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ABSTRACT

We discussa lament eruption/coronainassejection(CME) eventassociatevith
a are of GOESclassM2.8 that occurredon November17, 2001. This eventwas
obsenedby the NobeyamaRadioHeliograpi{NoRH) at 17 and34 GHz. NoRH ob-
senesthe lament duringits eruptionbothasa darkfeatureagainsthe solardisk and
a bright featureabove the solarlimb. The high cadenceof the radio dataallows us
to follow the motion of the lament at high time resolutionto a heightof morethan
half asolarradius.The lament eruptionshowns a very gradualonsetandthenarapid
acceleratiorphasecoincidentwith the launchof a fasthalo CME. Soft X-ray and
EUV imagesshav heatingin a long loop underneaththe lament prior to the are.
The NoRH height—timeplot of the lament shavs aroughlyconstangradualacceler
ationfor anhour, followedby avery abruptacceleratiorcoincidentwith theimpulsive
phaseof the associatedare, andthena phaseof constantvelocity or much slower
acceleration.This patternis identical to that recentlyfound to occurin the motion
of are—associated@MEs,which alsoshav a sharpacceleratiorphasecloselytied to
theimpulsive phaseof the are. Whentherapidacceleratioroccursin this event,the
are site andthe lament are separatedy about0.5 R , makingit unlikely thata
disturbanceoropagate$rom onelocationto the other Modelsin which a disruption
of the large—scalecoronalmagnetic eld simultaneouslypermitsthe acceleratiorof
the lament andthe are enepgy releaseseemto be a betterexplanationfor this event.
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1. INTRODUCTION

The closeconnectionbetweenlament eruptionsand coronalmassejectionshaslong been
recognizedWebbetal. 1976;Munro etal. 1979;Kahleret al. 1988),althoughtherecontinueso
be a healthydebateaboutthe degreeof associatiorbetweerthetwo phenomengWang& Goode
1998; Gilbert et al. 2000; Gopalsvamy et al. 2003). A typical CME eruptionis now believed
to possess three—parstructure(llling & Hundhauseri986): an outerrim carryingthe bulk of
the ejectedmaterialat the highestspeedfollowed by a cavity thatis darkin coronagraphmages
but is believedto carryintensemagneticeld strengthsandthenby the lament materialthatis
generallytravelling at speedslower thanthe outerfront.

Filamentg(calledprominencesvhenviewedasemissionfeaturesabove thelimb, but we will
usetheterm lament throughoutthis paper)aremostcommonlystudiedwith Ha obsenationsin
the visible rangesince laments readily appearasabsorptionfeaturesagainstthe chromospheric
emissionat that wavelength,while coronalmassejectionsare generallyviewed with white—light
coronagraphsBut radio obsenationshave alsoprovento be a powerful techniquefor the study
of laments: at microwave frequencieshey shov up asdarkabsorptiorfeature10* K againsta
backgroundliskof > 2 10* K), andthey arealsovisible asemissiorfeaturesabose thelimb as
long asthey remainoptically thick atradiowavelengthdKundu1970;Drago& Felli 1970;Kundu
1972; Chiuderi-Dragoet al. 1975; ChiuderiDrago 1990). In particular they arereadily visible
in 17 GHz imagesfrom the NobeyamaRadioheliograpi{Hanaokaet al. 1994; Gopalsvamy &
Hanaokal998), which cover the full disk with a resolutionof order 12°°and are available at a
cadenceof 1 secondfor 8 hoursevery day This datasetis a powerful resourcefor the study
of laments andtheir eruption,asdemonstratedy Gopalsvamy et al. (2003)in a studyof 186
prominenceeruptions:the eruptingmaterialcanbe followed up to heightswell above the solar
surface,asfaras2.5R .

As notedabove,in mostCME/ lament eruptioneventsthe lament materiallagswell behind
theleadingedgeof the CME, andits behaiour is not necessarilghe sameasthe behaiour of the
CME itself. Therelationshipbetweeranerupting lament andary associate€ME is anongoing
areaof study particularlyfor theissueof causality:doesthe lament eruptiondrive the CME, or
doesheCME releaseghe lament, or arebothfeaturesonsequences somethinglse?Thisissue
is importantfor understandinghe dynamicsof CMEswith their potentialto causespaceweather
effects. In this paperwe studyan interestingCME/ lament eruptioneventin which the NoRH
radio dataallow us to studythe height—timebehaiour of the lament over several hours. We
identify the occurrencef a periodof high acceleratiorthatcoincideswith theimpulsive phaseof
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theassociatedolar are, well aftertheinitial rise of the lament. Thiseventwaswell obseredby
a wide rangeof telescopesandhencea comprehensie setof diagnosticss available: the NoRH
at 17 GHz and 34 GHz, radio patrol telescopesthe Soft X—ray Imager(SXI) on the GOES12
satellite,andthe Extreme—ultraiolet ImagingTelescop€EIT), MichelsonDopplerimager(MDI)
andLarge Angle Spectroscopi€oronagrapifLASCO) experimentson the SOHOspacecraftin
addition, this eventwasoneof the rst solar ares to be obseredwith the the Giant Meternave
RadioTelescop€GMRT) in India, whichwasoperatingn thel GHzbandatthetime. An analysis
of the eventfocussingon the GMRT datawaspresentedy Subramaniaret al. (2003). Herewe
focusmoreon the associatedament eruptionthatwaswell obsenedby NoRH, andinvestigate
how it ts into recentanalyse®f CMEs.

