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ABSTRACT

The Low Frequeng Array (LOFAR) will be a radio astronomyinterferometricarray operatingin the approximatere-
gueny rangel0-240MHz. It will have a large collectingareaachiered usingactive dipole techniquesandwill have
maximumbaselineof up to 500 km to attainexcellentspatialresolutionat long wavelengths. The Sunwill alwaysbe
in LOFAR's eld of view duringdaylighthours,andparticularlyduring periodsof high solaractiity the Sunwill bea
prominent(andhighly variable)featureof the low-frequeng sky. A diverserangeof low-frequeng emissionds gener
atedby the Sunthat carry informationaboutprocessegaking placein the Sun's atmosphereStudyof theseemissions
with LOFAR will make possiblemajoradwancesn our understandingf particleacceleratiormndshocksn the solarat-
mosphereandof coronalmassejectionsandtheirimpactonthe Earth.In this papemwe summarize. OFAR's capabilities
anddiscusghesolarsciencehatLOFAR will address.
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1.INTRODUCTION

Following the discovery of cosmicradio signalsat long wavelengthsby Karl Jansk, the early developmentof radio as-
tronomycontinuedatlow frequenciesfor theobviousreasorthatlow-frequeng technologywastheneasieto implement.
Theearliestradiotelescopeall operatedtlow frequenciesandthisis wherethe rst majorscienti ¢ discoveriesof radio
astronomytook place;radioastronomyonly migratedto the highermicrowave frequencie®ncethe technologymadeit
feasible. Microwave frequenciedave two crucialadvantagesver longerwavelengths:for a given arraydimensionthe
spatialresolutionis better;and microvave frequenciesio not suffer from the ionosphericeffects (perturbationf the
ray pathsfrom a straightline dueto inhomogeneitiesn the ionospheres electronplasmacontent,andhencerefractive
index) thatplaguelow frequencie®n long baselinesFor this reason|ow-frequeng radioastronomyat leastin the US,
languishedn the 1980soncethe Clark Lake RadioObseratory' (operatedy the University of Maryland)wasclosed.
Elsevhere low-frequeng astronomycontinuego be pursuedat exiting facilitiessuchasNangy? 2 (France) Gaurabida-
nur* andOoty® (India), andUTR-26 (Ukraine),andin newer projectssuchasthe GiantMeterwave Radio Telescopé®
(GMRT) in India.

However, sincelow-frequeng radioastronomyis relatively cheapastronomers the US realizedthatthe Very Large
Array (VLA) couldbeout tted with simpledipolereceversat negligible cost:thisledto theadditionof rst 327MHz and
then74MHz® system®neachVLA antennaQvertheyearsgxperiencavasgainedwith thesesystemsndit wasrealized
thatacombinatiorof decowolutionandself-calibratiortechniquesvascapableof remaving theeffectsof theionosphere
andachieving nearlyinstrument-limitedmagequality even at high spatialresolution'®-12 This makesit attractie to
reconsidethe prospectgor high spatialresolutionimagingat meterwavelengthsandlonger anda suggestiorior a low-
frequeny arrayexploiting thesedevelopment$® togethemwith the recognitionthata numberof importantastroplysical
topicscanbestbetackledin this frequeng range(e.g.,the epochof reionization)hasled to the LOw Frequeng ARray
(LOFAR) project.

Furtherauthorinformation: (Sendcorrespondenc® S. White)
SMW: E-mail: white@astro.umd.edu
NEK: E-mail: kassim@rsd.nrl.ngy.mil, Address:RemoteSensingivision, Naval ResearchaboratoryCode7213,WashingtorD.C.
20375-5351USA
WCE: E-mail: bill.erickson@utas.edu.afddress:asperNEK



LOFAR will useactive dipole receving elementswith an intrinsically large eld of view, sensitve at the lower
frequenciego essentiallythe whole sky at once. This meanghatduringthe day the Sunwill alwaysbein the LOFAR
eld of view, andits activity mustbe taken into account,both asa uctuating sourcein the eld andasa sourceof
ionosphericinhomogeneity Solarresearctwill necessarilyform a major componeniof LOFAR studies,and interest
in LOFAR coincideswith the realizationthat SpaceWeather which canbe studiedat long wavelengthsjs playing an
increasinglyimportantrole in ourtechnologically-dominatesiociety The purposeof this paperis to summarizd OFAR
andto discussts valuefor solarandSpacéNeatherstudies.

