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Abstract. Obsenationsof a solar are at 617 MHz with the Giant Meter-wave Radio Telescopeare usedto studythe
morphologyof are radio emssiorat decimetricwavelengths Therehasbeenvery little imagingin the 500— 1000MHz
frequeng range butit is of greatinterestsinceit correspond$o densitiesatwhich enepy is believedto bereleasedn solar
ares. This eventhasa very distinctive morphologyat 617 MHz: the radio emissionis clearly resohed by the 30°%eam
into arc—shapedourceseemingo lie atthetopsof longloops,anchoredat oneendin the active regionin whichthe are
occurswith theotherendlying some200000km away in aregion of quietsolaratmosphereMicrowave imagesshaw fairly
corventionalbehaiour for the are in the active region: it consistsof two compactsourcesoverlying regionsof opposite
magneticpolarity in the photosphereThe decimetricemissionis con ned to the periodleadingup to theimpulsive phase
of the are, anddoesnot extendover awide frequeng range.This factsuggests are mechanisnin which the magnetic
eld atconsiderabldeightin the coronais destabilizedh few minutesprior to themainenepgy releasdower in thecorona.
Theradiomorphologyalsosuggestshatthe radiatingelectronsaretrappednearthetopsof magnetidoops,andtherefore
may have pitchanglesnear90 .
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1. Intr oduction

Therehasbeenessentiallyno imagingof solarradio burstsin the decimetricwavelengthrange(fre-
guenciess00to 1000 MHz), althoughtherehasbeenextensive monitoringof ux esin this range,
notably by the ETH—Zurich radio group (Giidel and Benz, 1988; Isliker and Benz, 1994; Benz,
2004)andthe Ondrejo group (Jiricka et al., 2001; Jiricka et al., 2002). From this monitoringit is

known thatthereis awide arrayof (usually are-related)burstswith distinctve morphologiesn the
frequeng—time domain.Theseburstshave to bebrightin orderto be detectedandtheir behaiour is

quitedifferentfrom the synchrotroremissiornproducedoy accelerate@lectronsat highermicrovave
frequenciedlt is thereforebelievedthatmostof theseburstsaredueto coherenplasmaemissionprin

somecaseglueto coherentyclotronmasermprocesseswyith very high brightnessemperaturegDulk

andWinglee,1987;Melrose,1999).Theonly trueimagingobsenationsin thisrangearethoseat 843
MHz from the Molonglo SynthesisTelescopdGray et al., 1990),which is a one—dimensionarray
that usedearth—rotatiorsynthesigo achiere imageswith a resolutionof 43°° 1109 The Nanay
RadioHeliograph(NRH) makesimagesat the longerdecimetricwavelengthqfrequencies827,410
and432MHz), andthe Very Large Array canmake high—-resolutionmagesat 327 MHz.

p;‘w ¢ 2006Kluwer Academid?ublishes. Printedin the Netherlands.



2 Kunduetal

Basedon the characteristipropertieof the solaratmosphereat thesefrequenciega plasmafre-
queny of 500MHz correspondso anelectrondensityof 3 10° cm °) theradioemissiororiginates
above the denseloopslow in the solaratmospherghat arevisible in soft X—ray and EUV images.
Decimetricemissionilluminatesmagneticeld linesthatcanbedif cult to seeat otherwavelengths,
andit requiresenepeticelectronssothe morphologyof the emissionis of interestbecausét re ects
thephysicallocationof theradiatingelectronsandmaythereforeprovide cluesto theirgenesisType—
IlI-lik e emissionswhich drift rapidly from high to low frequenciesareexpectedo lie onopen eld
lines,while continuacon ned to anarraver frequeng rangeareexpectedo beonclosed eld lines.

Determiningthe morphologyof solardecimetricradio emissionrequireshigh resolutionimaging
obserations,which canbe achieved with the Giant Metre—wave Radio Telescopg GMRT) thanks
to the wide rangeof spatialscalest samplesAt 617 MHz solarmapswith GMRT arelikely to be
quite differentfrom both lower and higherfrequenciesThis frequeng is usually aborve the range
of solar noisestormswhich often dominatethe non- aring Sunat, e.g.,327 MHz wherethe Very
Large Array andthe Nan@y RadioHeliograph(NRH) canobsenre, so quiet-Sunmapswill bemore
sensitve, while ares areknown to exhibit a wide rangeof plasmaphenomenat this frequeng. It
is closeto the plasmafrequeng at the level believed to separate@penandclosed eld lines above
active regions,andthuswe expectto seethe sourcef enegeticelectronswvhich propagatérom this
frequenyg towardslower frequencieson open eld lines. Obserationsof a solar are on Nov. 17,
2001,at 1000MHz usingGMRT have beenpublishedoy Subramaniaetal. (2003)andKunduetal.
(2004),while Mercieret al. (2005)discusshe combinationof higherresolutionGMRT visibilities
with shorterspacingNRH data.In this paperwe reporton an event obsered with GMRT at 617
MHz on 20020ctober6. We comparedecimetricimageswith microvave imagesof the sameevent
from the NobeyamaRadioheliograpi{NoRH) that reveal the natureof actvity much lower in the
corona.ln this eventthe actvity at 617 MHz precedeshe mainimpulsive are phaseseenat other
wavelengthshut it is well resoled spatiallyby the GMRT obserationsandtheimagesreveal very
interestingoropertiesof the decimetricemission.