2. FILAMENT ACTIVATION

The eventstartswith the gradualoutward motion of a lament in the south—eastjuadranof
the Sun. The lament that eruptsin this eventis shavn in Figure 1. The panelsshov Ha, He
304 A andFe XlIl 195A imagesspanningabout5 hoursprior to the event. In the Ha imagethe
lament is quite large, andlocatedover 100P%o the north—easbf the closestactive region, AR
9704 at S18E41. The lament wasquite stableuntil sometime after 03:30UT: the nal image
in Fig. 1 shavs de nite outwardsmotionthatis rst visible by comparingsuccessie EIT images

takenat03:24and03:48UT.

The cadenceof the EIT 195 A imagesis not adequateo follow the motion of the lament
in detail, but fortunatelyit is alsoa prominentfeatureof the NoRH images. At 17 and34 GHz
the solardisk hasa brightnesgemperaturef order L0000K, anddenselaments may appearas
depressionsf brightnesgemperatur@againsthedisk becauseéhey areoptically thick atatemper
aturelower thanthis, typically 5000— 7000K (Kundu1972;ChiuderiDrago1990;Gopalsvamy
& Hanaokal998;Hanaoka& Shinkava 1999;ChiuderiDragoetal. 2001). The microwave opac-
ity in laments is provided by free—freeemissionin the ionizedcomponent.Prominencegsbove
thelimb will alsoappeain emissionf they aredenseenough(Kundul1972;Hanaokeaetal. 1994;
Gopalsvamyetal. 1996,1997;Gopalsvamy & Hanaokal998;Gopalsvamyetal. 2003). In this
eventthe lament is clearly seenasa stationarydepressiorprior to its gradualrise, andwe can
follow its evolution in theradioimages.Figure 2 presentgadio contourschoserno show the la-
mentlocation,overlaid onthe availableEIT 195 A imagesto shav the coincidencen positionat
radioandEUV wavelengths.The temperaturaepressiorof the radio featureagainstthe disk is
typically 3000— 5000K, asexpected but oncethe materialcanbe seenabove thelimb it is seen
asanemissiorfeaturewith abrightnesgemperatur@f 9000— 12000K. At 04:50UT the lament
is seermsimultaneouslyothasa depressiofustinsidethelimb andanemissionfeaturejustabove



thelimb.

NoRH dataareavailableata cadencesshortasl second.To trackthemotionof the lament
we have mademapsduring the gradualrise at 1 minute intervals and measuredhe position of
the lament relative to its initial position usingthe 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. Theresultingmeasurementsre
shavn in Figure3. Thenoiselevel in the heightmeasurementsay be estimatedrom the point—
to—pointvariations.Onceit startsmoving atabout03:35UT, thereseemto bethreestagesn the

lament motion: agradualisewith roughlyconstanacceleratiomntil about04:45UT, a phaseof
very rapidacceleratiorbetweer04:45and04:55UT, anda periodof constantelocity, or atleast
slower accelerationafter04:55UT. After 05:00UT thelegsof the lament arestill visible in the
radioimages but the leadingedgeis no longerdiscernibleabove the background.Froma movie
of theimages the evolution appeargo be the well-known patternof acceleratingstretchingof a
loop—like structurein which the legs stretchoutwardsrelatively slowly but the ape of the loop
acceleratesmuchmorerapidly.

Between03:35and 04:45 UT the acceleratiorof the bulk of the lament is probablynot
constanbut ratherincreasinggradually:the gure shovsa ducial line correspondingo aconstant
acceleratiorof 15.4ms 2 whichis initially fasterthanthe obsenedaccelerationA dashedine
shows a constantelocity of 425kms 1 for comparisorwith theheightmeasurementsfter04:50
UT:; theseparatiorf thelasttwo pointsontheplot correspondso avelocity of 650km s 1, which
is closerto the speedwe will infer below from the LASCO data. Prior to 05:00the lamentary
materialvisible in the radioimagesseemsgo be well characterizedby a commonvelocity, but at
timesafter 05:00this is not the casebecauséoththe radioandthe LASCO imagesindicatethat
theouteredgeof the lament is travelling muchfasterthanthelegsof the lament onceit stretches
to heightsabore aboutl R .

