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ABSTRACT

Wediscussa�lament eruption/coronalmassejection(CME) eventassociatedwith
a �are of GOESclassM2.8 that occurredon November17, 2001. This event was
observedby theNobeyamaRadioHeliograph(NoRH) at 17 and34 GHz. NoRH ob-
servesthe�lament duringits eruptionbothasadarkfeatureagainstthesolardiskand
a bright featureabove the solar limb. The high cadenceof the radio dataallows us
to follow themotionof the �lament at high time resolutionto a heightof morethan
half a solarradius.The�lament eruptionshowsa very gradualonsetandthena rapid
accelerationphasecoincidentwith the launchof a fast halo CME. Soft X–ray and
EUV imagesshow heatingin a long loop underneaththe �lament prior to the �are.
TheNoRHheight–timeplot of the�lament showsa roughlyconstantgradualacceler-
ationfor anhour, followedby averyabruptaccelerationcoincidentwith theimpulsive
phaseof the associated�are, andthena phaseof constantvelocity or muchslower
acceleration.This patternis identical to that recentlyfound to occur in the motion
of �are–associatedCMEs,which alsoshow a sharpaccelerationphasecloselytied to
theimpulsivephaseof the�are. Whentherapidaccelerationoccursin this event,the
�are site and the �lament areseparatedby about0.5 R� , making it unlikely that a
disturbancepropagatesfrom onelocationto theother. Modelsin which a disruption
of the large–scalecoronalmagnetic�eld simultaneouslypermitsthe accelerationof
the�lament andthe�are energy releaseseemto beabetterexplanationfor thisevent.
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1. INTRODUCTION

The closeconnectionbetween�lament eruptionsandcoronalmassejectionshaslong been
recognized(Webbet al. 1976;Munro et al. 1979;Kahleret al. 1988),althoughtherecontinuesto
bea healthydebateaboutthedegreeof associationbetweenthetwo phenomena(Wang& Goode
1998; Gilbert et al. 2000; Gopalswamy et al. 2003). A typical CME eruptionis now believed
to possessa three–partstructure(Illing & Hundhausen1986): an outerrim carryingthe bulk of
theejectedmaterialat thehighestspeed,followedby a cavity that is dark in coronagraphimages
but is believedto carry intensemagnetic�eld strengths,andthenby the �lament materialthat is
generallytravelling at speedsslower thantheouterfront.

Filaments(calledprominenceswhenviewedasemissionfeaturesabovethelimb, but wewill
usetheterm�lament throughoutthis paper)aremostcommonlystudiedwith Ha observationsin
thevisible rangesince�laments readilyappearasabsorptionfeaturesagainstthechromospheric
emissionat thatwavelength,while coronalmassejectionsaregenerallyviewedwith white–light
coronagraphs.But radio observationshave alsoproven to be a powerful techniquefor the study
of �laments: at microwave frequenciesthey show up asdarkabsorptionfeatures(104 K againsta
backgrounddiskof > 2 � 104 K), andthey arealsovisibleasemissionfeaturesabovethelimb as
longasthey remainoptically thick atradiowavelengths(Kundu1970;Drago& Felli 1970;Kundu
1972;Chiuderi-Dragoet al. 1975;ChiuderiDrago1990). In particular, they arereadily visible
in 17 GHz imagesfrom the NobeyamaRadioheliograph(Hanaokaet al. 1994;Gopalswamy &
Hanaoka1998),which cover the full disk with a resolutionof order1200andareavailableat a
cadenceof 1 secondfor 8 hoursevery day. This dataset is a powerful resourcefor the study
of �laments andtheir eruption,asdemonstratedby Gopalswamy et al. (2003)in a studyof 186
prominenceeruptions:the eruptingmaterialcanbe followed up to heightswell above the solar
surface,asfar as2.5R� .

As notedabove,in mostCME/�lament eruptioneventsthe�lament materiallagswell behind
theleadingedgeof theCME, andits behaviour is notnecessarilythesameasthebehaviour of the
CME itself. Therelationshipbetweenanerupting�lament andany associatedCME is anongoing
areaof study, particularlyfor theissueof causality:doesthe�lament eruptiondrive theCME, or
doestheCME releasethe�lament, or arebothfeaturesconsequencesof somethingelse?Thisissue
is importantfor understandingthedynamicsof CMEswith their potentialto causespaceweather
effects. In this paperwe studyan interestingCME/�lament eruptionevent in which the NoRH
radio dataallow us to study the height–timebehaviour of the �lament over several hours. We
identify theoccurrenceof a periodof high accelerationthatcoincideswith theimpulsivephaseof
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theassociatedsolar�are, well aftertheinitial riseof the�lament. Thiseventwaswell observedby
a wide rangeof telescopesandhencea comprehensive setof diagnosticsis available: theNoRH
at 17 GHz and34 GHz, radio patrol telescopes,the Soft X–ray Imager(SXI) on the GOES12
satellite,andtheExtreme–ultraviolet ImagingTelescope(EIT), MichelsonDopplerImager(MDI)
andLargeAngle SpectroscopicCoronagraph(LASCO) experimentson theSOHOspacecraft.In
addition,this eventwasoneof the �rst solar�ares to beobservedwith the theGiantMeterwave
RadioTelescope(GMRT) in India,whichwasoperatingin the1 GHzbandatthetime. An analysis
of theevent focussingon theGMRT datawaspresentedby Subramanianet al. (2003). Herewe
focusmoreon theassociated�lament eruptionthatwaswell observedby NoRH, andinvestigate
how it �ts into recentanalysesof CMEs.