2. THE LOW FREQUENCY ARRAY

LOFAR is presentlyconcevedto be a joint projectof ASTRON (the Netherlandd=oundationfor Researchn Astron-
omy, basedn Dwingeloo,The Netherlands)the Naval Research.aboratory andMIT/HaystackObseratory Herewe
summarizehe main elementf the LOFAR project, usingthe currentinformationpresentedt the LOFAR web site,
http://www.lofar.org

2.1.The ProposedTelescope

LOFAR will operateasan interferometricarray consistingof a large numberof dipolesgroupedinto 100 “stations”
eachconsistingof 100- 1000dipolesspreadveranarea 100m in diameter Thelarge numberof dipolesis necessary
to achieve sufcient effective collectingareain orderto reachthe desiredsensitvity. Thedipoleswithin eachstationwill
be phasedogetherto form small beams,avoiding the problemof correlatingthe outputfrom every dipole with every
otherdipole (the numberof cross-correlationgoesasN?, sodividing N dipolesinton  N/100stationsandonly having
to correlatethe combinedoutputsfrom the n stationssimpli es the correlationproblemenormously) At leasttwo types
of receving elementsareexpectedto be neededonesetoperatingrom 15 - 90 MHz (thisis suchawide rangethatone
elementmay not be ableto cover it), andanotherfrom 110 - 240 MHz. The frequeng breakbetweernthesereceving
elementscan naturallybe madeto coincidewith the bandusedfor FM radio stations(88 - 108 MHz), which is full of
stronginterferingsignalsthroughoutheworld.

At eachstation,a“beam”pointingin a certaindirectionwill beformedby combiningthesignalsfrom all dipolesafter
insertinga position-dependerdelayin eachsignalthathasthe effect of addingthe ux thatarrivesfrom onedirection
onthesky andcancelingoutthe ux from otherdirections.Thedipolesthemseleshave averywide eld of view: this
proces®f forming abeamfrom dipolesspreadut overawholestationproducesbeanwhosesizeis determinedy the
sizeof the station(i.e.,thebeampatternhasa sizesimilarto thatof a singledishwith anapertureequalto the sizeof the
station). Sincethe beamsareformedelectronicallyby delayingsignalswithout mechanicallychangingthe directionthe
dipolespoint,onecansplit the signalsfrom the dipolesandform severaldifferentbeamslluminating differentdirections
on the sky (within the receptionpatternof a singledipole) simultaneouslywithout lossof sensitvity; the limit to this
processs providedby theneedto analyzethedatafrom eachbeam.

Thecurrentdesignfor LOFAR featureghefollowing elements:

Over 10* dualpolarizationdipolesoptimizedfor operatiorat 10-90MHz.

Over2 10° dualpolarizationdipolesarrangedn a4 4 compouncelemeniarrayandoptimizedfor operationat
110-220MHz.

Betweern2 and8 independenbeamsahatwill allow simultaneousbservingprogramso be executed.
Maximumbaseline®f upto 500km.

All dipolesdistributedover 60 to 165 stations(the numberof dipolesper stationvariesinverselywith the number
of stations).

At least25% of thetotal collectingareato belocatedwithin a 2 km diameter‘virtual core” wherethe full signal
from eachantennads transportedo a centralprocessingite. Thesesignalscanbe phasedip to form a sensitve 2
km diameter‘superstation”.

Rapidfrequeng switching(of orderl msec)



An instantaneouRF bandwidthof atleast32 MHz (potentiallymoreif fastercommerciadigitizersbecomeavail-
ablein thenearfuture)will bedigitizedattheantenndevel. (All simultaneoud®eamswill have to usethecommon
bandwidth.)

Beamformingfor thevirtual coretogethemwith all correlationandpipelinedataprocessingvill be carriedoutata
centralprocessingite.

