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ABSTRACT

The Low Frequency Array (LOFAR) will be a radio astronomyinterferometricarrayoperatingin the approximatefre-
quency range10-240MHz. It will have a large collectingareaachieved usingactive dipole techniques,andwill have
maximumbaselinesof up to 500km to attainexcellentspatialresolutionat long wavelengths.TheSunwill alwaysbe
in LOFAR's �eld of view duringdaylighthours,andparticularlyduringperiodsof high solaractivity theSunwill bea
prominent(andhighly variable)featureof thelow-frequency sky. A diverserangeof low-frequency emissionsis gener-
atedby theSunthatcarry informationaboutprocessestakingplacein theSun's atmosphere.Studyof theseemissions
with LOFAR will make possiblemajoradvancesin our understandingof particleaccelerationandshocksin thesolarat-
mosphere,andof coronalmassejectionsandtheir impactontheEarth.In thispaperwesummarizeLOFAR'scapabilities
anddiscussthesolarsciencethatLOFAR will address.
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1. INTRODUCTION

Following thediscovery of cosmicradiosignalsat long wavelengthsby Karl Jansky, theearlydevelopmentof radioas-
tronomycontinuedatlow frequencies,for theobviousreasonthatlow-frequency technologywastheneasierto implement.
Theearliestradiotelescopesall operatedat low frequencies,andthisis wherethe�rst majorscienti�c discoveriesof radio
astronomytook place;radioastronomyonly migratedto thehighermicrowave frequenciesoncethetechnologymadeit
feasible.Microwave frequencieshave two crucialadvantagesover longerwavelengths:for a givenarraydimensionthe
spatialresolutionis better;andmicrowave frequenciesdo not suffer from the ionosphericeffects(perturbationsof the
ray pathsfrom a straightline dueto inhomogeneitiesin the ionosphere's electronplasmacontent,andhencerefractive
index) thatplaguelow frequencieson long baselines.For this reason,low-frequency radioastronomy, at leastin theUS,
languishedin the1980soncetheClark Lake RadioObservatory1 (operatedby theUniversityof Maryland)wasclosed.
Elsewhere,low-frequency astronomycontinuesto bepursuedatexiting facilitiessuchasNançay2,3 (France),Gaurabida-
nur4 andOoty5 (India), andUTR-26 (Ukraine),andin newer projectssuchastheGiantMeterwave RadioTelescope7,8

(GMRT) in India.

However, sincelow-frequency radioastronomyis relatively cheap,astronomersin theUSrealizedthattheVeryLarge
Array (VLA) couldbeout�tted with simpledipolereceiversatnegligiblecost:thisledto theadditionof �rst 327MHz and
then74MHz9 systemsoneachVLA antenna.Overtheyears,experiencewasgainedwith thesesystemsandit wasrealized
thatacombinationof deconvolutionandself-calibrationtechniqueswascapableof removing theeffectsof theionosphere
andachieving nearlyinstrument-limitedimagequality even at high spatialresolution.10–12 This makesit attractive to
reconsidertheprospectsfor highspatialresolutionimagingatmeterwavelengthsandlonger, anda suggestionfor a low-
frequency arrayexploiting thesedevelopments13 togetherwith therecognitionthata numberof importantastrophysical
topicscanbestbetackledin this frequency range(e.g.,theepochof reionization)hasled to theLOw Frequency ARray
(LOFAR) project.
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LOFAR will useactive dipole receiving elementswith an intrinsically large �eld of view, sensitive at the lower
frequenciesto essentiallythewholesky at once. This meansthatduring theday theSunwill alwaysbe in theLOFAR
�eld of view, and its activity mustbe taken into account,both asa �uctuating sourcein the �eld andasa sourceof
ionosphericinhomogeneity. Solar researchwill necessarilyform a major componentof LOFAR studies,and interest
in LOFAR coincideswith the realizationthat SpaceWeather, which canbe studiedat long wavelengths,is playing an
increasinglyimportantrole in our technologically-dominatedsociety. Thepurposeof thispaperis to summarizeLOFAR
andto discussits valuefor solarandSpaceWeatherstudies.