2. FILAMENT ACTIVATION

Theeventstartswith thegradualoutwardmotionof a �lament in thesouth–eastquadrantof
the Sun. The �lament that eruptsin this event is shown in Figure1. The panelsshow Ha, He
304 	A andFeXII 195 	A imagesspanningabout5 hoursprior to theevent. In theHa imagethe
�lament is quite large, andlocatedover 10000to the north–eastof the closestactive region, AR
9704at S18E41.The �lament wasquite stableuntil sometime after 03:30UT: the �nal image
in Fig. 1 shows de�nite outwardsmotionthat is �rst visible by comparingsuccessive EIT images
takenat03:24and03:48UT.

The cadenceof the EIT 195 	A imagesis not adequateto follow the motion of the �lament
in detail, but fortunatelyit is alsoa prominentfeatureof the NoRH images.At 17 and34 GHz
thesolardisk hasa brightnesstemperatureof order10000K, anddense�laments mayappearas
depressionsof brightnesstemperatureagainstthediskbecausethey areoptically thick ata temper-
aturelower thanthis, typically 5000– 7000K (Kundu1972;ChiuderiDrago1990;Gopalswamy
& Hanaoka1998;Hanaoka& Shinkawa1999;ChiuderiDragoetal. 2001).Themicrowaveopac-
ity in �laments is providedby free–freeemissionin the ionizedcomponent.Prominencesabove
thelimb will alsoappearin emissionif they aredenseenough(Kundu1972;Hanaokaetal. 1994;
Gopalswamyet al. 1996,1997;Gopalswamy& Hanaoka1998;Gopalswamyet al. 2003). In this
event the �lament is clearly seenasa stationarydepressionprior to its gradualrise,andwe can
follow its evolution in theradio images.Figure2 presentsradiocontourschosento show the�la-
mentlocation,overlaidon theavailableEIT 195 	A imagesto show thecoincidencein positionat
radio andEUV wavelengths.The temperaturedepressionof the radio featureagainstthe disk is
typically 3000– 5000K, asexpected,but oncethematerialcanbeseenabove the limb it is seen
asanemissionfeaturewith abrightnesstemperatureof 9000– 12000K. At 04:50UT the�lament
is seensimultaneouslybothasadepressionjust insidethelimb andanemissionfeaturejustabove
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thelimb.

NoRHdataareavailableatacadenceasshortas1 second.To trackthemotionof the�lament
we have mademapsduring the gradualrise at 1 minute intervals andmeasuredthe positionof
the �lament relative to its initial position using the location of the minimum in the depression
averagedover the centralportion of the �lament while it is on the disk, andthe leadingedgeof
the�lament materialonceit is seenin projectionabove thelimb. Theresultingmeasurementsare
shown in Figure3. Thenoiselevel in theheightmeasurementsmaybeestimatedfrom thepoint–
to–pointvariations.Onceit startsmoving at about03:35UT, thereseemto bethreestagesin the
�lament motion:agradualrisewith roughlyconstantaccelerationuntil about04:45UT, aphaseof
very rapidaccelerationbetween04:45and04:55UT, anda periodof constantvelocity, or at least
slower acceleration,after04:55UT. After 05:00UT thelegsof the�lament arestill visible in the
radio images,but the leadingedgeis no longerdiscernibleabove thebackground.Froma movie
of the images,theevolution appearsto be thewell–known patternof acceleratingstretchingof a
loop–like structurein which the legs stretchoutwardsrelatively slowly but the apex of the loop
acceleratesmuchmorerapidly.

Between03:35 and 04:45 UT the accelerationof the bulk of the �lament is probablynot
constantbut ratherincreasinggradually:the�gure showsa�ducial linecorrespondingtoaconstant
accelerationof 15.4m s� 2 which is initially fasterthantheobservedacceleration.A dashedline
showsaconstantvelocityof 425km s� 1 for comparisonwith theheightmeasurementsafter04:50
UT; theseparationof thelasttwo pointsontheplot correspondsto avelocityof 650km s� 1, which
is closerto the speedwe will infer below from the LASCO data. Prior to 05:00the �lamentary
materialvisible in theradio imagesseemsto bewell characterizedby a commonvelocity, but at
timesafter05:00this is not thecasebecauseboththeradioandtheLASCO imagesindicatethat
theouteredgeof the�lament is travelling muchfasterthanthelegsof the�lament onceit stretches
to heightsaboveabout1 R� .

Theperiodof rapidaccelerationbetween04:45and04:50UT roughlycoincideswith thetran-
sition of the �lament from projectionagainstthedisk to projectionabove the limb. The �lament
lifted off from aboutE45,andwe assumeit to travel roughlyradially, implying that theprojected
distancesarea factorof 1.4 smallerthanthe true distancestravelled. We argue that the occur-
renceof the rapid accelerationphasewhenthe �lament reachesthe limb in projectionis purely
coincidence:it only appearsthis way from our viewpoint andwould not be the casefrom any
otherviewing direction. In fact, thelast few measurementsinsidethelimb indicatethat therapid
accelerationphasehasalreadycommenced.We arguebelow that therapidaccelerationcoincides
with anotherfeatureof theevent,namelytheimpulsivephaseof theassociated�are. Theapparent
�lament speed,i.e. projectedontothesky plane,at around04:45UT is 50 km s� 1; by 05:00UT,
the speedmay alreadybe ashigh as650 km s� 1, which is fasterthanany of the sampleof 174
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eruptingprominencesstudiedby Gopalswamyet al. (2003). Hanaoka& Shinkawa (1999)report
anerupting�lament thatthey couldtrackover largedistancesacrossthesolardisk becauseit ob-
scuredbright active regionsat 17 GHz asit passedin front of them. Projectedvelocitiesfor the
�lament in thateventareof order300– 470km s� 1. Wanget al. (2003)reportEIT observations
of �lamentary materialtravelling at a deprojectedspeedof 580km s� 1, while Gopalswamyet al.
(2003)notethatCME coresobservedby LASCOhavepeakspeedsin therange600- 800km s� 1