Thevirtual coreprovideshigh brightnessensitvity for low surfacebrightnesextendedobjectswhile theoutlier sta-
tionsprovide high spatialresolutionthatavoidsthe confusionlimitation prevalentin low-resolutionlow-frequeng radio
astronomy At presenta log-spiraldesignis favoredfor the arrangemenof stationsoutsidethe virtual core. Bandwidth
synthesiswill be exploitedto Il in theu v plane. Approximatesensitvities of the full arrayaregivenin Tablel1. The
sensitvities quotedare given for eachbeam,a single polarization,an integrationtime of 1 s anda 4 MHz bandwidth.
Resolutionsarebasedn a Virtual Corediameterf 2 km anda maximumbaselineof 400km.

Table 1. Basicdesignparametersf LOFAR (VC = Virtual Core,Array = full array).

Frequeng Effectve Area  Tsys  Sensitvity (mJy) Resolution Beamsize
(MHz) (m?) (K) Array VC Array (") VC (") Array() VC (deg)
15 1.3 1¢° 131,000 98 400 12 41 1260 90
30 3.3 10° 23,000 68 280 6.2 21 650 90
75 52 10 2450 46 190 2.5 8.3 250 90
120 3.3 10° 820 2.4 10 15 5.2 160 23
200 1.2 10° 270 2.2 9 0.9 3.1 95 23

With baselineof up to 500 km requiredandthe needfor a low-interferenceernvironment,the siting of LOFAR will
notbeatrivial exercise.Presentlysitesin the Netherlandsin the south-wesbf the US (spreadacrossNew Mexico and
Texas,but not co-locatedwith the VLA), andWesternAustralia(in the Murchisonregion) arebeinginvesticated.

2.2.Imaging with LOFAR

Theimagingproblemfacedby LOFAR is aformidableone. At a spatialresolutionof orderarcsecondandawide eld
of view, therecaneasilybe 10'° resolutionelementsand 10’ sourcesn a singleimage. LOFAR, in commonwith all
interferometersmeasurespatial Fourier component®f the sky brightnesdistribution andtheseFourier components
mustbe invertedin orderto recover the sky brighnesdistribution. The eld of view of LOFAR is so large that the
conventionalimagingassumptiorthat neglectsthe curvatureof the sky cannotbe made:the three-dimensionaiatureof
the inversionproblemmustbe addressedAt presenthis is doneby dividing the three-dimensionakld of view into
mary smalltwo-dimensionalfacets”* This is numericallyexpensve, and LOFAR is relying on continuedadwances
in computingspeedto male this feasible. The computationalriver for extendingthe polyhedronalgorithmto lower
frequenciess the numberof facetsthatarerequiredto divide up the surfaceof the eld of view (Nface 1 | B D2, where
B is thebaselindength,l isthewavelengthandD is theaperturesizeof individual receving elements)This canexceed
10* for LOFAR.

In addition,sincethedimension®f thearrayarecomparabléo theheightof theionosphereasinglestationlooking at
differentpartsof the eld of view will seedifferentisoplanatigpatchesaandsufer differenteffects.In effect, theantenna-
basedphasecorrectionneededo accountfor theionospherewill vary acrossthe eld of view of a singlestation unlike
the caseat higherfrequenciesvherethe eld of view is smallerthantheisoplanaticpatchon the sky anda singlephase
correctionapplieseverywherewithin the primarybeamof a givenantennaln effect, this meanghatself-calibratiomrmust
solve for atime-varyingposition-dependemthasecorrectionfor eachantennaanothemvay to think of thisis thatLOFAR
needgo derive a globalionospherianodelover all the visible sky on a time-dependeribasisin orderto determinethe
correctionmeededo remove theionospherandachieve instrument-limitedmaging.



Oneaspecbdf dealingwith this problemis to developa modelof thelow-frequeng sky thatcanbeusedto initiate the
self-calibrationcycle. The sky modelwill consistof atleastthe brighterknown sourceghroughouthe sky, mappedasa
functionof positionandfrequeng, thatprovidesaninitial modelfor calibrationandthatallowsa rst-order determination
of position-dependenvnospherighasecorrectionsThe sky modelwill have to be developediteratively, with eachnew
obsenation addinginformationto the model. As a by-productof the removal of the ionospherigphasenoisefrom the
datausingmary differentantennasndmary differentdirectionsonthesky, theionosphereanbecharacterizeih detalil,
providing aboonfor ionosphericscience.