Theperiodof rapidacceleratiometweerD4:45and04:50UT roughlycoincideswith thetran-
sition of the lament from projectionagainstthe disk to projectionabove thelimb. The lament
lifted off from aboutE45,andwe assumat to travel roughlyradially, implying thatthe projected
distancesare a factorof 1.4 smallerthanthe true distancedravelled. We argue that the occur
renceof the rapid acceleratiorphasewhenthe lament reacheghe limb in projectionis purely
coincidence:it only appearghis way from our viewpoint and would not be the casefrom ary
otherviewing direction. In fact, thelastfew measurementsisidethelimb indicatethattherapid
acceleratiorphasehasalreadycommencedWe arguebelow thatthe rapidacceleratiorcoincides
with anotherfeatureof theevent,namelytheimpulsive phaseof theassociatedare. Theapparent

lament speedj.e. projectedontothe sky plane,at around04:45UT is 50 km s 1: by 05:00UT,
the speedmay alreadybe ashigh as650km s 1, which is fasterthanary of the sampleof 174
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eruptingprominencestudiedby Gopalsvamyet al. (2003). Hanaoka& Shinkava (1999)report
anerupting lament thatthey couldtrack over large distancesicrosshe solardisk becausét ob-
scuredbright active regionsat 17 GHz asit passedn front of them. Projectedvelocitiesfor the
lament in thateventareof order300— 470km s 1. Wangetal. (2003)reportEIT obsenations
of lamentary materialtravelling at a deprojectegpeedf 580km s 1, while Gopalsvamyetal.
(2003)notethat CME coresobsenedby LASCO have peakspeedsn therange600- 800km s 1
atheightscorrespondingo the LASCO C2 eld of view (their Fig. 14).

While theoverallpatternof lament motionis clearfrom Fig. 3, thereis sufcient noisein the
measurementspmplicatedy thetransitionfrom anabsorptiorto anemissionfeature to make it
dif cult to derive a detailedacceleratiorpro le. The secondderivative of a smoothedversionof
Fig. 3 shavs a peakbetweern04:45and04:50. The averageacceleratiorbenveen04:45 (velocity
50km s 1) and04:54(assumingt25km s 1) is 700m s 2. By comparison@Gilbert et al. (2000)
found only oneout of 17 eruptingprominencesn their Ha studywith anacceleratiorin excess
of 100m s 2. Thevalueof 700m s 2 is alsolargerthanis foundin mostCMEs, which is more
typically a few hundredm s 2 (Zhanget al. 2001; Neupertet al. 2001), althoughZhanget al.
(2001)reportacceleratiorof 7300m s 2 in aCME associateavith anX9 are.

3. SOFT X-RAY OBSERVATIONS OF THE RISING FILAMENT

This event was obsered by the Soft X—ray Imager(SXI) on the GOES12 satellite. A se-
guenceof imagesduring the lament's gradualrise phaseis shovn in Figure4. The rst sign
of activity associatedvith the lament'sriseis a brighteningduenorth of the active region, seen
at coordinates 640°0  100°(relative to disk center)in theimageat 04:09UT (labelled). This
featurecontinuesto brighten,and developsan extensionto the southwest. At 04:17UT a new
featureis visible: a faint long loop—shapedeatureextendingfrom the active region in the south
about300”orthwards,curving aroundtheinitial brightening. This featureis alsovisible in EIT
195 A images.Differenceimagesshow thatthe largestincreasen emissionassociatedvith this
loop occursatits southerrend,closeto the original locationof thevisible lament. Thesequence
of SXI imagesshavsthisloop featuremoving outwardsin the samedirectionasthe lament. The
northandsouthendsof theloop appeato be anchoredvhile the centralportion moveseastvards
andfadesby 04:30UT. The motion canbe seenin Fig. 4 between04:17and04:24(thelinesin
thetwo panelsarein the samelocation). Differenceimagesalsoshonv a dimmingin the location
markedat 04:31,to the north of the original soft X—ray brighteningandunderneatthe long loop.
Thesubsequentre loop,shovn in theimageat 05:16UT, is in theactive regionto the south.

If we comparel95A, radioandSXI imagesatthesametime,we nd thattheradioand195
A depressionsorrespondingo themoving lament coincide,while the long soft X—ray loop lies
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to the west,or underneaththe dark lament. This suggest®negy releaseon long eld linesin
theregion underneatlthe lament, disturbedby the passagef the lament material.

4. THE CORONAL MASS EJECTION

A haloCME wasreportedby the Large Angle Spectroscopi€oronagrapi{LASCO) on the
SOHO satellitein conjunctionwith this event. Unfortunatelyno LASCO imagesare available
between04:30and 05:30UT; the rst imageshaving the CME is at 05:30UT, whenit hasal-
readyreacheda projectedheightof 3.8 R above the solarlimb (Figure5). The analysisof the
LASCO data(seethe CDAW CME catalogat http://cdaw.gsfc.nasa.gov/CME list/ ) indi-
catesameanCME speedf 1380km s 1. At this meanspeedthelaunchtime of the CME atthe
solarsurfacewould be betweer04:50and05:00UT.

The bulk of the CME comesout to the east,consistenwith the original locationof the la-
ment.The lament we arefollowing is clearlyvisible closeto theequatoriaplane with astretched
appearancsuggestinghatthesoutherrieg of the lament is travelling muchslower thantheouter
edgeasseenn theradioimages.Theleadingedgeof the lament is ata projectedheightof about
2.4R abovethesolarlimb at05:30UT.