atheightscorrespondingto theLASCO C2 �eld of view (theirFig. 14).

While theoverallpatternof �lament motionis clearfrom Fig.3, thereis suf�cient noisein the
measurements,complicatedby thetransitionfrom anabsorptionto anemissionfeature,to make it
dif�cult to derive a detailedaccelerationpro�le. Thesecondderivative of a smoothedversionof
Fig. 3 shows a peakbetween04:45and04:50. Theaverageaccelerationbeween04:45(velocity
50 km s� 1) and04:54(assuming425km s� 1) is 700m s� 2. By comparison,Gilbert et al. (2000)
foundonly oneout of 17 eruptingprominencesin their Ha studywith an accelerationin excess
of 100m s� 2. Thevalueof 700m s� 2 is alsolarger thanis foundin mostCMEs,which is more
typically a few hundredm s� 2 (Zhanget al. 2001;Neupertet al. 2001),althoughZhanget al.
(2001)reportaccelerationof 7300m s� 2 in aCME associatedwith anX9 �are.

3. SOFT X–RAY OBSERVATIONS OF THE RISING FILAMENT

This event wasobserved by the Soft X–ray Imager(SXI) on the GOES12 satellite. A se-
quenceof imagesduring the �lament's gradualrise phaseis shown in Figure4. The �rst sign
of activity associatedwith the �lament's rise is a brighteningduenorthof theactive region, seen
at coordinates� 64000, � 10000(relative to disk center)in the imageat 04:09UT (labelled). This
featurecontinuesto brighten,anddevelopsan extensionto the southwest.At 04:17UT a new
featureis visible: a faint long loop–shapedfeatureextendingfrom theactive region in thesouth
about30000northwards,curvingaroundthe initial brightening.This featureis alsovisible in EIT
195 	A images.Differenceimagesshow that the largestincreasein emissionassociatedwith this
loopoccursat its southernend,closeto theoriginal locationof thevisible �lament. Thesequence
of SXI imagesshowsthis loop featuremoving outwardsin thesamedirectionasthe�lament. The
northandsouthendsof theloop appearto beanchoredwhile thecentralportionmoveseastwards
andfadesby 04:30UT. The motioncanbe seenin Fig. 4 between04:17and04:24(the lines in
thetwo panelsarein thesamelocation). Dif ferenceimagesalsoshow a dimmingin the location
markedat 04:31,to thenorthof theoriginal soft X–raybrighteningandunderneaththelong loop.
Thesubsequent�are loop,shown in theimageat05:16UT, is in theactive region to thesouth.

If we compare195 	A, radioandSXI imagesat thesametime,we �nd thattheradioand195
	A depressionscorrespondingto themoving �lament coincide,while thelong soft X–ray loop lies
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to the west,or underneath,thedark �lament. This suggestsenergy releaseon long �eld lines in
theregionunderneaththe�lament, disturbedby thepassageof the�lament material.

4. THE CORONAL MASS EJECTION

A haloCME wasreportedby theLargeAngle SpectroscopicCoronagraph(LASCO) on the
SOHO satellitein conjunctionwith this event. Unfortunatelyno LASCO imagesare available
between04:30and05:30UT; the �rst imageshowing the CME is at 05:30UT, whenit hasal-
readyreacheda projectedheightof 3.8 R� above the solar limb (Figure5). The analysisof the
LASCO data(seetheCDAW CME catalogat http://cdaw.gsfc.nasa.gov/CME list/ ) indi-
catesa meanCME speedof 1380km s� 1. At this meanspeed,thelaunchtime of theCME at the
solarsurfacewouldbebetween04:50and05:00UT.

Thebulk of theCME comesout to theeast,consistentwith theoriginal locationof the �la-
ment.The�lament wearefollowing is clearlyvisiblecloseto theequatorialplane,with astretched
appearancesuggestingthatthesouthernleg of the�lament is travelling muchslowerthantheouter
edge,asseenin theradioimages.Theleadingedgeof the�lament is ataprojectedheightof about
2.4R� above thesolarlimb at05:30UT.

However, the coronagraphimagesuggeststhat the event wasnot simple: the outeredgeof
the CME consistsof two arcs,with onecenteredsouthof the equatorandthe othernorth of the
equator, andbotharcsappearto have �lamentary materialin theircores.Carefulinspectionof Ha
imagesspanningtheevent(availablefrom theNew Jersey Instituteof TechnologyBig BearSolar
Observatoryarchiveat ftp://ftp.bbso.njit.edu/pub/archive /2001 /11/17 / ) showsthatno
�lament on the front (visible) sideof the northernhemispherevanishedduring the relevant time
period,suggestingthepossibility that thenorthernevent is dueto a �lament eruptionbehindthe
limb in the northernhemisphere.However, the NoRH 34 GHz imagesclearly indicatethat the
northern�lament is anextensionof thesouthern�lament andoriginateson thevisibledisk,andis
eitherthenorthernpartof the�lament visible in Figure1 or elseis not visible in Ha imagesprior
to the�are.