2. Obsewations

2.1. CONTEXT

Figurel shavs theactive region andsurroundingsn a195A Fe Xll EUV imagefrom the Extreme—
ultraviolet Imaging TelescopdEIT) on the SOHO satelliteat 04:36 UT, togetherwith longitudinal
magneticeld contoursshawing the locationof sunspotswithin the active region. The active region
is dominatedby a positive—polarityleadingspot,but justto the westof this spotis anarcof magnetic
eld of mixed polarity. At thetrailing endof the active region is a hegative—polarityspotandsome
brighterEUV emissioroverwealer elds. A sequencef magnetogramom SOHO/MDIshavsthe
large spotto berotatingclockwisearoundthetime of the event,andmagneticux of bothpolarities
beingexpelledradially outwardsfrom the vicinity of this spot. The high—frequeng radio emission
from this eventinvolvesthelargestspotandthetrailing portionof theregion. However, thedecimetric
emissionalsoinvolves (in projection)theregion in the bottomleft quadranbf Fig. 1 whereneither
magneticeld nor pre—aisting bright EUV loopsarepresentTherewereno TransitionRegion And
CoronalExplorer(TRACE) or EIT imagesat EUV wavelengthsof the region during the are, and
thehardX-raytelescopd&keuven RamatyHigh Enegy SolarSpectroscopitmager(RHESSI)wasin
night.

Light cunesatselectedadiofrequenciesndin soft X—raysareshavn in Figure2. In soft X—rays
thiswasquite a shorteventwith a rapiddecline(whichis why therewasno signof are loopsin the
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Figure 1. An EUV image (with reversedcolor table) of the active region in which the are occurs.The imageis from
the Extreme-ultraiolet Imaging Telescopen the SOHOsatellitein a passbandlominatedby the Fe XIl 195A line. The
contoursshav thelongitudinalmagneticeld datafrom the SOHO/MDlinstrument( 500Gauss).

subsequerElT imageat 05:12UT: seeFig. 7 below). A gradualisebeginsat04:48UT, changingo
arapidriseat04:50UT andapeaknear04:52UT.

Theradiodatashavn in Fig. 2 wereobtainedby the patroltelescopesf theUS Air Forces Lear
monthstation.We shav the ux atafrequeng, 610 MHz, thatis at the edgeof GMRT's observing
frequeng bandfrom 610to 626 MHz, togetherwith the patrol dataat the adjacenfrequencieof
410and1415MHz anda representate microvave frequeng of 8.8 GHz. The striking featuresof
the 610 MHz burstarethatit begins well beforeemissionat otherradio frequenciesthe emission
is quite bright (the burst peakis closeto the total quiet—Sunux of 58 sfu at this frequeng, but yet
the decimetricradioburstis barelyif atall visible onthe dynamicspectrumacquiredby the Hiraiso
RadioSpectrograph)@ndthereis no correspondingmissionat410or 1415MHz, implying thatthe
decimetricburstis con ned in frequeng. The610MHz emissionuctuatesrapidly Theemissionat
higherfrequencieshavs animpulsive spike closeto 04:50UT, followed by a moreextendedphase
from 04:52to 04:55UT. The sharprise in theimpulsive spike appeargo coincidewith the change



80

60

40

20

80

60

40

20

80
60

Radio flux (sfu)
o

40

20

80
60
40

20

2.0-10°
1.5.10°
1.0-10°
5.0-10°

Kunduetal

8800 MHz

1415 MHz

610 MHz

[

410 MHz

GOES soft X-rays

04:48

:b_ll I|IIII|IIII|IIII| II|III|III|III|III|

o

0450 0452 0454
Time (UT)

56

Figure 2. Lightcurvesof the are at selectedradiofrequenciegupper4 panels aslabelled;unitsaresolar ux units)and
in soft X-rays (GOES1-8A channelJower panel;unitsareWattsm 2). The radio dataarefrom the patrol telescopesit

the Learmonthstationof the RadioSolarTelescopéNetwork operatedy the US Air Force.
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in slopeof the soft X—ray emissionandthe 610 MHz emissionessentiallyterminatesa few seconds
later

2.2. MICROWAVE IMAGING DATA

In the absenceof RHESSI, TRACE or EIT imagesof the are, 17 and 34 GHz imagesfrom the
NobeyamaRadioHeliograph(NoRH) provide avaluablepictureof theassociate&negeticphenom-
enain thelower atmospherdrigure3 shavs asampleof radioimagesoverlaidascontourson awhite
light image of the active region. The NoRH datawere processedvithin the AIPS packageusing
standardechniquesat 1 s time resolutionanddecowolved usingrestoringbeamsof 12%°at 17 GHz
and10”®at 34 GHz.