However, the coronagraphmagesuggestdhat the eventwas not simple: the outeredgeof
the CME consistsof two arcs,with one centeredsouthof the equatorandthe othernorth of the
equatorandbotharcsappeato have lamentary materialin their cores.Carefulinspectionof Ha
imagesspanninghe event(availablefrom the New Jersg Instituteof TechnologyBig BearSolar
Obsenatoryarchwe atftp:/ftp.bbso.njit.edu/pub/archive 2001 /11/17 |)shaowvsthatno

lament on the front (visible) side of the northernhemispherezanishedduring the relevanttime

period,suggestinghe possibility thatthe northerneventis dueto a lament eruptionbehindthe
limb in the northernhemisphere.However, the NORH 34 GHz imagesclearly indicatethat the
northern lament is anextensionof the southernlament andoriginateson thevisible disk, andis
eitherthe northernpartof the lament visible in Figurel or elseis notvisible in Ha imagesprior
tothe are.

Comparingthe C2 imagesat 05:30and05:54,we measurea propagatiorspeedof 820km/s
for thenorthernlamentary arc. It is moredif cult to measuraspeedor thesouthernlamentary
arcwhichis morediffusethanthe northernarc,but its outeredgeappearso have a speecf order
700km s 1 in thisinterval. The LASCO C2 imageat 05:54UT alsosuggestshatthe northern
and southernlaments are connectedput projectioneffects confusethe situation. The fact that
only one lament eruptedmakesthebilobateshapeof the outerenvelopeof the CME at05:30UT
somevhatpuzzling. Thetwo lobesof the CME appeato have differentspeedsby comparinghe
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locationsof the outerenvelopesof the northernand southernobesin the LASCO C3 imagesat
05:43and06:19UT, we measura speedf 1440kms ! for thenorthernlobebut 1200 100km
s 1 for the southerrlobe (the uncertaintyis larger for the southernobe becauséts outeredgeis
morediffusethanthe northernlobe's).

Concentratingon the southernlobe of the CME and the southernsectionof the lament,
whosemotionis shavn in Fig. 3, atthe projectedtime of the CME liftoff (04:50UT) the lament
hasalreadyreacheda heightof 2 10'° cm above its original location. If the lament continues
to move outwardsat 650km/s, it would reachaheightof 2.4R abaove thelimb at05:30UT. The
LASCO imageat 05:30UT shaws the outermostlamentary materialto be at aboutthis height,
while theleadingedgeof the CME is ata heightof 3.8R . In thenormalCME scenariahe bulk
of the materialthat makesup the CME would comefrom heightsabove the associatedament:
if thatscenarioweretrue here,thenthe CME materialis originally locatedabove a deprojected
heightof order3  10'° cm. Sincethe densityat theseheightsis low, it is morelikely thatthe
CME materialalsooriginatesat lower heightsand so alsohasa slower acceleratiorperiod prior
to theimpulsive phaseof the are. Extrapolatingthe CME backwardsfrom 3.8 R at1200km/s,
its heightintersectghatof the lament atabout04:55—05:0QJT, consistentvith theideathatthe
CME undegoesrapidacceleratiorat the sametime asthe lament.

5. THE FLARE

In additionto the lament eruptionandthe CME, this event featuresa long and comple
GOESclassM2.8 are originatingin NOAA active region 9704(S18E41)to the southandwest
of the original lament locationand southof the initial soft X—ray brighteningseenin the SXI
imageqFig.4). Thebrightestare loopisin theactveregion,asshavn by theSXI imageat05:16
UT in Fig. 4. Figure6 shavsradiolight curvesfor the are atseveralfrequenciestogethemwith a
predictionof theradio ux expecteddueto thermalbremsstrahlungrom the soft X—ray emitting
plasmadetectedby GOES.The 3.75 GHz light curve shows a clearimpulsive phasestartingat
04:45UT andpeakingat 05:00UT. From the absencef this peakin the higherfrequengy light
curwves, we infer that this is due to gyrosynchrotroremissionfrom nonthermalelectrons. The
higherfrequencieof 17 and 34 GHz both shov more graduallight curvesin the total ux; the
imagesat thesefrequenciesat latertimesaredominatedoy emissionfrom large—scalgost— are
loops (seebelov) andthusthe light curves representhermalbremsstrahlungrom theseloops.
They would be expectedto resemblehe GOES—predictethermalbremsstrahlungadio ux, as
they do.

A Typelll radio burst was reportedto be presentbetweenl45 and 45 MHz from 04:50to
04:55by LearmonthObsenatory, andcanbe seenn the Bruny IslandRadioSpectrometefBIRS)
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databelonv 50 MHz asavery brief fundamental-harmonitypell burstlastingonly from 05:01to

05:05.Thepresencef theTypell burstin thistime periodis consistentvith animpulsive phase
ataround04:45-04:5QJT. We notethatthe Typell burstis not obsereduntil afterthe lament
undepoesits rapidacceleratiorphase.