ComparingtheC2 imagesat 05:30and05:54,we measurea propagationspeedof 820km/s
for thenorthern�lamentaryarc. It is moredif�cult to measureaspeedfor thesouthern�lamentary
arcwhich is morediffusethanthenorthernarc,but its outeredgeappearsto haveaspeedof order
700 km s� 1 in this interval. The LASCO C2 imageat 05:54UT alsosuggeststhat the northern
andsouthern�laments areconnected,but projectioneffectsconfusethe situation. The fact that
only one�lament eruptedmakesthebilobateshapeof theouterenvelopeof theCME at05:30UT
somewhatpuzzling.Thetwo lobesof theCME appearto havedifferentspeeds:by comparingthe
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locationsof the outerenvelopesof the northernandsouthernlobesin the LASCO C3 imagesat
05:43and06:19UT, wemeasureaspeedof 1440km s� 1 for thenorthernlobebut 1200� 100km
s� 1 for thesouthernlobe(theuncertaintyis larger for thesouthernlobebecauseits outeredgeis
morediffusethanthenorthernlobe's).

Concentratingon the southernlobe of the CME and the southernsectionof the �lament,
whosemotionis shown in Fig. 3, at theprojectedtime of theCME liftof f (04:50UT) the�lament
hasalreadyreacheda heightof 2 � 1010 cm above its original location. If the�lament continues
to moveoutwardsat 650km/s,it would reachaheightof 2.4R� above thelimb at05:30UT. The
LASCO imageat 05:30UT shows the outermost�lamentary materialto be at aboutthis height,
while theleadingedgeof theCME is at a heightof 3.8R� . In thenormalCME scenariothebulk
of thematerialthatmakesup the CME would comefrom heightsabove theassociated�lament:
if that scenarioweretrue here,thenthe CME materialis originally locatedabove a deprojected
heightof order3 � 1010 cm. Sincethe densityat theseheightsis low, it is morelikely that the
CME materialalsooriginatesat lower heightsandsoalsohasa slower accelerationperiodprior
to theimpulsivephaseof the�are. ExtrapolatingtheCME backwardsfrom 3.8R� at 1200km/s,
its heightintersectsthatof the�lament at about04:55–05:00UT, consistentwith theideathatthe
CME undergoesrapidaccelerationat thesametimeasthe�lament.

5. THE FLARE

In addition to the �lament eruptionand the CME, this event featuresa long andcomplex
GOESclassM2.8 �are originatingin NOAA active region 9704(S18E41),to thesouthandwest
of the original �lament locationandsouthof the initial soft X–ray brighteningseenin the SXI
images(Fig.4). Thebrightest�are loopis in theactiveregion,asshown by theSXI imageat05:16
UT in Fig. 4. Figure6 showsradiolight curvesfor the�are at severalfrequencies,togetherwith a
predictionof theradio �ux expecteddueto thermalbremsstrahlungfrom thesoft X–ray emitting
plasmadetectedby GOES.The 3.75GHz light curve shows a clear impulsive phasestartingat
04:45UT andpeakingat 05:00UT. From the absenceof this peakin the higherfrequency light
curves, we infer that this is due to gyrosynchrotronemissionfrom nonthermalelectrons. The
higherfrequenciesof 17 and34 GHz both show moregraduallight curvesin the total �ux; the
imagesat thesefrequenciesat later timesaredominatedby emissionfrom large–scalepost–�are
loops(seebelow) and thus the light curves representthermalbremsstrahlungfrom theseloops.
They would be expectedto resemblethe GOES–predictedthermalbremsstrahlungradio �ux, as
they do.

A Type II radio burst wasreportedto be presentbetween145 and45 MHz from 04:50to
04:55by LearmonthObservatory, andcanbeseenin theBruny IslandRadioSpectrometer(BIRS)
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databelow 50MHz asaverybrief fundamental–harmonicTypeII burstlastingonly from 05:01to
� 05:05.Thepresenceof theTypeII burstin thistimeperiodis consistentwith animpulsivephase
at around04:45–04:50UT. We notethat theTypeII burst is not observeduntil after the �lament
undergoesits rapidaccelerationphase.

Radio imagesof the �are at 17 and34 GHz from NoRH dataareshown in Figure7. The
brightestfeaturein theactive regionat17 GHzbothbeforeandduringthe�are is a doublesource
lying overa sunspot(coordinates-58000, -34000), with a brightnesstemperatureprior to the�are in
excessof 105 K. This is likely to beathermalcoronalgyroresonancesourcein thestrongmagnetic
�eld of thesunspot,sinceit is not presentat 34 GHz. At 04:50,during the riseof the impulsive
phaseof the�are, thebrighteningto thenorthof theactiveregion,visibleearlierin theSXI images
(Fig.4),hascontinuedto brighten(it is presentasasinglesmallcontourat04:30UT atcoordinates
-68000, -12000, underneaththeoriginal locationof the�lament). Simultaneouslythesourceoverthe
northernsunspot(coordinates-58000, -32000) startsto brighten,anda linearfeaturestretchingfrom
this sunspottowardsthe north–eastappears. By 04:55 anotherlinear featureto the southhas
brightenedandlinked up with the northernlinear featureto form a loop–shapedstructureto the
north–eastof thesunspotsourceandconnectedto thenortherncomponentof it at 17 GHz. This
loop–shapedstructure(peakingat coordinates-65000, -25000) dominatesthe 34 GHz imagefrom
04:55UT onwards.While this sourcelookslike a loop, in fact theunevenbrightnessdistribution
indicatesthat it is composedof several segments. It alsodominatesthe SXI soft X–ray image
(Fig. 4) andtheEIT FeXII 195 	A image(lastpanelof Fig. 7).