Theimagein the top left panelof Fig. 3 is a pre are image.Black contoursshav the 17 GHz
emissionwhich is dominatedby a gyroresonancesourceover the largestsunspotwith a brightness
temperaturef 650000K. A coronalmagneticeld of order2000G (assuminghird—harmoniopac-
ity) is requiredto producethis sourceThecircularpolarizationmageat 17 GHz shavs this spotto be
right circularly polarized,consistenivith the expectedextraordinarymodeemissionin the outward
magneticelds of the positively—polarizedsunspobeneattit; thedegreeof polarizationis 75%.

The remainingpre are emissionat 17 GHz is weakly polarizedif at all andwe attribute it to
thermalbremsstrahlundrom coronalplasma.n particular the peakin the 17 GHz emissionat the
trailing end of the active region, marked by a black cross,is at the location of the brightestemis-
sionin the EIT Fe Xll imageshavn in Fig. 1. The pre are 34 GHz emissionwhich we expectto
be completelydominatedby thermalbremsstrahlungalso shavs a peakat this location andlocal
peaksat two otherlocationswherethe 17 GHz imagealso shavs local peaks,consistentwith the
bremsstrahlungqterpretation.

The are emissionis shavn in the remaining ve panels:in eachcasewe have subtractedhe
pre are imagebeforeplotting for clarity. Throughouthe eventtheradioemissionis localizedin two
distinct sourcespne essentiallycoincidentwith the gyroresonancsourcein the westand another
60P%away, adjacentto the pre are thermalpeakin the trailing (eastern)part of the active region.
During the earlyrise phaseof the event,at 04:49:35 the westernsourceover the large sunspots the
brightersourceandit shavs cleardouble—structuralongthenorth—east/south—wiegxiswith thetwo
componentseparatethy aboutabeamwidth (12°. For severalsecondshe mainsunspotomponent
location brightenswithout much changeat the north—eastocationbut thennenv componento the
north—eastclearlyseenin the 04:49:35panel,is the strongercomponenfor about5 secondsAt this
time the easterrsources barelyvisible. Thewesternsourcedominateshe ux duringtheimpulsive
spike at 04:50UT at both 17 and34 GHz, althoughthe easterrsourcegrows in relatve importance
duringthis period.By 04:52:03UT, the westernsourcehaslargely decayedaway, particularlyat 34
GHz,with thelocationshifting backtowardsthe originallocationof the gyroresonancsource while
the easterrsourcehascontinuedto strengthenDuring the extendedphasefrom 04:52to 04:55,the
westernsourcedoesnot shaw much brighteningat all, whereasthe easternsourcebecomesaven
brighterthanit was during the main impulsive spike. It too appeardo be extendedin the north—
east/south—weslirectionduringthistime.

Thetwo are sourcediave oppositesensesf circularpolarizationat17 GHz:thewesterrsourcds
right—circularly—ptarized (RCP),aswastheassociategre are gyroresonancsourceandthedegree
of polarizationduringtheinitial impulsive spike is of order70%.Theeasterrsourcds left—circularly—
polarized(LCP), at about30% during the initial impulsie spike andthencloserto 15% duringthe
extendedphaseNoRH light curvesfor thetwo distinctsourcesareshavn in Figure4. Thecurnesare
obtainedby summingall the ux in disjoint boxesthatcontainthetwo sourcesThe gure con rms
theimpressiorgivenin theimagesof Fig. 3: thewesternsourcedominategheinitial impulsive spike
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Figure 3. Imagesof themicrowvave radioemissionfrom the are at 17 GHz (blackcontoursyand34 GHz (white contours)
fromtheNobeyamaRadioHeliograph overlaidonawhite—lightimageof theactive region from the SOHO/MDI telescope.
The image at top left shavs pre are emission.The 17 GHz pre are imageis dominatedby a gyroresonanceource
over the leadingsunspotin the active region; it is right circularly polarized,consistentwith the positive polarity of the
underlayingspot,andhasabrightnessemperaturef 650000K. Thelowest17 GHz contouris at5000K andcontoursare
logarithmicallyspacediwo contoursbeinganincreaseby a factore. The peakpre are brightnessemperatureat 34 GHz
is 30000K and 34 GHz pre are contoursstartat 5000K. In subsequenpanelsthe pre are imageshave beensubtracted
fromthe are imagesheforeplotting, andthelowestcontouris at40000K for 17 GHz and20000K for 34 GHz, exceptfor
17 GHz at 04:50:03whenthe bottomcontouris 25000K to emphasizé¢he extensionof the westernsourceto the east.As
referencepoints,thelocationof the pre are 17 GHz gyroresonanceeakis marked by a white crossin all panelsandthe
locationof the 17/34GHz pre are peakatthe easternendf theactive regionis marked by a blackcross.Theresolutionis
1%t 17 GHz and10°%at 34 GHz.
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Figure 4. A comparisorof theradiolight curvesfor the easterr{lower panel)andwestern(upperpanel)microvave are
sourcesln eachcasethe solid line is the 17 GHz total intensity the dottedline is the 17 GHz circularly polarizedintensity
(StokesV) andthedashedine is the 34 GHztotalintensity Thetimeresolutionis 1 secondThewesterrsources positively
circularly polarizedandthe easterrsourceis negatively polarized both correspondingo x modepolarizationwith respect
to theunderlyingphotospherienagneticeld.