Radioimagesof the are at 17 and 34 GHz from NoRH dataare shovn in Figure7. The
brightestfeaturein theactve regionat 17 GHz bothbeforeandduringthe are is adoublesource
lying over a sunspofcoordinates580°9 -340°Y, with a brightnessemperaturerior to the are in
excesof 10° K. Thisis likely to beathermalcoronalgyroresonanceourcen thestrongmagnetic

eld of the sunspotgsinceit is not presentat 34 GHz. At 04:50,duringtherise of the impulsive
phaseof the are, thebrighteningto thenorthof theactiveregion, visible earlierin the SXI images
(Fig.4), hascontinuedo brighten(it is presentisa singlesmallcontourat04:30UT atcoordinates
-680P?-120°%underneathheoriginal locationof the lament). Simultaneouslyhesourceoverthe
northernsunspo{coordinates580P? -320°Y startsto brighten,andalinearfeaturestretchingfrom
this sunspottowardsthe north—eastppears. By 04:55 anotherlinear featureto the southhas
brightenedandlinked up with the northernlinear featureto form a loop—shapedtructureto the
north—easbf the sunspotsourceand connectedo the northerncomponenof it at 17 GHz. This
loop—shapedtructure(peakingat coordinates650°9 -250°Y dominateshe 34 GHz imagefrom
04:55UT onwards. While this sourcelookslike a loop, in factthe uneven brightnesslistribution
indicatesthat it is composedf several sggments. It also dominateshe SXI soft X—ray image
(Fig. 4) andtheEIT FeXll 195A image(lastpanelof Fig. 7).

Theradiospectrunfrom 17 to 34 GHz for thisloop featureis consistentvith a constantux
versusfrequeng, indicatingthatthe emissionis thermalbremsstrahlungHowever the emission
from the sunspotsourceat coordinate-580°° -320°0 whose ux increasesy abouta factorof 5
duringthe are, is nonthermal.In factits emissionhasa pro le quite differentfrom the smooth
thermalcomponentvidentin theoverall 17 and34 GHz light curves(Fig. 6), but is quite similar
to that of the 3.75GHz light curve. We thereforearguethatthe nonthermamicrowvave emission
in the impulsive phaseof this eventoriginatescloseto the sunspotsn the active region. The 34
GHz imagesalsoshav a weaksourcespatially coincidentwith the northerncomponenibut not
the southerncomponentpf the 17 GHz sunspotsourcefrom about05:00to 05:15UT (greyscale
imagesn Fig. 7).

As the are develops,the are radio andsoft X—ray emissionspreado the northandnorth—
eastof the brightestsoft X—ray loop, reachingthe original locationof the lament by 05:30UT
(Fig. 7). This con rms the associatiorbetweenthe are, CME and lament eruptiondespitethe
considerablalistancebetweerthe original lament locationandthe active region wherethe main
are occurs.
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6. DISCUSSION
6.1. Motion of the erupting lament

We have studieda gradual lament eruptionassociatedavith a GOESclassM2.8 solar are
anda fastCME usinga wide rangeof datasources.Studiessuchasthis are excellentexamples
of the power of having multiple datasets(in this case,NoRH, NoRP EIT, LASCO, MDI, SXI,
GOES,BBS, GMRT and SOON)freely accessible. The eventcommencesvith the gradualrise
of a lament lying over a quietregion of the Sun's surfaceat around03:40UT, proceedingwith
approximatelyconstantacceleratioruntil the impulsive phaseof the associatedare at around
04:45UT. The are takesplacein anactive region 100°%rom the lament's original location: by
thetime the are startsthe lament is almost300P%way (in projection).

Sincethis is the sametime thattherapid acceleratiorof the erupting lament is obseredby
NoRH, changingvelocityfrom50kms 1to 650kms !, we arguethatthis eventis strikingly
similar to the scenariodfor CME acceleratiorpresentedy Zhanget al. (2001)andNeupertet al.
(2001). Using EIT and LASCO datafor CMEs visible in the eld of view of the LASCO C1
camerao studytheir onset,Zhangetal. (2001)arguedthattherearethreephasedo the eruption:
(i) initiation, characterizedy a slow ascensiorwith a speedlessthan80 km s ! for tensof
minutesprior to the impulsive phase;(ii) impulsive accelerationjn which the CME undegoes
dramaticacceleratiorcoincidentwith the rise phaseof the associatedare; and(iii) propagation,
characterizedby constantor slowly changingCME speed. In their data,the acceleratiorof the
CME ceasesearthe peaktime of the are soft X-ray emission to within the limited cadenceof
theLASCOimages.Theacceleratiomatesin theimpulsive acceleratiorphasearetypically in the
rangeof 100-500m s 2.

The obsenationsof the lament reportedherefollow the patternidenti ed for CMEs very
closelyandsuggesthatthe acceleratiorat the impulsive phaseof the associatedare appliesto
all the eruptingmaterial. Eachof the threephaseslescribedby Zhanget al. (2001)is exhibited
by the erupting lament in this event(Fig.3). This eventis slightly anomalousn thatthe lament
hasreacheda (deprojectedheight of almosthalf a solar radiusbeforethe are andthe rapid
acceleratiortake place,but it still ts the patternthatthe lament is muchslower thanthe CME,
bothlow in the atmospherasanerupting lament, andhigh in the atmospherasthe CME core
which typically hashalf the CME speedGopalsvamyetal. 2003,Figure14). Note however that
the prime datasourcefor the studyof the eruptionhereis not coronagraplor EUV data,but radio
obsenationsthatstrikingly shav the lament asa depressiomgainsthe solardisk andthenasan
emissiorfeatureabove the solarlimb.