Adding to thesedif culties is the problemof interferenceprevalentin the frequeng rangeof LOFAR. This will
be addressedby a combinationof Itering out the more stablesourcesadaptve nulling of sourcesusing electronic
beamshapingreal-timeidenti cation andrejection,andself-calibrationtechniqueghat canrecognizethe propertiesof
interferenceandexciseit.

2.3.Primary ScienceGoals

The goalof LOFAR is to build a low-frequenyg arraywith excellentsensitvity and spatialresolutionthat canattacka
rangeof problemsthatarereally only accessiblat low radio frequencies We mentionseveral highlightshere;a more
completedescriptiormaybe foundat theweb site http://www.lofar.org/science/ur d100/sc ien ce case.html

Theepod of reionization(EOR): After recombinatiorof theelementsataredshiftof 1100,thebaryonicmatterin

the Universeremainecheutraluntil the rst starsandgalaxiesstartedto emitionizing radiation,at which pointthe
intergalacticmediumwasreionized.At leastthreedifferenttypesof sourcedave beensuggestedscontritutingto

theradiationthatwasresponsibldor reionization:emissionfrom the rst generatiorof stars;radiationreleasedn

the collapseof the rst galaxy-sizedhalos;andemissionfrom an early generatiorof luminousquasarsThe EOR
canbedetectedht low frequenciedecausét causedsmallstepin thetemperaturef the backgroundadiation®
Thepredictedspectroscopisignatures generatean largescaleq10) attherestfrequeng of theneutralhydrogen
line (1420MHz), but redshiftedo LOFAR frequenciedy theexpansiorof the Universe Alternatively, the neutral
intergalacticmediummay be detectedn absorptiortowardsthe rst quasargo form.1® The exactfrequeng at
whichthetemperaturastepis detectedor theredshiftof theabsorptionyieldsthetime of reionizationwhichis an
importantparametem the cosmologicahistoryof theuniverse.

High-redshiftradio galaxies thesearethe oldestandmostmassie distantobjects providing importantconstraints
uponearlystarformationepochsThemostef cient methodo datefor nding veryhighredshiftradiogalaxiesuses
thecorrelationbetweenradiospectrunsteepnesandredshift. At theirrestfrequeng synchrotrorlossegjenerata
nonthermatontinuumspectrumwhich steepenabove 1 GHz. For distantobjectsthis "breakfrequeng” is shifted
to longerandlongerwavelengthsn the obserer's frame,makingthemsteepspectrunsourcesvhich areidealfor
detectiorby alow frequeng radiotelescopesuchasLOFAR.

Mappinggalacticcosmicrays LOFAR will play animportantrole by mappingthe spacedistribution andenegy

spectrumof cosmic-rayelectrons. Optically thick thermalsourcesat known distancessuchasHII regions, are
obsenredin absorptionatechniquethatcanbe exploited only at low frequenciesandyields directly line-of-sight
cosmic-raysynchrotroremissvities. Comparisongvith obsenationsatotherwavelengthsincludingthedistributed

Galacticgamma-rayemission,will provide importanttools for decouplingthe matter cosmic-ray and magnetic
eld distributionsin the Galaxy

Survegs of the bursting and transientuniverse Any transientphenomendhat acceleratgarticlesto nonthermal
enegieswill tendto produceradioemissionwith a steepspectrunthatmalesit mosteasilydetectabletlow radio
frequenciesThisis thereasorwhy pulsarswere rst discoreredat low frequenciesLOFAR's largeinstantaneous
eld of view meanghatLOFAR caneffectively monitora largefractionof thesky atall times,averagingon mary
differenttime scales.This makespossiblefor the rst time a sensitve unbiasedurey for astronomicatransients,
andthe natureof electronicpointingwill allow rapidresponseo transients.

The solarrelatedsciencegoalsof LOFAR will be discussedn the following sections.We notethat LOFAR nicely
complementanotheradiotelescopegroject,the Frequeng Agile SolarRadiotelescopfFASR), whosefrequeng range
will begin at the upperlimit of LOFAR's range(probablywith someoverlap)andextendto abosre 20 GHz. FASRis a
solardedicatedelescope&arryingoutimagingspectroscopof theradioSunl’
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Figure 1. Variability of the solarlow-frequeng ux onadayof actvity. Thesedataare245MHz dataat 1 stime resolutionfrom the
LearmontnPS/USAIr ForcepatroltelescopeA sequencef ares occursduringthis period;the brightestradioemissioncomesfrom
arelatively small are (GOESclassC5)thatoccursataround23:45UT onJunel.