but is not bright duringthe subsequergxtendedohasenvhenthe easterrsourceprovidesnearlyall of

the emission.An interestingresultthatis notimmediatelyapparenfrom the contourimagesis the

differencein the spectraof the two sourcesthe westernsourcehasa typical nonthermalpectrum
with the 17 GHz ux greatlyexceedingthe 34 GHz ux, whereasn the easterrsourcethe 17 and
34 GHz ux esare comparableThe spectrumof the easternsourceis apparently at from 17 to

34 GHz bothin the initial spike andin the extendedphase Normally we would interpretthis asa

sign of optically thin thermalbremsstrahlundyut the spiky natureof thetime pro le andits lack of

resemblanc#o the GOESsoft X—ray light curve aueagainstsuchaninterpretatiorandwe believe

it to benonthermakmissionwith eitherananomalouslyat spectrumpr a pealed spectrunwith the

peaklying corvenientlybetweenl7 and34 GHz.

Thedominanceof the radio emissionby two oppositely—polared compactsourcesuggestshat
they arefootpointsat oppositeendsof aloop systemWe have lookedfor radioemissionn theregion
betweerthetwo bright sourceghatmight, e.g.,indicatea magneticconnectiorbetweerthem,ashas
beenseenin otherevents(e.g.,Grechng etal., 2003).Thereis no sign of sucha connectiorduring
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Figure5. A comparisorof theradiolight curvesfor theeaster{dashedine) andwesterrn(solid histogrammicrovave are
sourceslin theupperpanelthe 17 GHz ux esarecomparedith the easterrsource ux multiplied by 3 for comparison.
In the lower panelthe 34 GHz ux esareplotted. The time resolutionof the mapsusedto derive these ux esis 0.1 s, but
the34 GHz ux eshave beensubjectedo a 3—pointsmoothingto reducethe noiselevel.

therising phaseof the impulsive spike, down to quite low levels of emission.The only periodwhen
suchemissionfrom a possibleloop connectionis visible in the radio imagesis from 04:49:45to

04:50:10,whena nger of emissionclearly extendseastvardsfrom the westernsourcetowardsthe

easterrsource(seethepanelat04:50:03in Fig. 3). After thistime howeverthewesterrsourcedecays
rapidly. Thereis no obviousfeatureat this loop positionin the pre are image.

Anothertestfor a magneticconnectionbetweenthe two sourcedlies in similarity of the time
pro les, ontheassumptiorthatthe samenonthermaklectrongpropagatéackandforth alongmag-
netic eld lines connectingthe footpoints.We have alreadyseenthat both sourcesemit during the
initial impulsive spike, but not during the extendedphaseln othereventsit hasbeenamuedthata
connectiorbetweenwo well-separatedourcesanexist earlyin theeventbutis disruptedduringthe
impulsive phaseandnotapparentaterin theevent(Kunduetal.,2001).To investigatehisfurtherwe
plotin Figure5 thelight curvesof thetwo sourcesluringtheinitial impulsive spike usingmapsmade
with eventdataevery 0.1s. This comparisorshavs thatthevariationsin thetwo sourcesappeato be
well correlatedrom the peakonwards,but the emissionbegins in the westernsourcewell beforeit
is seenin theeasterrsource andtheindividual peaksareat slightly differenttimes.No simpledelay
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improvesthe correlationof the light cunes. At both 17 and 34 GHz, the time of peak ux in the
easterrsourceis aboutl.0 0.2 seconddaterthanthetime of peak ux in the westernsource For
comparisona 100keV electrontakesabout0.3 secondgo propagatdrom the westernsourceto the
easterrsource andtheline of sightlight—travel-timedifferencebetweerthe projectedphotospheric
locationsof thetwo sourceg 50 is about0.1 seconds.

2.3. GMRT OBSERVATIONS AT 617 MHz

TheGMRT is locatedabout80 km northof thecity of Punein Maharashtrandia. It consistof thirty
45m-diameteantennaspreadover 25 km. Half of thesearein a compact,randomly distributed
arrayof aboutl km. Theshortesbaselinds 100mandthelongestis 26 km. Furtherdetailsaboutthe
GMRT canbefoundontheweb pagehttp://www.gmrt.ncr at ifr .res.in.