Theradiospectrumfrom 17 to 34 GHz for this loop featureis consistentwith aconstant�ux
versusfrequency, indicatingthat theemissionis thermalbremsstrahlung.However the emission
from the sunspotsourceat coordinate-58000, -32000, whose�ux increasesby abouta factorof 5
during the �are, is nonthermal.In fact its emissionhasa pro�le quitedifferentfrom the smooth
thermalcomponentevidentin theoverall 17 and34 GHz light curves(Fig. 6), but is quitesimilar
to thatof the3.75GHz light curve. We thereforearguethat thenonthermalmicrowave emission
in the impulsive phaseof this eventoriginatescloseto thesunspotsin the active region. The34
GHz imagesalsoshow a weaksourcespatiallycoincidentwith thenortherncomponent(but not
thesoutherncomponent)of the17 GHz sunspotsourcefrom about05:00to 05:15UT (greyscale
imagesin Fig. 7).

As the�are develops,the �are radioandsoft X–ray emissionspreadto thenorthandnorth–
eastof the brightestsoft X–ray loop, reachingthe original locationof the �lament by 05:30UT
(Fig. 7). This con�rms theassociationbetweenthe �are, CME and�lament eruptiondespitethe
considerabledistancebetweentheoriginal �lament locationandtheactive region wherethemain
�are occurs.
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6. DISCUSSION

6.1. Motion of the erupting �lament

We have studieda gradual�lament eruptionassociatedwith a GOESclassM2.8 solar�are
anda fastCME usinga wide rangeof datasources.Studiessuchasthis areexcellentexamples
of the power of having multiple datasets(in this case,NoRH, NoRP, EIT, LASCO, MDI, SXI,
GOES,BBS, GMRT andSOON)freely accessible.The eventcommenceswith the gradualrise
of a �lament lying over a quiet region of theSun's surfaceat around03:40UT, proceedingwith
approximatelyconstantaccelerationuntil the impulsive phaseof the associated�are at around
04:45UT. The�are takesplacein anactive region 10000from the�lament's original location:by
thetime the�are starts,the�lament is almost30000away (in projection).

Sincethis is thesametime thattherapidaccelerationof theerupting�lament is observedby
NoRH,changingvelocity from 50 km s� 1 to � 650km s� 1, we arguethat this eventis strikingly
similar to thescenariofor CME accelerationpresentedby Zhanget al. (2001)andNeupertet al.
(2001). Using EIT andLASCO datafor CMEs visible in the �eld of view of the LASCO C1
camerato studytheir onset,Zhanget al. (2001)arguedthattherearethreephasesto theeruption:
(i) initiation, characterizedby a slow ascensionwith a speedless than 80 km s� 1 for tensof
minutesprior to the impulsive phase;(ii) impulsive acceleration,in which the CME undergoes
dramaticaccelerationcoincidentwith therisephaseof theassociated�are; and(iii) propagation,
characterizedby constantor slowly changingCME speed.In their data,the accelerationof the
CME ceasesnearthepeaktime of the �are soft X-ray emission,to within the limited cadenceof
theLASCOimages.Theaccelerationratesin theimpulsiveaccelerationphasearetypically in the
rangeof 100-500m s� 2.

The observationsof the �lament reportedherefollow the patternidenti�ed for CMEs very
closelyandsuggestthat theaccelerationat the impulsive phaseof theassociated�are appliesto
all the eruptingmaterial. Eachof the threephasesdescribedby Zhanget al. (2001)is exhibited
by theerupting�lament in this event(Fig.3). This eventis slightly anomalousin thatthe�lament
hasreacheda (deprojected)height of almosthalf a solar radiusbeforethe �are and the rapid
accelerationtake place,but it still �ts thepatternthat the �lament is muchslower thantheCME,
both low in theatmosphereasanerupting�lament, andhigh in theatmosphereastheCME core
which typically hashalf theCME speed(Gopalswamyet al. 2003,Figure14). Notehowever that
theprimedatasourcefor thestudyof theeruptionhereis notcoronagraphor EUV data,but radio
observationsthatstrikingly show the�lament asadepressionagainstthesolardiskandthenasan
emissionfeatureabovethesolarlimb.