3. THE SUNAT LOW FREQUENCIES

The ux from the quietSunis not asspectaculaat low frequenciessit is at high frequenciesthe Sun's atmospherés
optically thick dueto thermalfree-freeemissionfrom the coronaat a heightsubstantiallyabove the photosphereandthe
quiet-Sunux canbeestimatedy assuming brightnesgemperaturef 10° K overaradiusof 1to 2R , dependingn
frequeng, leadingto roughly20000(f 100MHz)? Jy(1solar ux unit=1sfu=10*Jy). Thequiet-Sunux doeshowever
vary considerablywith the solarcycle; it hasbeenreportedo be aslow as2000Jy at 50 MHz duringsolarminimum 18
whichis muchfainterthansourcesuchasCasA andCygnusA. TheSunmoves2.5 relative to the backgroundsky per
minute;sincethatis theresolutionof LOFAR atthe higherfrequenciessolarmotionwill have to betakenaccounif in
calibratingandmappingdaytimeobsenations. Furthermorethe solar ux canvary dramaticallyat low frequenciesan
exampleis shavn in Figurel, wherethe quiet-Sunux is just 19 sfu, but the peak ux during ares risesto 300times
thislevel, when(at  10% Jy)the Sunwill beeasilythe brightestobjectin the sky.

Figure 2 shaws the frequeng dependencef the bright eventin Fig. 1 asa dynamicspectrum. This event shavs
two commontypesof low-frequeng solarradio emissio®2% “Type lll” bursts,which drift very rapidly from high
to low frequenciesandare known to be dueto beamsof fastelectrongravelling away from the solarsurfaceon open
magneticeld lines;and“Typell” bursts,which drift muchmoreslowly andfrequentlyappearmstwo distinctbandsof
emission. Both theseburstsare believed to emit via the plasmaradiationmechanismin which electrostatid_angmuir
waves are excited at the local electronplasmafrequeng, f, 9000 ne with ne beingthe electrondensity (cm 3),
andthen corvertedto propagting electromagnetienodesin the plasmaat the fundamentalf, andthe harmonic2f,
frequencies.The frequeng of the radio emissionthereforecanbe translateddirectly into an electrondensity andthe
frequeng drift ratecanbe convertedinto a speedf the densitygradientin the coronais known. For Typell burststhis
procedurausuallyresultsin a speedf order500- 1000km s 1, while the Alfv énspeedht the emitting heightis though
to betypically severalhundredkm s 1: this led to theideathat Typell burstsaredriven by shockstravelling at several
timesthelocal Alfv énspeed.
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Figure 2. Dynamicspectrum(plot of frequeng versustiime, with frequeng decreasingrom top to bottomof the plot) of the eventat
23:450n 2002 Junel responsibldor the brightest uctuationsin Fig. 1. The dataarefrom the Hiraiso spectrograplin Japan.This
eventis a classicType lll/Type Il event: theimpulsive onsetof the are is signalledby the group of fast-frequeng-drift (Type Ill)

burstsat23:47UT, indicatingelectrondravelling outwardsfrom theSunonopen eld linesatspeed®f order0.2c. They arefollowed
by amuchmorelslcwly drifting pair of bandqTypell), thoughtto befundamentahndharmonicplasmaemissiorfrom ashockmoving
at 600kms .