Solar obsenations with GMRT are describedby Subramaniaret al. (2003) and Kundu et al.
(2004).For this obsenration a time resolutionof 2.11 s wasused.The dataconsistof 32 channels
coveringa 16 MHz bandwidthfrom 610to 626 MHz. Datawerecalibratedusingthe source3C283
(13 Jy) andconvertedto continuumvisibilities with a nominalcenterfrequeng of 617.5MHz. The
outermostl1 antennasverenot usedfor mappingsinceno ux waspresenbn baselinesvith these
antennasMapping was carried out with the remaining16 good antennasproviding a beamsize
of order 30°° At this frequeny GMRT datado not containsufciently short baselinesto image
the solardisk, sothe imagesare only sensitve to smallerstructures Solarattenuatorsre usedfor
GMRT obserationsandtheir effect on the amplitudesis not well understoodnominally they are
30 dB attenuatorsFortunately for this eventwe cancomparethe GMRT 617 MHz ux eswith the
RSTN Learmonth610 MHz ux es.The two datasetsshawv identicaltime structureandwe infer a
scalingfactorof order2500to correctthe rav GMRT datato the RSTN ux levels. An additional
calibrationwasappliedto the burstdatabasedon a self—calibratiorsolutionderivedfrom dataat the
peakof the617 MHz burst. The signal-to—noisachieved at the peakwasalmost500, with thenoise
level in theimagesbeingof order3  10° K during low—ux periods.Both right andleft circular
polarizationsareobsered by GMRT. Accordingto simpletheory emissioncloseto the fundamental
of theplasmafrequeng f, = 9000  ne dueto corversionof electrostatid. angmuirwaves,whichis
commonat decimetricwavelengths shouldbe highly polarizedin the senseof the ordinary mode
becausethe extraordinarymode cannotpropagateat frequenciesbelov a cutof at  fy+ fg=2,
wherefg = 2.8 10° Bgaussis the electrongyrofrequeny. On the otherhand,plasmaemissionat
afrequeny 2f,, dueto coalescencef two Langmuirwavesis generallyweakly polarizedfor typical
valuesof the coronalmagnetic eld strengthin plasmaemissionsources(Zlotnik, 1981; Melrose
etal., 1980).

GMRT imagesat selectedimesareshavn in Figure6. Thetop setof panelsshavs the pre—turst
emissiormorphologyin right (upperpanels)andleft (lower panels)ircular polarizationsThe RCP
sourcehasthe appearancef a curved loop—shapedeaturestraddlingthe largestspotin the active
region. However, the expectedheightof the 617 MHz emissioncombinedwith the easterfocationof
the active region producesconsiderablaffsetsdueto projectionof the 617 MHz emissionontothe
solarsurface.Thepre are RCPsourceis closeto 100%circularly polarized,andhenceis unlikely to
bedueto thermalemission.Sucha high degreeof polarizationis consistentvith plasmaemissionat
thefundamentabf f,. The pre are sourceis actuallyquite stablethroughthe entireevent. The peak
brightnessemperaturen this loopis 2 10’ K (an orderof magnitudebrighterthanthe peakin
thepre are LCPimages)If we assumebasednthehigh polarizationthatit is fundamentaplasma
emissiorthentheelectrondensityin thesourceis5  10° cm 3. Thisis anactive region densityand
couldarisein alow-lying loop, meaningtherewould be little shift dueto projection.Note however
thatthe EIT image(Fig. 1) doesnot shav ary loopscorrespondingo the 617 MHz RCP pre are
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Figure 6. Contoursof a sequencef 617 MHz GMRT imagesoverlaid on an MDI magnetogramThe imagesare shavn
in pairs with the upperimage displaying right circular polarization(RCP) and the lower image shawving left circular
polarization(LCP) at eight differenttimes, aslabelled,to demonstratehe differentlocationsof the 617 MHz emission.
Thelowest617 MHz contouris at 1.5 10° K andcontoursare logarithmicallyspacedevery 4 contoursis an orderof
magnitudeincreasan brightnessemperatureThetop row of gures corresponds$o a pre— are period. The loop—shaped
featurevisible in the RCPimageover the active region hasno counterpartn LCP, wheretheonly steadyfeatureis amuch
wealer compactsourceover the trailing negative polarity in the active region. The radio burstsall occurprojectedto the
eastof theactive regionin structureslongatedhorth—southbut with differentlocationsat differenttimes.

source Thereis avery compactpersistensourceshavn by the singlecontourin the617 MHz LCP
pre areimage,but it is muchwealer thanthe RCPsource.

