineret al, 2001),which bothinvolvedthe
eruptionof transequatoridbops.

5. Filament-eruptiomelatedeventsin regionswith
dispersednagneticeld

Thesetof CMEsof 25/26Septembefl 996wasrelatedto
the bipolarremnantNAAA 7978which wasthe unique
large AR existing during the solar minimum. The AR

startedto emege in July 1996, rapidly reachedts max-
imum developmentand was decayingduring the next

6 monthswith a progressie diffusion of its magnetic
eld. Mary large ares andCMEs occurduringthe rst

3 monthsatfter its birth, later on only CMEs were ob-
sened (Démoulinet al 2002b). On 25 Septembed 996
the magnetic eld of the region waswell dispersecand
the inversionline wasbentabout45 dueto the differ-

ential rotation(Fig 1). Therewasa lament alongthe
inversionline stretchingsouthwardrom the centerof the
AR which joinedto the E-W polarcrovn lament chan-
nel forming a “switchback” inversionline with a sharp
changeof direction. Turbulentactiity of abouttwo hours

precededhe eruptionof thesouthsectionof the lament
(at23:46UT) whichwasfollowedby alongandcomplec
CME well obseredwith LASCO (vanDriel-Gesztelyiet
al. 1998).A detailedmagneticanalysisindicatesemep-
ing and cancelling ux in the lament channelprior to
the CME (Fig 1). The positionandthe time of this ux
cancellationsuggesthatit could be responsibldor the
destabilizatiorof the lament whichwascloseto lossof
equilibrium. The CME wasrelatedto a large-scalereor
ganizatiorof thecorona.

Another similar case: oppositepolarity magnetic eld
concentrationamoved towards the magneticinversion
line andcancelledundera lament augmentinghe shear
beforethe geoefective 6 Januaryl997halo CME event
(vanDriel-Gesztelyietal., 2001).

6. Dynamicsof laments prior to eruptionandCME

Forty percenpf theCMEsareprecededy lament erup-
tions(Delanree2000).Sucheruptionscouldconcern|-
amentsn decayingactive regionsor quiescentlaments.

Eruptionsof laments have different phasesof evolu-
tion. A few hoursbefore the eruption, different phe-
nomenaare obsered: heatingof the mattervisible by
TRACE or Yohkoh,stretchingof the ne structuredur-
ing the ascendof the lament (well visible in EIT 304
A), slow rise, turbulenceandtwistedmotionsof the la-
ment,and nally acceleratiormndlift up. Schmiedeetal
(2000)shaw the stretchingof the eld linesandthepar
tial heatingof the lament usingEIT (304and195A) a
few hoursbeforea CME. With spectroscopidiagnostics
(SUMER and CDS) high velocitieswere identi ed two
hoursbeforethe eruption(Figs. 3 and4). Somedynami-
cal precursor®f eruptionhave beenknown sincedecades
(Schmiedertal. 1985,Sterlingetal. 2001). Theseob-
senationsarewell describedy thescenarigproposedy
Raaduet al (1988). The upwardmotionof the lament
leadsto theexpansiorof the ux tubesincethesurround-
ing magnetigoressurds decreasingConserationof the



Figure 3. Eruptionofa lament andstretching of lament footpointsbefore eruptionobservedwith EIT (304 A) on May

311997(Stimiederetal. 2000)

Figure 2. Modelof lossof equilibriumof a lament: (a)
Flux ropeheighth asa functionof the sepaation be-
tweentwo photosphericsources, (b-d) Contoursof the
ux in the x-y plane at the three locationsindicatedin
(a). (ForbesandPriest,1995)
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Figure 4. Observationof the dynamicsof a lament
befoe eruption with CDS (O V) on May 31 1997
(Shmiederetal. 2000)

currentandthe magneticux alongthe lament requires
motionsasthe ux ropeadjuststo a new equilibriumas

it risesinto the corona. The causeof the destabilization
could be dueto reconnectiorprocessas new emeging

ux emepes.

Recentlya new seriesof works suggestghat a catas-
trophic loss of equilibrium rather than reconnection
might be the primary mechanisnfor driving eruptions
(Forbesand Priest1995). The ideal MHD modelsare
basedon two-dimensionakon guration of a ux rope
nestedwithin an arcadeanchoredin approachingnag-
netic sourceqFig. 2). Duringthe rst stagethe enegy
is storedslowly while in the secondstageit is released
within an Alfv éntime scale. If thereis no reconnection
or the reconnectioris not fast, the lament will nally
stoprising, while whenfastreconnectioroccurs,the I-
amenterupts. This could be the caseof the September
26,1996event(section5). Recentlythe curvatureof the
solar surfacehasbeentakeninto accountintroducinga
rathersigni cant force in driving the CMEs (Lin et al.
1998).