Typell burstsalwaysfollow ares, andhencethe associateghocksmustsomehw be are-related;thereremainsa
controversyasto whethetthey arein factdrivenprimarily by coronalmassejectiong? (CMEs)thatoccurwith ares. Type
Il burstsneednotbe are associatedalthoughthey assuredlyndicateepisode®f acceleratiomf electrondo nonthermal
enegies,andfurtherindicatethatthoseelectronshave accesgo open eld lines. Thelocationof the acceleratiorsites
in the coronais dif cult to identify: the highestfrequeng of (fundamental)emissiondisplayedby a burst neednot
correspondo thedensityin theacceleratiomegion becausdree-freeabsorptiorin theambientthermalplasmaincreases
dramaticallyasdensityincreasesandcanpreventusfrom seeingheelectronbeamlow in thecorona.ln the caseof Type
Il bursts,the Alfv énspeeds higherin thelow corona,anda shockmay notform in front of a disturbanceoriginatingat
highdensitiesuntil it reaches heightwhereits speedgreatlyexceedghelocal Alfv énspeedthisleadsto Typell bursts
having the appearancef just “turning on” severalminutesafterthe are onset,eventhoughthe disturbancealriving the
shockwasprobablylaunchedht are onset.

Anotherimportantbursttype, not presenin Fig. 2, is the Type IV burst. Thisis identi ed on dynamicspectraasa
broadbanaontinuumtypically following the Typell in time. Suchcontinuawith similarappearancesn dynamicspectra
may well have quite differentpropertiesotherwise andfor this reasorthey have beendif cult to study?324 Someof
thesecontinuaareproducedby sourceghatmove out to greatheightsabove the corona(“*moving Type IVs” 2%) andmay
well be associateavith coronalmassejections.However, noneof theseconjecturedassociationtiave beenestablished,
andthiswill beanimportantissuefor LOFAR to addressasdiscussedh thenext section.Two problemsn particularhave
plaguedsuchstudiesin the past: the apparenpositionsof radio sourcesn the solarcoronacanbe affectedby ducting,
i.e.,the positionsoftenappeato be higherthanthey really arebecauseux emittedin aregion closeto thelocal plasma
frequengy is easilyrefractedalongductsof low plasmadensity emeging from the ductsonly whenthe frequeng of the
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Figure 3. Direct detectionof radio emissionfrom a coronalmassejectionat 164 MHz.2° Theimageis madewith datafrom the
Nan@y radioheliograph.The are occurredbehindthe solarlimb so that the bright emissionfrom low in the solaratmospherés
occulted. Theimageshaws a noisestorm (bright compactcontinuumsource unrelatedo the are) togethemwith extendedemission
thatoutlinesa coronalmassejectionobseredsimultaneouslyvith the SOHO/LASCCcoronagraphTheradioemisisorfrom the CME
is a broadbanacontinuumwith afalling spectrumsuggestingynchrotrorradiationfrom electronsacceleratedt the leadingedgeof
the CME.

emissionis well above the surroundingplasmafrequeng?® (in the absencef this effect sourcesvould actuallyappear
lower thanthey really aredueto theradialdecreasén plasmadensityin the solarwind??); andscatteringntrinsicto the
solarcoronamakes sourcesappeambiggerthanthey truly are?® Sinceboththeseeffectsarelocal to the Sun,they will
be apparento LOFAR aswell; however, LOFAR's continuoudrequeng coveragewill allow usto investigate position
shiftsandsourcesizesasa functionof frequeng in away not possiblewith previousinstrumentsandthusyield a much
clearerpictureof the sourceof the radio emission.Oneproblemthat previous low-frequenyg telescopefave sufered
thatshouldnot bea problemfor LOFAR is errorsin positionsdueto ionospheriaefraction,sincetheionospherevill be
well characteriseth thenormalcourseof LOFAR analysis.

4. SPACE WEATHER

The eld of SpaceWeatherhastaken on increasingmportancen recentyears,asthe realizationof just how damaging
spacein uenceson theterrestrialervironmentcanbe. Geomagneticuctuations causedy currentsin the Earths mag-
netosphereanoverwhelmlong-distancepower grids and causehugeeconomicdisruption,andthreaterlife if it causes
power lossin communitiegshatdependon electricalheatingto survive the polarwinters. Enegetic particlesaccelerated
closeto the Suncandamagesolid-stateelectronicson satellites,andthereare numerousexamplesof satellitelossat-
tributedto this causefurther, solarinducedheatingof theionosphereancauset to expandupwardsinto the altitudes
occupiedby low-Earth-orbitsatellites,increasingthe dragon themand causingthemto drop out of orbit andburn up
in the Earth’s atmosphere.Enegetic particlesalso posea healthrisk to astronautsandto high-altitude yers suchas
commercialndmilitary pilots, while ionospheridisturbancesausedisruptionto long-rangeadiocommunications.