Zhangetal. (2001)�nd thattherapidaccelerationphasefor CMEsceasesnearthepeaktime
of the soft X–ray emission(actually, of the 1–8 	A channelof the GOESsoft X–ray detectors).
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In this event the rapid phaseof �lament accelerationceasesby 05:00UT, well beforethe 1–8
	A GOESpeakwhich is at around05:30UT (althoughwe notethat the 0.5–4 	A GOESchannel
peaksearlierat about05:10UT). This differencein the durationof the rapid accelerationphase
in this �lament eruptioncomparedto theCMEs studiedby Zhanget al. (2001)maybe real,but
we notethat theEIT andLASCO dataavailableto Zhanget al. (2001)andNeupertet al. (2001)
hada cadenceof no betterthanabout10 minutes,so they could not investigatethe relationship
betweenthe�are impulsivephaseandCME accelerationon �ner timescales.In at leasttwo of the
four eventsstudiedby Zhanget al. (2001,1998Jun11 and1997Feb23), andin oneof thethree
eventsstudiedby Neupertet al. (2001,1998May 8 at 13 UT; in the eventon the sameday at 2
UT accelerationmustcontinuewell after the soft X–ray peak),the datacouldalsobe consistent
with accelerationendingsigni�cantly beforethe1–8 	A softX–raypeak.SinceZhangetal. (2001)
themselvesarecarefulto notethat their dataonly indicatethatCME acceleration“stopsat a time
closeto thepeaktimeof theX–ray�ux”, wedonotpresentlyregardthisdiscrepancy assigni�cant.

6.2. Comparisonwith a magnetic�ux ropemodel

Chen& Krall (2003)have studiedthe accelerationof coronalmassejectionsanderupting
�laments in thecontext of a three–dimensional�ux ropemodelfor thesephenomena(Chen1989,
1996). In this model the �ux ropeconsistsof a shell of currentdensitywith both poloidal and
toroidal components,generatinga ropeof helical magnetic�eld lines surroundedby an ambient
�eld. Thecurrentcircuit closesthroughthephotosphere.Theeruptionis drivenby the injection
of poloidal magnetic�ux into the ropefrom the photosphere,changingthe Lorentzself–forces
beweenthecurrentsystemandits magnetic�eld. Thismodelnaturallyreproducesthethree–phase
patternof accelerationdescribedabove. The maximumaccelerationof the �ux rope is attained
shortlyaftertheheightof theapex of the�ux ropeexceedsa critical heightat which theradiusof
curvatureof the ropeis minimized. For �x ed footpoints,this critical heightis half the footpoint
separation.Accelerationis essentiallycompleteby thetime the �ux ropereachesthreetimesthe
critical height.

Due to the natureof coronagraphs,it will always be dif�cult to determinethe location of
the footpointsof a CME; it is observationally easierto test the predictionsof this model for an
erupting�lament which can be seenin the lower atmosphere,and we can investigatewhether
whetherthe �ux roperelationshipholdsfor this event. Sincetheexternalforceson the �ux rope
aregenerallysmallerthantheself–forces,unlikeothermodelsfor CMEssuchasthetether–cutting
(Sturrock1989;Mooreet al. 1997,2001)andthebreakout (Antiochoset al. 1999;Aulanieret al.
2000;Sterling& Moore2001)modelswhereexternalconditionsaremoreimportant,the�ux rope
modelappliesequallywell to anerupting�lament andacoronalmassejection.
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Thelocationof thenorthernfootpointof theerupting�lament is quiteclearfrom theSXI and
theEIT 195 	A images:it lies at thenorthernendof thelong loop observedby SXI in conjunction
with theslow accelerationphaseof the�lament's rise(e.g.,Fig. 4, 04:24UT), ataboutcoordinate
-61000, +10000. Thelocationof thesouthernfootpointis notasclearfrom theimages,but it appears
to becloseto thesouthernendof theSXI loopatcoordinate-77000, -26000, justsouthof theoriginal
locationof theHa �lament. Thelineardimensionof this featureis about39000in apredominantly
north–southorientation,andthereforeit doesnot suffer from projectioneffects. This implies a
critical heightfor the �lament of order1.4 � 105 km. At 04:45whenthe �lament's acceleration
is observedto peak,it hasa (deprojected)heightof 1.8 � 105 km, assumingthat it risesradially
upwards. The �lament reachedthe critical heightat about4:37 UT, but remainedin a stateof
slow accelerationfor at leastanother5 minutes. For the accelerationpro�le of the �lament to
peakat thecritical height,thefootpointseparationwouldneedto be50000, whichwebelieveis not
supportedby theobservationssinceevenif thesouthernfootpointof the�lament lies in AR 9704
thefootpointseparationis still only 40000. However, thesemeasurementscouldstill beconsistent
with the Chen& Krall (2003)modelsincethe authorspoint out that the exact heightat which
maximumaccelerationoccursdependssomewhaton thedetailedstructureof the�lament current
pro�le, with the only �rm constraintbeingthat it will occurabove the critical heightaswe �nd
here.

6.3. Relationshipbetween�lament accelerationand �ar e

The coincidenceof the impulsive phaseof the �are andthe rapid accelerationphaseof the
�lament despitethe large spatialseparationof the two eventsis the moststriking featureof this
study. Therehasto bea triggerthatcausestherapidaccelerationof theerupting�lament to occur
at thesametime astheimpulsivephaseof the�are (just as,in thescenariopresentedby Zhanget
al. 2001,a trigger is neededto causetherapidaccelerationof CMEsat thesametime asthe�are
impulsive phase).We arguethat the impulsive phaseof the �are occursin the low coronain AR
9704,because(a)thebrightestsoftX–rayemissiontakesplacejust to thenorth–eastof thesunspot
in this region,at coordinate-65000, -25000; (b) theNoRH17GHz imagesshow thatthenonthermal
radio emissionat 17 GHz is locatedcloseto the sunspotat -68000, -32000, andthe light curve of
this sourceis very similar to the3.75GHz light curve thathasa nonthermalspectrumandso,by
inference,probablycomesfrom a similar location. At the time of the maximumaccelerationat
04:45UT, the�lament is at least1.8� 105 km away from the�are location.