7. Discussiorontherole of magneticevolution of the
sourceregionin theinitiation of CMEs

Aulanier et al (2000), analysing the 14 July 1999
(Bastille-day) are, whichoccurredn adelta-spogroup,
shaved that shearingmotionsin the delta-spotled to a
eld line expansiorwhich causedrst a slow, thena fast
reconnectionn thevicinity of the3-D null-pointpresent
abore the AR. The resultingeruptve are and CME,
therefore were precedediy importantsunspoimotions.
More precisely it wasthe magneticevolution, indicated
by the sunspomotions,which wasone of the causef
the eruption. However, the complex magnetictopology
andthe presenceof the null-point were other necessary
conditionsin the are/CME process.In otheractive re-
gions, like NOAA 8100in November1997and NOAA
8210in May 1998which producedsereral CMEs during
theirdiscpassagéatleastnine[Delanreeetal, 2000]and

ve, respectiely), bothARs shavedimportantmagnetic
evolutioninvolving ux emegenceandcancellationand
again,shearingmotionsbetweenoppositepolarity spots
belongingto pre-«isting and emeging bipoles. The
commencemendf CME actwity in theseregions coin-
cidedwith theappearancef nev ux andensuingshear
ing motions. Thoughthe magnetic eld topologycanbe
quite different,a scenariosimilar to the 1999 “Bastille-
day are” couldbeapplicableo AR 8100andothercom-
plex active regions.

However, the presenceof sunspotsand sunspotmotions
is not a necessaryonditionfor are andespeciallynot
for CME occurrence As active regionsdecay their ux
is gettingmore and more dispersedandthe spotsdisap-
pear Along thelenghteningnversionline, whichis more
andmorebentby thedifferentialrotation,long laments
form and their eruptionis alsorelatedto CME events.
In magnetianoviesusingMDI magnetogramith a 96-
min cadenceave foundsmall-scalanagnetichangegre-
cedingtheinitiation of the CME. In mostof thecaseghe
magnetiacancellationstarteda few hoursor daysbefore
the CME in the centreof the AR, alongthe magneticin-
versionline underthe lament, e.g. in the remnantsof
AR 8003(CME of 6 Januaryl997)andof AR 7978(26
Septembel 996CME). However, we wouldlike to stress
thatsud small-scalanagnetichangesepresenjustthe
“last drop in the glass” in destabilisinga magneticsys-
temwhichis alreadycloseto its stability threshold.

8. Onthelarge-scalenatureof CMEs

The CMEs areusuallylarge scalephenomen&ompared
with the AR size. It is relatively commonthat active
regions have trans-equatorialoop connectionsand an
eruptive ar e in the AR may makethe large-scaleloops
eruptaswell. Most of the CMEswhich involved erup-
tive ares in NOAA 8100(in Nov. 1997)andalsoin
NOAA 8210 (in May 1998) becamelarge-scaleevents
dueto the eruptionof theirtrans-equatoridbop connec-
tions (Delanrée and Aulanier, 1999; Pohjolainenet al,
2001;Khan andHudson,2000). Can eld, Pertsov, Mc-
Clymont(1997)and Pevstsor (2000)foundthatthereis a

tendeny for ARs which have the samehandednesghe-
licity sign)to form trans-equatoridbops. This implies
thatoneof the ARs shoulddisobg thehemispheritelic-
ity rule (Seehafed990). NOAA 8100wasa southhemi-
sphericregion, which hadnegative helicity (Greenet al,
2002a,b)oppositeto the majority of ARs on thathemi-
sphere. It wasconnectedo the vicinity of the northern
hemisphericNOAA 8102 ,wherea“backward-S"shaped
sigmoid (negative helicity) was seenin YOHKOH/SXT
imagesfor several days. Thus, thesetwo active regions
hadthe samehelicity indeed.

9. Conclusions

The following conditionsarenecessaryor CMEsto oc-
cur:

eruptve are occurrence:complex magnetictopol-
ogy, presenceof a magneticnull low in the corona,
presencef large-scalanagneticstresseshighlevel
of helicity, magneticevolution increasingshearor
twist;

lament eruption: high level of helicity, magnetic
evolutionin theform of

(a) small-scaleux emepgenceor ux cancellation
alongthe magneticinversionline, i.e. underthe |-
ament;

(b) ux emegenceor, in general,magnetic eld
evolutionin thevicinity of the lament.

Conditionsfor large-scaldrans-equatoriaCME events:

having the samesign of helicity increaseshe prob-
ability of interAR connectvities, which can be
destabilisedby eruptive eventsat eitherfootpoint;
in caseof trans-equatoriadonnecwitiesthisimplies
thatoneof the ARs disobe's the hemisphericelic-
ity rule; suchpeculiarregions may be highly CME
productive.

Themainsimilaritiesbetweercon ned ares andCMEs:

they both are precededy instabilitiesof the mag-
neticcon guration;

their processnvolve magneticreconnection;

they liberatefree magneticeneny.

Themaindifferencedetweercon ned ares andCMES:

conned ar esreleaselocalisedmagneticenegy
anddo not createopen eld line con gurations,do
not changethe helicity (thoughmay redistrituteit),
andthey areinitiated whenlocal magneticstresses
reachthreshold.

CMEs arelarge-scalenstabilities releasdreemag-
netic enegy from an extendedvolume and carry
away magnetichelicity, relieving the Sunfrom the
continouslyamountinghelicity; CMEsmaybeiniti-
atedby helicity reachingthreshold.



This work providesone of the startingpointsof anlarge
projecton the studyof CME initiation, propagatiorand
interactionin whichwe combinemultiwavelengthobser
vationswith modelizatiorandMHD simulationsof such
events following them from the Sunto the Earth (see
alsoPoedtset al.2001,2002 and van Driel-Gesztelyiet
al.2001).
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