Zhangetal. (2001) nd thattherapidacceleratiorphasefor CMEsceasesiearthe peaktime
of the soft X—ray emission(actually of the 1-8 A channelof the GOES soft X—ray detectors).
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In this eventthe rapid phaseof lament acceleratiorceasedy 05:00UT, well beforethe 1-8
A GOESpeakwhich is at around05:30UT (althoughwe notethatthe 0.5-4 A GOESchannel
peaksearlierat about05:10UT). This differencein the durationof the rapid acceleratiorphase
in this lament eruptioncomparedo the CMEs studiedby Zhanget al. (2001) may be real, but
we notethatthe EIT andLASCO dataavailableto Zhanget al. (2001)andNeupertet al. (2001)
hada cadenceof no betterthanabout10 minutes,so they could not investigatethe relationship
betweerthe are impulsive phaseandCME acceleratioron ner timescalesln atleasttwo of the
four eventsstudiedby Zhangetal. (2001,1998Jun11 and1997Feb23), andin oneof thethree
eventsstudiedby Neupertet al. (2001,1998May 8 at 13 UT; in the eventon the sameday at 2
UT acceleratiormustcontinuewell after the soft X—ray peak),the datacould alsobe consistent
with acceleratiorendingsigni cantly beforethe 1-8 A soft X—ray peak.SinceZhangetal. (2001)
themselesarecarefulto notethattheir dataonly indicatethat CME acceleratioristopsatatime
closeto thepeaktime of theX—ray ux”, wedonotpresentlyregardthisdiscrepang assigni cant.

6.2. Comparisonwith a magnetic ux ropemodel

Chené& Krall (2003) have studiedthe acceleratiorof coronalmassejectionsand erupting
laments in the context of athree—dimensionalix ropemodelfor thesephenomen#Chen1989,
1996). In this modelthe ux rope consistsof a shell of currentdensitywith both poloidal and
toroidal componentsgeneratinga rope of helical magnetic eld lines surroundedy anambient
eld. The currentcircuit closesthroughthe photosphereThe eruptionis driven by the injection
of poloidal magnetic ux into the ropefrom the photospherechangingthe Lorentz self—forces
bewveenthecurrentsystemandits magneticeld. Thismodelnaturallyreproduceshethree—phase
patternof acceleratiordescribedabove. The maximumacceleratiorof the ux ropeis attained
shortly afterthe heightof the apex of the ux ropeexceedsa critical heightat which the radiusof
cunvatureof the ropeis minimized. For x edfootpoints,this critical heightis half the footpoint
separation Accelerationis essentiallycompleteby thetime the ux ropereacheghreetimesthe
critical height.

Due to the natureof coronagraphsit will always be dif cult to determinethe location of
the footpointsof a CME; it is obsenationally easierto testthe predictionsof this modelfor an
erupting lament which can be seenin the lower atmosphereand we can investigatewhether
whetherthe ux roperelationshipholdsfor this event. Sincethe externalforcesonthe ux rope
aregenerallysmallerthantheself—forcesunlike othermodelsfor CMEssuchasthetethercutting
(Sturrock1989;Mooreetal. 1997,2001)andthe brealout (Antiochoset al. 1999;Aulanieretal.
2000;Sterling& Moore2001)modelswhereexternalconditionsaremoreimportant,the ux rope
modelappliesequallywell to anerupting lament anda coronalmassejection.
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Thelocationof the northernfootpointof the erupting lament is quite clearfrom the SXI and
the EIT 195A images:it lies atthe northernendof thelong loop obsenedby SXI in conjunction
with the slow acceleratiorphaseof the lament'srise (e.qg.,Fig. 4,04:24UT), ataboutcoordinate
-610°9+100° Thelocationof the southerrfootpointis notasclearfrom theimageshut it appears
to becloseto thesoutherrendof the SXI loop at coordinate 770°°-260°%just southof theoriginal
locationof theHa lament. Thelineardimensiorof this featureis about390°4n a predominantly
north—southorientation,and thereforeit doesnot suffer from projectioneffects. This implies a
critical heightfor the lament of order1.4 10° km. At 04:45whenthe lament's acceleration
is obsenedto peak,it hasa (deprojectedheightof 1.8  10° km, assuminghatit risesradially
upwards. The lament reachedhe critical heightat about4:37 UT, but remainedin a stateof
slow acceleratiorfor at leastanother5 minutes. For the acceleratiorpro le of the lament to
peakatthecritical height,thefootpointseparatiorwould needto be 500°°which we believe is not
supportediy the obsenationssinceevenif the southerrfootpointof the lament liesin AR 9704
the footpointseparations still only 400°® However, thesemeasurementsould still be consistent
with the Chen& Krall (2003) modelsincethe authorspoint out that the exact heightat which
maximumacceleratioroccursdependsomevhaton the detailedstructureof the lament current
pro le, with theonly rm constraintbeingthatit will occurabove the critical heightaswe nd
here.