As canbe seenfrom this list, the sourcef SpaceWeatherarediverse.Coronalmassejectionsplay a majorrole in
causinggeomagnetistormsanddisruptingthe auroralparticle belts,andary meansof studyingCMEsis of potential



importance LOFAR canplay arole herebecausehe plasmafrequeng associateavith CMEsin thelow coronawhere
they rst becomevisible to coronagraphdallsinto LOFAR's frequeng rangeandobsenrableeffectsareto be expected.
As notedabove, somepeoplebelieve that Type Il radio burstsare driven by CMEs; moving Type IV burstsare more
widely acceptedhs being associateavith CMESs, but they are muchrarerthan Type lIs andfew have beenstudiedin

recentyearsbecauseno telescopehasbeenavailable to imagethem (they typically occurwell belov Nanay's lower
frequeng of 164 MHz, but will fall squarelyin LOFAR's frequeng range).With its superiorresolutionandsensitvity

andtheability to useimagingat closelyspacedrequencieso sortoutthe effectsof wave propagtionin thesolarcorona,
LOFAR will playamajorrolein settlingthesecontrosersies.

Therehave beenrecentdevelopmentghatencourageusto be con dent that LOFAR will indeedbe ableto ful | its
promiseof imagingCMEs. Therearenow a numberof Nan@y obsenationsat 169 MHz of emissionghatareapparently
moving with CMEs. Maiaet. al (2000)reportsuchemissionsn seseraleventsassociateavith partly-occultedares. The
Nan@y obsenationsshov unpolarizeddrifting featuresconsistentvith Type Il emission but too weakto beidenti ed
assuchin spectrographecords.Bastianet. al (2001¥° analyzedneof theseeventsfurtherandshovedthatthe moving
featurereportecby Maiaetal. (2000)in factliesatthebaseof theCME, but sensitveimagesshow thatthereis alsofainter
emissioroutlining essentiallythe entireouteredgeof the CME (Figure3). Fromthebroadbangpectrunof thisemission
Bastianetal. (2001)suggestedhatin factthe emissionmechanisnis synchrotroremissionfrom electronsaccelerated
at the leadingedgeof the CME ratherthan plasmaemissionasin a Type Il burst. This emissiondirectly outlinesthe
CME andif it canbeobseredroutinely it will provide amorereliablemeandor detectingCMEsparticularlyin thelow
corona.Thereasorthatit is obseredin this particulareventappearso be becauséhe correspondingare occurredover
thelimb andbrightemissionsat 164 MHz arisingfrom processetow in the coronawereobscuredrom view. Normally
suchbrightemissionglominatethe availabledynamicrangeof theimagesmakingthelower surfacebrightnesextended
emissionfrom the CME undetectablel OFAR's characteristicwill speci cally helpto avertthis problem:theinnercore
of dipoleswill provide excellentsensitvity to low surfacebrightnessemission,andit shouldbe capableof far superior
dynamicrangein its imagesthanksto the collectingarea,the u v coverageandparticularlythe removal of ionospheric
effects. The CME emissionvisible in Fig. 3 is too weakto be seenon dynamicspectrasuchasFig. 2, so on current
evidenceit is possiblethatit is presentn mostCMEsbut usuallyundetectabléor thereasongjivenabaove,in which case
LOFAR will detectalarge fractionof all CMEsdirectly throughsuchemission.Whetherit canbe detectedrom CMEs
originatingon the solardisk andtravelling directly towardsusis presentlyunknavn, andprobablycannotbe answered
until LOFAR begginsoperation.