Two typesof mechanismcanbeenvisagedfor thetrigger: adisturbancethatpropagatesfrom
onesite to the otherat high speed;or a large scaleevent that causesboth phenomenato happen
together. At a typical coronalAlfv �en speedof 500 km s� 1, the time taken by a disturbanceto
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propagatefrom onelocationto theotherwould beover 5 minutes.In this eventit seemsunlikely
thatany disturbancewouldpropagatefrom the�lament backto theactive region to causethe�are
there. The old view usedto be that the �are blastcausedany associatedCME but in this case,
apartfrom theobservationof aTypeII burst,thereis little evidencefor theimpulsivetypeof blast
usuallyenvisagedin this scenariosinceall theother�are diagnosticschangerelatively gradually
from 04:45to 05:00UT, andthe�lament is sofar from the�are siteat04:45thatit seemsunlikely
to beaffecteddirectlyby a blastwave from the�are.

As alsoarguedby Zhanget al. (2001) for CMEs, a large–scaledisruptionof the magnetic
�eld, suchasoccursin thetether–cuttingandbreakout models,is thetypeof triggerthatseemsto
�t thepatternobserved: it couldreleaseenergy in theactive region at thesametime asit removes
the impedimentsrestrainingthe accelerationof the �lament. In the �ux ropemodelof Chen&
Krall (2003)one can readily imagine�ares occurringat one of the footpointsof the �ux rope
wheremagnetic�ux is beinginjectedandthecoronalmagnetic�eld is beingdisturbed.It is more
dif�cult to seehow a �are couldoccurin thismodelwell away from thefootpointsof theerupting
�ux rope,asseemsto bethecasehere,sincethemagnetic�eld atsucharemotelocationwouldnot
beexpectedto bedisturbedby any self–contained�ux ropechanges.A �are at a remotelocation
couldoccurif �eld linesrootedtherearedisruptedby theeruptionof the�ux rope,but this implies
that�eld linesexternalto the�ux ropeplayasigni�cant role in inhibiting theeruption(in orderto
explain thesimultaneityof the�are andtherapidaccelerationphase),andin thatcasethemodel's
universalscalinglaw thatdependspredominantlyontheparametersof the�ux ropealone(i.e.,the
footpointseparation)wouldnotseemto apply.

7. CONCLUSIONS

We have usedradioimagingdatafrom theNobeyamaRadioHeliographin conjunctionwith
datafrom a wide rangeof othersourcesto studyanerupting�lament eventassociatedwith a fast
CME anda�are. Theadvantageof theradiodatais thehighcadencethey possess,permttingusto
follow themotionof the�lament athighspatialresolutionandhightimeresolution.Theradiodata
arealsoableto �ll in gapsin theEIT andLASCO coverageof theimpulsivephaseof theevent.

The striking featureof the eruptionis the rapid accelerationof the �lament at the time of
the impulsive phaseof the associated�are, following a very long periodof gradualacceleration
that led to soft X–ray andEUV emissionundertherising �lament but little othertraceof energy
release.Oncethe rapid accelerationhasoccurred,the apex of the �lament propagatesoutwards
at high speed,with lesseror no acceleration,while the legs of the �lament stretchout below
it. The height–timepro�le of the CME is consistentwith rapid accelerationat the sametime as
the �lament, sincea differentbehaviour would leadto the CME materialoriginatingat heights
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underneaththe�lament. This eventshows thesamethreephasesof accelerationthatZhanget al.
(2001)andNeupertet al. (2001)reportfor �are–associatedCMEs: gradualaccelerationprior to
theimpulsivephaseof the�are, thenveryrapidaccelerationduringtheimpulsivephaseandslower
or no accelerationthereafter. The�are in this eventseemsto occurwell away from thefootpoint
of the erupting�lament, which favors a model in which a large–scaledisruptionof the coronal
magnetic�eld takesplace,permittingthesimultaneouslaunchof the �lament/massejectionand
the releaseof energy in the �are site. The �are site andthe �lament areso far apartat the time
of the impulsive phasethat a disturbancepropagatingfrom one site to the other to trigger the
simultaneouseventsseemsveryunlikely.