6.3. Relationship between lament accelerationand ar e

The coincidenceof the impulsive phaseof the are andthe rapid acceleratiorphaseof the
lament despitethe large spatialseparatiorof the two eventsis the moststriking featureof this
study Therehasto beatriggerthatcauseshe rapidacceleratiorof the erupting lament to occur
atthe sametime astheimpulsive phaseof the are (justas,in the scenarigresentedby Zhanget
al. 2001,atriggeris neededo causetherapid acceleratiorof CMEs at the sametime asthe are
impulsive phase).We amguethattheimpulsive phaseof the are occursin thelow coronain AR
9704 ,becauséa)thebrightestsoft X—ray emissiontakesplacejustto thenorth—easof thesunspot
in this region, at coordinate-650°?-250°° (b) the NoRH 17 GHz imagesshaw thatthe nonthermal
radio emissionat 17 GHz is locatedcloseto the sunspotat -680°9 -320°0 and the light curve of
this sourceis very similar to the 3.75GHz light curve thathasa nonthermakpectrumandso, by
inference probablycomesfrom a similar location. At the time of the maximumacceleratiorat
04:45UT, the lament is atleast1.8 10° km away from the are location.

Two typesof mechanisntanbe ervisagedor thetrigger: adisturbancehatpropagatefrom
onesite to the otherat high speed;or a large scaleevent that causedoth phenomendo happen
together At a typical coronalAlfv en speedof 500 km s 1, the time taken by a disturbanceto
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propagatdrom onelocationto the otherwould be over 5 minutes.In this eventit seemsaunlikely
thatary disturbancevould propagatdérom the lament backto theactive regionto causethe are

there. The old view usedto be thatthe are blastcausedary associatedCME but in this case,
apartfrom theobsenrationof a Typell burst,thereis little evidencefor theimpulsive type of blast
usuallyervisagedin this scenaricsinceall the other are diagnosticxhangerelatively gradually
from 04:45to 05:00UT, andthe lament is sofarfrom the are siteat04:45thatit seemsunlikely
to be affecteddirectly by a blastwave from the are.

As alsoarguedby Zhanget al. (2001)for CMESs, a large—scalalisruptionof the magnetic
eld, suchasoccursin thetethercuttingandbrealout models,is thetype of triggerthatseemso
t thepatternobsened: it couldreleaseenegy in theactive region atthe sametime asit removes

the impedimentgestrainingthe acceleratiorof the lament. In the ux ropemodelof Chen&
Krall (2003)one canreadily imagine ares occurringat one of the footpointsof the ux rope
wheremagneticux is beinginjectedandthe coronalmagneticeld is beingdisturbed.It is more
dif cult to seehow a are couldoccurin this modelwell away from thefootpointsof theerupting
ux rope,asseemso bethecasehere,sincethemagneticeld atsucharemotelocationwould not
be expectedto bedisturbedby ary self-containedux ropechangesA are ataremotelocation
couldoccurif eld linesrootedtherearedisruptedoy theeruptionof the ux rope,but thisimplies
that eld linesexternalto the ux ropeplay asigni cantrolein inhibiting the eruption(in orderto
explain the simultaneityof the are andtherapidacceleratiorphase)andin thatcasethe model's
universalscalinglaw thatdependgredominantlyonthe parametersf the ux ropealone(i.e.,the
footpointseparationyvould not seento apply.

7. CONCLUSIONS

We have usedradioimagingdatafrom the NobeyamaRadioHeliographin conjunctionwith
datafrom a wide rangeof othersourcedo studyan erupting lament eventassociatedavith a fast
CME anda are. Theadwantageof theradiodatais thehigh cadencehey possesgyermttingusto
follow themotionof the lament athigh spatialresolutionandhightime resolution.Theradiodata
arealsoableto Il in gapsin theEIT andLASCO coverageof theimpulsive phaseof the event.

The striking featureof the eruptionis the rapid acceleratiorof the lament at the time of
the impulsive phaseof the associatedare, following a very long periodof gradualacceleration
thatled to soft X—ray andEUV emissionundertherising lament but little othertraceof enegy
release.Oncethe rapid acceleratiorhasoccurredthe ape of the lament propagatesutwards
at high speed,with lesseror no accelerationwhile the legs of the lament stretchout below
it. The height—timepro le of the CME is consistentith rapid acceleratiorat the sametime as
the lament, sincea differentbehaiour would leadto the CME materialoriginating at heights
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underneathhe lament. This eventshowvs the samethreephase®f acceleratiothatZhangetal.
(2001)andNeupertet al. (2001)reportfor are—associatedCMEs: gradualacceleratiorprior to
theimpulsive phaseof the are, thenveryrapidacceleratiomuringtheimpulsive phaseandslower
or no acceleratiorthereafter The are in this eventseemgo occurwell awvay from the footpoint
of the erupting lament, which favors a modelin which a large—scalelisruptionof the coronal
magnetic eld takesplace,permittingthe simultaneousaunchof the lament/massejectionand
thereleaseof enegy in the are site. The are siteandthe lament areso far apartat the time
of the impulsive phasethat a disturbancepropagatingfrom one site to the otherto trigger the
simultaneougventsseemsvery unlikely.