Thelight curve of the GMRT 617 MHz emissionis comparedlirectly with the NoRH microwvave
datain Figure7. This gure alsocompareshe morphologyof the617MHz emissionwith the 195 A
FeXll EUV imagedrom EIT. As notedearlier the EIT coveragewasunfortunateor this event,with
the closestimagesbeing12 minutesbeforeand24 minutesafterthe startof the 617 MHz emission.
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Figure 7. Theuppermanelshavs acomparisorof theradiolight cunesat0.617(dash—dot)17 (solid)and34 GHz (dashed
line). The microwvave ux es are taken from the NoRH mapswhile the 0.617 GHz dataare obtainedfrom the GMRT

maps.Note thatthe initial burstat 0.617 GHz precedesnicrovave activity andin fact diesaway promptly on the onset
of microwave emission.The vertical lines on the plot shaw the times of the imagesshawvn in the lower panels.In these
panelscontoursof the 617 MHz RCPemissionareshavn in white andcontoursof 17 GHz emissionareshavn in black.

Contourlevelsareat5, 20,50 and90% of the maximumof eachimageplotted. The underlyinggreyscaleimagesare EIT

195A imagesin the rst panelat04:47:30it is the actualpost areimageat 05:12:42 while in subsequenpanelsit is the

differencebetweertheimageat 05:12:42andthe pre are imageat 04:36:10.
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TheEIT differenceimagedoessuggesthe presencef a are loop connectinghetwo 17 GHz are
sources.The 617 MHz radio burst effectively begins just before04:48UT (seethe corresponding
rows of panelsin Fig. 6). Rapidly uctuating emissioncontinuesfor two minutes followed by two
minutes(04:50- 04:52)with little actiity at617MHz (theimagedook like thepre areimagese.g.,
seethepaneldor 04:52:04in Fig. 6), andthenthereareadditionalburstscoincidingwith peaksn the
bright extendedmicrowvave phasefrom 04:52:30to 04:54:45.In contrastto the pre are sourcesall
the617 MHz are emissionis unpolarizedlessthan’5%, hencebelow the calibrationuncertainty).
Differentburst peakshave quite differentlocations,but all arise projectedto the south—easbf the
active region containingthe are, anddespitetheir differentlocations,all the burstsshawv a similar
morphology:they areelongatechorth—southand curved to resemblethe topsof loopsrootedin the
active region andprojectedvertically above it. This commonshapecannotbe anartefact of the data
processingincethe pre are RCPsourcehasquite a differentshapethatis presered throughouthe
event; similarly, the varying locationof the burst emissioncannotbe an artefact becausehe stable
pre are RCPsourcds visible atits original locationthroughouthe burst.Individual peakswithin the
617 MHz burstwith differentlocationsseemto grov anddecayin placeasif they belongto separate
enegy releasesndifferentmagneticeld line bundles.

We notedearlierthatthereis no burstclassi cationfor the pre are 617 MHz emissionbecauset
doesnot shav up on a dynamicspectrumBenzet al. (2005) presentstatisticsfor decimetricradio
burstsassociateavith ares and nd thatonly two typesof burstarecommonlyfoundin thepre are
phase:Type lll burstsand pulsations(seealsoBenzet al., 1983). They alsonotethat the pre are
Typelll burststypically do notextenddown to lower meterwavelengthfrequenciesi.e. they have a
restrictedrequeng range asis true both of typical decimetricpulsationsandof this event. Thusthe
pre are emissionseerherecouldin principlebeeitherTypelll burstsor pulsations.

Inspectiorof thevisibilities con rms thatthe burstsourcesarewell resohed atthe 30°%esolution
of the data. The imageat 04:48:31correspondgo the peakbrightnessand size for the 617 MHz
emission:the peakbrightnessemperaturés just over 4  10° K andthe lengthis approximately
200°° or 140000km. If we assumesecond—harmoniplasmaemission,consistenwith the low po-
larization,thenthe electrondensityin the radiosourceis 1 10° cm 3. Note thatthereis no sign
of correspondindgoopsin the EIT imagesof theregion (Fig. 1), andno obvious magneticdfeaturesn
the magnetogranto the south—easdf the active region thatshouldbe connectedo it by suchloops,
amguingthatthe loopsilluminatedby the GMRT emissionareindeedtall loopswith bothfootpoints
anchoreccloseto the active region that appearocatedto the south—eastiue to projectioneffects.
Theinferredheightof theloop illuminatedat 04:48:31if it lies vertically above the active region at
30 east,appearingabout18® eastof the active region, is 250000km. The densityof 10° cm 2 is
ratherlarge for sucha height:in the densitymodelof AschwandenandBenz(1995)(basedon Type
Il bursts),this densityoccursat a heightof order40000km.

3. Discussion

Thegoalof this paperis to determinghe morphologyof emissionat decimetricwavelengthsduring
asolar are, andto usethatmorphologyto placeconstraintoon the coronalmagneticeld topology
during the event. This eventis not typical of decimetricemissionfrom a solar are in that, while
it is not uncommonfor decimetricemissionto occur prior to the impulsive phaseof ares (Benz
etal., 2005),it is notusualfor thedecimetricemissiorto peakwell beforetheimpulsive phasestarts.
Notwithstandinghis feature the obserationsreveala remarkableattern.