Otheraspectof SpaceWeathemay alsoprove to be bestaddressethroughlow-frequeny obserations. The en-
emgetic protonsanda particlesthat bombardthe Earthfollowing somesolar eventsare an importantfeatureof Space
Weatherandthereareefforts to correlatetheir occurrencevith phenomenén the solarcorona. Caneet al.®! arguethat
essentiallyall solarenegetic particleeventsare precededy groupsof Type lll eventsthat arelong-lastingand occur
only atlow frequenciesThey tendto occurafterthe Typell emission(if presenthasstartedandarealwaysassociated
with CMEs. Sincetheselong-lastingType lll bursts(labelled“Typelll-1") do notneeda Typell to be presentandstart
atfrequenciesorrespondindo densitiesnuchhigherthanarecharacteristiof the CME at the correspondindime, it is
proposedhatthey areaccelerateat heightsbelow the leadingedgeof the CME. TheseTypelll-1 burstswill be present
in LOFAR's frequeng rangeandif indeedthey aretracersof solarenepetic particleevents,they will provide another
importantrole for LOFAR in SpacéNeather

5. SOLAR RADAR EXPERIMENTS

In additionto the passve detectiorof radioemissiorfrom CMEsin thesolarcoronaactive detectiorof CMEsusingradar
techniquedasgreatpotentialfor SpaceWeatheresearchSolarradarwith a suitablyequippedransmittingfacility and
usingLOFAR asthe detectingandimagingelementmay provide a uniquetechniquefor detectingandtrackingCMEs,
openingup anentirelynew andexciting eld of solarresearch.

The interestin this proposalis generatedy the resultsof a uniqueexperimentcarriedout in the 1960' with the El
Camporadar built by theLincoln Laboratorywhich detected®8 MHz radarechoesrom the Sunfor aperiodof 9 years32
Huge,rapidly-maing targetswereoccasionallyobsered but this wasbeforethe space-borneoronagrapldiscovery of
coronalmassejections(CMESs), andthe physical natureof these'targets” wasa mystery It is now thoughtthat CMEs



were being obsered. Subsequentadarexperimentshave beenunsuccessfulbut none have had the combinationof
transmittingpower andreceving areapossesselly El Campo.

Radarexperimentdransmita very narrov bandsignalanddetectary frequeng shiftsin there ections (or echoes).
The Dopplershiftintroducedby differentpartsof anoutward-ma/ing CME will resultin acharacteristiérequeng- and
time-dependergignaturan there ectedsignal. Therich informationinherentin thismeasuremerouldopenanentirely
new window on CME studiesyieldingtheiranguladistribution,rangesandline-of-sightvelocities.Combiningtheradial
velocity obtainedfrom the Dopplershift with the trans\ersevelocity obtainedfrom imagingwould yield the CME total
velocity vector This mayallow for accurateredictionsof CME Earth-arnval times.Asidefrom themacroscopiphysics
of directinterestto the spaceweathemprogram thereis greatpotentialin unraveling the microscopigohysicsof the solar
radarscatteringmechanism.An understandingf this mechanisnis key to solving the puzzlesof the spectralshape,
the large Dopplerspread the Dopplershift, andthe variationin solarradarcrosssectionobsered by James.Various
mechanisméave beensuggestedincluding turbulencein the local medium, uctuationsin the altitude of the plasma
resonanceevel dueto electrondensity uctuations in the solarwind, ion acousticwaves, and coherentower hybrid
waves.|f theradartechniquds successfulit will alsoprovide a sensitve probeof turbulencein thesolarcorona.

Two transmitterdor solarradarapplicationsarebeingdiscussedt presentA monostati6 MHz solarradarsystem
hasbeenproposedor Arecibo3® The stand-aloneversionof this systemwill be powerful enoughto con rm James'
resultsusingmoderntechnology with the adwantageof the availability of the extensve monitoringof the uppersolar
atmospherandCMEsatotherwavelengthghatJameslid nothave athis disposal This systemwould provide astepping-
stoneto a morepowerful systenthatwould useAreciboasthetransmittemnd LOFAR asareceving elemento provide
two-dimensionainformation.In addition,thereis a Swedishproposat* to constructa phased-arragransmittingantenna
(“LOIS"). Theelement®f thetransmittemill bedistributedoveralargeareasothatthepowerfrom eachelemenwill be
low enoughto avoid creatingplasmairregularitiesin theionospherewith the signalsbeingphasedo mege atthetarget
locationin theinterplanetarymedium. LOFAR would pravide muchgreatercollectingarea,and hencesensitvity, than
LOIS itself would achiere asthereceving elementlf they aresuccessfulthesesolarradartechniquegouldrevolutionize
theway in which we studycoronalmassejections.
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