At the University of Maryland this researchwas supportedoy NSF grant ATM 99-90809
andNASA grantsNAG 5-11872,NAG 5-12860andNAG 5-10175. We thankthoseresponsible
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scienti ¢ use.SXl is operatecdby NOAA. We thankananorymousreferegfor pointingoutanerror
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Fig. 1.— Imagesof the lament prior to eruptionin Ha at23:12UT on Novemberl6 (Holloman
Air ForceBaseimage),in He 304 A at 01:18UT on Novemberl7 (SOHO/EITimage),andin

FeXIl 195A at02:00and04:24UT (SOHO/EITimages).AR 9704is visible in the lower right

cornerof eachpanel. Theslow riseof the lament is evidentin thedifferencen positionsbetween
the 02:00and04:24 EIT images:the rst clearsign of motionin the EIT imagesequenceés at
03:48UT.
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Fig. 2.—Overlaysof contoursof theNoRH radioimagesonthe EIT 195 A imagesdemonstrating
themotionof the lament againsthe disk andits continuationn theradioimagesabove thelimb.
Theerupting lament is seenasa darkfeaturein theEIT imagesuntil thelastEIT image,at04:24,
beforethedatagap.The rst 4 radioimagesjn whichthe lament is seenasa depressiomf radio
emissionin projectionagainsthebright disk, are17 GHz imageswhile thelasttwo radioimages
are at 34 GHz, wherethe materialabove the limb emitswith a brightnessemperatureof 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 the depressiominimum while the lament wasseenagainstthe solardisk, averaged
over 100°Yertically afterrotatingtheimages22 anticlockwiseto bringthe lament motionto the
horizontaldirection. The lament wastypically 4000K belon the disk brightnessemperature.
Thecrosseshaow thelocationof theleadingedgeoncethe lament becamevisible asanemission
featureabove the limb. For comparisonwe have plotted a (solid) line of constantacceleration
(15m s ?) thatloosely ts thecircles,anda (dashed)ine of constantvelocity (425km s 1) for
comparisonwith the measuredcheightsabove the limb: the outer edgeof the lament appears
to accelerateapidly between04:45and 04:55 UT. The distancesshovn are thosemeasuredn
projectiononthesky: if the lament is moving radially outwardsfrom aboutE45onthesolardisk,
thetruedistancesrelargerby aboutafactorof 1.4.
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Fig. 4.— A sequencef SXI imagesacquiredwith theopen Iter . Theimagesarelong (3 s) expo-
sure,with saturategixelsreplacedoy the correspondinginsaturategixelsfrom the subsequent
shortexposuretakentypically 1 minutelater. In the rst 5 imagesthecolortableis choserto em-
phasizewveakfeaturesithelong soft X—ray loop associatedvith the erupting lament is indicated
in the third andfourth frames,andits motion canbe seen. The last frame shows the soft X—ray
morphologymuchlater, nearthe peakof the are soft X—ray emission.
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Fig. 5.— SOHO/LASCOC2 coronagrapldifferenceimage (05:30UT minus04:30UT) of the
CME on 2001 Novemberl?7. Thisis the rst available LASCO imageof the CME dueto a gap
in coveragebetweerD4:30and05:30. The solarlimb is marked by a circle, disk centerby a plus
symbol,andthe locationof the lament prior to eruptionby a square.The sectionsof lament

southandnorthof the equatorarelabelled,asis the leadingedgeof the CME, which canbe seen
to be bilobate,i.e., consistingof two arcs,onein the southernhemisphereandthe otherin the
northernhemisphere.
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Fig. 6.— Light curvesfor the radio emissionfrom the 2001 Novemberl7 eventat 3.75,17 and
34 GHz, andthethermalfree—freeradio ux predictedfrom the GOESsoft X—ray data. The 3.75
(longdashesand17 GHz (solidline) ux esarefrom the NobeyamaRadioPolarimeterswhile the
34 GHz ux es(dottedline) areobtainedrom NoRHimages.Curvesarelabelledby thefrequeng.
Thecurwelabelled*l7 GHzTg” (longdashesijs themaximumbrightnesgsemperaturéromthe 17
GHz maps(dividedby 40000andoffsetby 200)andis a proxy for the ux of thenorthernsunspot
sourcein the aring active region at 17 GHz. Thetotal ux atthe higherfrequenciesxhibits a
gradualrise andthenslow decay:at thesefrequencieshe radioemissionis dominatecby thermal
bremsstrahlunfrom the extendedpost— areloops(seeFig. 7). Thecurwe labelled"GOES” (short
dashes)s theradio ux predictedby calculatingthe optically thin thermalbremsstrahlungrom
a plasmawith thetemperatureandemissionmeasurelerivedfrom background—subtractédOES
datavia thegoes routinein the SolarSoftiDL softwarepackage.
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Fig. 7.— A sequencef NoRH radioimagesof the are in the active region to the south—wesbf

the lament. The rst panelshowvs contours(solid) of the 17 GHz emissionat 04:30UT overlaid
onamagnetogranrom theMichelsonDopplerinterferomete({MDI) on SOHO,acquirecat04:48
UT. The dashedvhite contoursindicatethe locationof the lament prior to the onsetof motion,
from the 34 GHz imageat 03:30UT. The next 4 panelsshov contoursof the 17 GHz emission
overlaid on a greyscaleimageof the 34 GHz emissionat the timesindicated. In the last panel
the greyscaleimageis an EIT 195 A imageat 05:48UT andthe contoursrepresenthe 34 GHz
emissionat 05:45UT. Contourlevelsareat 2, 4, 6, 20, 50,100,300& 1000 10*K at17 GHz
and0.4 timestheselevels at 34 GHz. The doubleradio sourcein the bottomright cornerof the
panelsis locatedover the sunspotsn the active region. Themain are loop, alsoseenin the SXI
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