The decimetricimagesat 617 MHz from GMRT shav an interestingdistinctve morphology:
sourcesreseenn projectionsomel20000km from the aring active region,consistentvith aheight
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of order250000km above the solarsurfaceif they areloopsrootedin andradially extendedabove
the active region. The sourcesappearighly elongatechorth—southend are curved in the direction
expectedif they arelocatedat the topsof loopsradially extendedabove the active region, but with

footpointsalong a north—southaxis ratherthan the east—westxis suggestedby the distribution of

magneticpolarity in the active region at the photosphergdowever, while maintainingthis morphol-
ogy, thesourcdocationsaredistinctly differentduringdifferentpeakswithin the617MHz light cune,

asif differentloopswereconnectedo theacceleratiositeatdifferenttimes.No strongTypelll bursts
areevidentin thedynamicspectrunof this event,andthelack of emissioratlower frequenciessuch
aswe would expectto seefrom electronbeamson open eld lines,maybe consistentvith anorigin

onclosedeld linesasthisinterpretatiorsuggestspossiblypulsationsasdiscusseearlier

Theability to discernsourceshiftsassmallasafew tensof arcsecondbetweeradjacentlecimet-
ric burst peaksrelieson the excellentspatialresolutionof the GMRT data.Subarcminuteesolution
atsimilarfrequenciedasbeenpossiblewith the VLA in extendedcon gurationsat 330MHz (corre-
spondingto a plasmadensity4 timessmallerthanat 617 MHz if plasmaemissionis theresponsible
emissionmechanismas generallyassumed)and at the muchhigherfrequeng of 1.4 GHz (corre-
spondingto 5 timeslarger density). The Nan@y RadioHeliographcanachiere a resolutionof order
1°at410and432MHz (e.g.,Vilmer etal., 2002,Pick et al., 2005)andhasseensourceshifts within

are radioemissionbut they tendto be on muchlarger scaleqe.g.,Maia et al., 2001).Most of the
obsenrationsat decimetricfrequencieshav very large burstsourcesat leastpartly dueto scattering
in the solaratmospheréBastian,1994); frequently a pre—eisting noisestormsourceis seento be
leading(westof) thephotospheri@ctive region andalarge (typically 2°or more) are sourceappears
trailing the active region (e.g., Willson, 2002, Willson, 2005),asis the casein this event. Willson
etal. (1998b)obsered anarch—shapedourcegust above thelimb at 75 MHz usingthe VLA, but it
wasnot associatedvith a are, andit lastedfor several hours.Arc—like sourceshave beenseenin
noisestormsat330MHz (e.g.,Willson etal., 1997),but they too arelong—lastingsourceshatarenot
clearly are—associatedsomehighly elongatedourcediave beenseenat or above thelimb, with the
long dimensionof the radio sourcefrequentlyorientedapproximatelyparallelto the limb (Willson
etal., 1990;Willson etal., 1992;Willson etal., 1998a).

The apparentocationof the radio burst sourcesn this event at the top of closedmagnetic eld
lines, indicatedby the shape®f the sourcesalsosuggestshatthe radiatingelectronsare con ned
to the loop tops. A naturalexplanationfor this obsenation would be that the electronshave large
pitch anglesand resideon magnetic eld lines with a gradientin eld strengthfrom loop top to
footpoints,so that magneticmirroring trapsthe electronsnearthe loop tops. Suchelectronswould
have a “pancale” pitch angledistritution, pealed at 90 , similar to thosecommonlyseennearthe
geomagnetiequatorin the Earths radiationbelts (e.g.,Meredith et al., 1999,Horne and Thorne,
2000). Such pitch angle distributions can arise either by the loss of all particlesat smaller pitch
anglesasoccursvia precipitationinto the solarchromospheran solar ares, or by aninstability that
driveselectrongo larger pitch anglesIn this eventwe seeno sign of electronsat lower pitch angles
that would be expectedto produceX—raysand microvave emissionasthey precipitate A velocity
distribution concentrateat pitch anglesnear90 doesnot by itself guaranteeoherentemissionthe
electroncyclotron maserinstability only operatesf thereis alsoa region of positive gradientin the
magnitudeof velocity, andsimilarly Langmuirwavesareonly likely to be generatedinderthe same
conditions(a “gap” velocity distribution with a large loss cone:seeHewitt and Melrose,1985and
Wentzel,1985).Thelow polarizationof the617MHz burstemissioris alsoa strongconstrainonthe
emissiormechanismagapvelocity distribution with alargelossconecanproduceweaklypolarized
second—harmonglasmaemissionHewitt andMelrose,1985),but fundamentaplasmaemissiorcan
alsobeweaklypolarizedif depolarizatiortakesplaceduring propagatiorout of the corona.e.g.,due
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to scatteringpff low—frequeng waves(Wentzeletal., 1986)or re ection off sharpdensityboundaries
(Melrose,2005).