At the University of Maryland this researchwas supportedby NSF grant ATM 99-90809
andNASA grantsNAG 5-11872,NAG 5-12860andNAG 5-10175.We thankthoseresponsible
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scienti�c use.SXI is operatedby NOAA. Wethankananonymousrefereefor pointingoutanerror
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Fig. 1.— Imagesof the�lament prior to eruptionin Ha at 23:12UT on November16 (Holloman
Air ForceBaseimage),in He 304 	A at 01:18UT on November17 (SOHO/EITimage),andin
FeXII 195 	A at 02:00and04:24UT (SOHO/EITimages).AR 9704is visible in the lower right
cornerof eachpanel.Theslow riseof the�lament is evidentin thedifferencein positionsbetween
the 02:00and04:24EIT images:the �rst clearsign of motion in the EIT imagesequenceis at
03:48UT.
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Fig. 2.— Overlaysof contoursof theNoRHradioimageson theEIT 195 	A imagesdemonstrating
themotionof the�lament againstthediskandits continuationin theradioimagesabovethelimb.
Theerupting�lament is seenasadarkfeaturein theEIT imagesuntil thelastEIT image,at04:24,
beforethedatagap.The�rst 4 radioimages,in which the�lament is seenasadepressionof radio
emissionin projectionagainstthebright disk,are17 GHz imageswhile thelast two radioimages
areat 34 GHz, wherethe materialabove the limb emitswith a brightnesstemperatureof order
9000– 12000K above thedarkbackground.
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Fig. 3.— The motion of the erupting�lament from NoRH 34 GHz data. The circlesshow the
positionof thedepressionminimumwhile the �lament wasseenagainstthesolardisk, averaged
over10000verticallyafterrotatingtheimages22� anticlockwiseto bring the�lament motionto the
horizontaldirection. The �lament wastypically 4000K below the disk brightnesstemperature.
Thecrossesshow thelocationof theleadingedgeoncethe�lament becamevisibleasanemission
featureabove the limb. For comparison,we have plotteda (solid) line of constantacceleration
(15 m s� 2) that loosely�ts thecircles,anda (dashed)line of constantvelocity (425km s� 1) for
comparisonwith the measuredheightsabove the limb: the outer edgeof the �lament appears
to acceleraterapidly between04:45and04:55UT. The distancesshown are thosemeasuredin
projectiononthesky: if the�lament is moving radiallyoutwardsfrom aboutE45onthesolardisk,
thetruedistancesarelargerby abouta factorof 1.4.
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Fig. 4.— A sequenceof SXI imagesacquiredwith theopen�lter . Theimagesarelong (3 s)expo-
sure,with saturatedpixels replacedby thecorrespondingunsaturatedpixels from thesubsequent
shortexposuretakentypically 1 minutelater. In the�rst 5 imagesthecolor tableis chosento em-
phasizeweakfeatures:thelong soft X–ray loop associatedwith theerupting�lament is indicated
in the third andfourth frames,andits motion canbe seen.The last frameshows the soft X–ray
morphologymuchlater, nearthepeakof the�are softX–rayemission.
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Fig. 5.— SOHO/LASCOC2 coronagraphdifferenceimage(05:30UT minus04:30UT) of the
CME on 2001November17. This is the �rst availableLASCO imageof the CME dueto a gap
in coveragebetween04:30and05:30.Thesolarlimb is markedby a circle, disk centerby a plus
symbol,andthe locationof the �lament prior to eruptionby a square.The sectionsof �lament
southandnorthof theequatorarelabelled,asis theleadingedgeof theCME, which canbeseen
to be bilobate,i.e., consistingof two arcs,one in the southernhemisphereand the other in the
northernhemisphere.
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Fig. 6.— Light curvesfor the radioemissionfrom the 2001November17 eventat 3.75,17 and
34 GHz,andthethermalfree–freeradio�ux predictedfrom theGOESsoft X–ray data.The3.75
(longdashes)and17GHz(solid line) �ux esarefrom theNobeyamaRadioPolarimeters,while the
34GHz�ux es(dottedline) areobtainedfrom NoRHimages.Curvesarelabelledby thefrequency.
Thecurvelabelled“17 GHzTB” (longdashes)is themaximumbrightnesstemperaturefrom the17
GHzmaps(dividedby 40000andoffsetby 200)andis aproxyfor the�ux of thenorthernsunspot
sourcein the �aring active region at 17 GHz. The total �ux at the higherfrequenciesexhibits a
gradualriseandthenslow decay:at thesefrequenciestheradioemissionis dominatedby thermal
bremsstrahlungfrom theextendedpost–�areloops(seeFig. 7). Thecurve labelled“GOES” (short
dashes)is the radio �ux predictedby calculatingthe optically thin thermalbremsstrahlungfrom
a plasmawith thetemperatureandemissionmeasurederivedfrom background–subtractedGOES
datavia thegoes routinein theSolarSoftIDL softwarepackage.



– 22 –

      

-400

-300

-200

-100

ar
cs

ec

04:30:01

Filament
03:30

      

 

 

 

 
04:50:01

      

 

 

 

 
04:55:01

-800 -750 -700 -650 -600 -550
arcsec

-400

-300

-200

-100

ar
cs

ec

05:00:01

-800 -750 -700 -650 -600 -550
arcsec

 

 

 

 
05:30:01

-800 -750 -700 -650 -600 -550
arcsec

 

 

 

 
05:45:01

Mag.
17 GHz

34 GHz 34 GHz
17 GHz 17 GHz

34 GHz 34 GHz
17 GHz 17 GHz

EIT 195
34 GHz

Fig. 7.— A sequenceof NoRH radioimagesof the�are in theactive region to thesouth–westof
the�lament. The�rst panelshows contours(solid) of the17 GHz emissionat 04:30UT overlaid
onamagnetogramfrom theMichelsonDopplerInterferometer(MDI) onSOHO,acquiredat04:48
UT. Thedashedwhite contoursindicatethe locationof the �lament prior to theonsetof motion,
from the 34 GHz imageat 03:30UT. The next 4 panelsshow contoursof the 17 GHz emission
overlaid on a greyscaleimageof the 34 GHz emissionat the times indicated. In the last panel
the greyscaleimageis an EIT 195 	A imageat 05:48UT andthe contoursrepresentthe 34 GHz
emissionat 05:45UT. Contourlevelsareat 2, 4, 6, 20, 50, 100,300& 1000� 104 K at 17 GHz
and0.4 timestheselevelsat 34 GHz. The doubleradio sourcein the bottomright cornerof the
panelsis locatedover thesunspotsin theactive region. Themain�are loop,alsoseenin theSXI
imagesof Fig. 4, is coincidentin theradioandEIT images.