The microwave datafrom NoRH reveal actvity lower in the solar coronaand shov emission
spreacbver asurfacedimensionof order50000km, with a comple spatialpattern:actiity beginsin
awesternsourcethatbecomes doublesourceearlyin the eventandremainsspatiallyextended put
laterin theeventaneasterrsource alsospatiallyextended comesto dominate Thereis evidencefor
a connectiorbetweenthe two sourceonly during a brief periodin the decayof the westernsource
atthe endof theinitial impulsive spike. Thelight curesof the easterrandwesternsourcesappear
quitesimilarduringthisinitial impulsive spike, but thetimesof theindividual peaksn thelight curve
do not matchandno simpledelaybetweenthemimprovestheir correlation,sowe cannotinfer that
asingleacceleratosupplieselectrongo both sourcesvenduringthis period.At othertimesduring
the eventthe light curves of the easterrand westernsourcesare very different,implying that their
actiity is notdirectly related.

The main actiity at 617 MHz precedeghat at microvave frequenciesdy about2 minutes:i.e.,
thereis evidencethatenegy releasés takingplaceatheightsof order10° km for 2 minutesbeforeary
evidenceis seernin thelower corona.This suggesta modelin whichthesolar are actvity in thelow
coronais aresponséo magnetiaestructuringnuchhigherin the corona.Suchamodelis suggestie
of eruptve are theoriessuchasthe brealout model (Antiochoset al., 1999; Aulanieret al., 2000;
SterlingandMoore,2001)for lament eruptionsjn whichthe lament lies over a neutralline andis
helddown by closedmagneticeld linesthatloop overthetop of the lament. Reconnectiometween
theoverlyingclosedeld linesandthemagneticeld of anadjacentux systenmgraduallyerodeaway
thetetheringeld linesuntil enouglof therestrainingux is eaterewayfor the lament to eruptunder
its buoyang, or underthedriving force providedby, e.g.,emeging ux. Thusin thebrealout model
actwity startshigherin the coronawheretherestrainingeld linesadjoinaneighbouringux system.
However, no coronalmassejectionwasdetectedn conjunctionwith this are, sothe restructuring
in this casedid not leadto an eruption.In othermodelssuchasthe tethercuttingmodel(Sturrock,
1989; Moore et al., 1997; Moore et al., 2001), actvity startslow down andthen moves upwards
with the lament: the lament liesin aregion of stronglyshearedelds, andoncethe shearexceeds
a certainvaluethe lament hasto eruptto relieve the shearstressforcing its way out throughthe
overlaying elds, disruptingthemasit goes.The*CSHKP” model(Carmichael1964;Sturrock,1968;
Hirayama,1974;KoppandPneumanl976)is alsoan eruptive modelin which reconnectioroccurs
ataconsiderabldeightin a Y-typeneutralcurrentsheetandenegy thenpropagateslovnwardsin
the form of enegetic particles,but in this modelwe expectan obvious are loop systemformedby
the reconnectiorto be evidentand no suchloopsare seenin this event; further reconnectingppen

eld lines areintrinsic to this model,whereaghis event was apparentlydominatedby closed eld
lines. Thisis the characteristiof con ned ares describedy Mooreetal. (2001),wherethe are is
startedby reconnectioriow in the shearedore eld, but the resultingexpansionof the core eld is
haltedwithin the domainof the overlying bipole eld. However this modelcannotapplyto our event
sinceactvity startshighin the coronanotlow down.

4. Summary and Conclusions

GMRT obsenrationsof a con ned solar are at 617 MHz shav a remarkablemorphologyfor two

minutesprecedingheimpulsive phaseof the are. Microwave imagesat 17 and34 GHz shav are

emissionwith the not uncommonpatternof two oppositelycircularly—polarizedsourcesat opposite
endsof an active region, 40000km apart. The two sourceshave differing radio spectraandlight

curvesthataresimilarin theinitial impulsie spike but differ asthe are evolves.
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However, the GMRT imagegevealavery differentmorphologythey appeato shav asuccession
of highloopslighting up, apparentlyin arc—shapetkaturescloseto thetopsof theloops.Theloops
lie radially above the active region in which the impulsive phaseof the are subsequentiyccurs,
at a heightof order250000km. They seemto connectthe active region to a locationof very weak
eld about200000km away, which shawvs no signsof actiity at otherwavelengthsThe decimetric
emissionis very bursty and discreteburstsappearwith the samemorphologybut projectedonto
differentspatiallocations,asif enegy release®ccursequentiallyon differentbundlesof eld lines.
The morphologysuggestsbut doesnot prove, emissionfrom electronswith a “pancale” velocity
distribution, i.e., electronswith pitch anglesnear90 con ned to thetopsof magnetidoops.

In this are, thefactthatthe617MHz actiity athighaltitudesprecedesheimpulsive phaseof the
are indicatesa mechanisnin which therestructuringn the high coronaleadsto the are occurring
in thelower corona.This featurein conjunctionwith thefactthatthe are appearso becon nedto
closedeld linesis notconsistentvith most are models.
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