2. THE LOW FREQUENCY ARRAY

LOFAR is presentlyconceived to be a joint projectof ASTRON (the NetherlandsFoundationfor Researchin Astron-
omy, basedin Dwingeloo,TheNetherlands),theNaval ResearchLaboratory, andMIT/HaystackObservatory. Herewe
summarizethe main elementsof the LOFAR project,usingthe currentinformationpresentedat the LOFAR web site,
http://www.lofar.org .

2.1.The ProposedTelescope

LOFAR will operateasan interferometricarrayconsistingof a large numberof dipolesgroupedinto � 100 “stations”
eachconsistingof 100- 1000dipolesspreadoveranarea� 100m in diameter. Thelargenumberof dipolesis necessary
to achievesuf�cient effectivecollectingareain orderto reachthedesiredsensitivity. Thedipoleswithin eachstationwill
be phasedtogetherto form small beams,avoiding the problemof correlatingthe outputfrom every dipole with every
otherdipole(thenumberof cross-correlationsgoesasN2, sodividing N dipolesinto n � N/100stationsandonly having
to correlatethecombinedoutputsfrom then stationssimpli�es thecorrelationproblemenormously).At leasttwo types
of receiving elementsareexpectedto beneeded:onesetoperatingfrom 15 - 90 MHz (this is sucha wide rangethatone
elementmay not be ableto cover it), andanotherfrom 110 - 240 MHz. The frequency breakbetweenthesereceiving
elementscannaturallybe madeto coincidewith thebandusedfor FM radiostations(88 - 108 MHz), which is full of
stronginterferingsignalsthroughouttheworld.

At eachstation,a“beam”pointingin acertaindirectionwill beformedby combiningthesignalsfrom all dipolesafter
insertinga position-dependentdelayin eachsignalthathastheeffect of addingthe �ux thatarrivesfrom onedirection
on thesky andcancelingout the�ux from otherdirections.Thedipolesthemselveshave a very wide �eld of view: this
processof formingabeamfrom dipolesspreadoutoverawholestationproducesabeamwhosesizeis determinedby the
sizeof thestation(i.e., thebeampatternhasa sizesimilar to thatof a singledishwith anapertureequalto thesizeof the
station).Sincethebeamsareformedelectronicallyby delayingsignalswithout mechanicallychangingthedirectionthe
dipolespoint,onecansplit thesignalsfrom thedipolesandform severaldifferentbeamsilluminatingdifferentdirections
on the sky (within the receptionpatternof a singledipole) simultaneously, without lossof sensitivity; the limit to this
processis providedby theneedto analyzethedatafrom eachbeam.

Thecurrentdesignfor LOFAR featuresthefollowing elements:

� Over104 dualpolarizationdipolesoptimizedfor operationat10-90MHz.

� Over 2 � 105 dualpolarizationdipolesarrangedin a 4 � 4 compoundelementarrayandoptimizedfor operationat
110-220MHz.

� Between2 and8 independentbeamsthatwill allow simultaneousobservingprogramsto beexecuted.

� Maximumbaselinesof up to 500km.

� All dipolesdistributedover 60 to 165stations(thenumberof dipolesperstationvariesinverselywith thenumber
of stations).

� At least25%of the total collectingareato be locatedwithin a 2 km diameter“virtual core” wherethe full signal
from eachantennais transportedto a centralprocessingsite. Thesesignalscanbephasedup to form a sensitive 2
km diameter“super-station”.

� Rapidfrequency switching(of order1 msec)



� An instantaneousRFbandwidthof at least32MHz (potentiallymoreif fastercommercialdigitizersbecomeavail-
ablein thenearfuture)will bedigitizedat theantennalevel. (All simultaneousbeamswill haveto usethecommon
bandwidth.)

� Beamformingfor thevirtual coretogetherwith all correlationandpipelinedataprocessingwill becarriedout at a
centralprocessingsite.

Thevirtual coreprovideshighbrightnesssensitivity for low surfacebrightnessextendedobjects,while theoutliersta-
tionsprovide high spatialresolutionthatavoidstheconfusionlimitation prevalentin low-resolutionlow-frequency radio
astronomy. At presenta log-spiraldesignis favoredfor thearrangementof stationsoutsidethevirtual core. Bandwidth
synthesiswill beexploitedto �ll in theu � v plane. Approximatesensitivities of the full arrayaregiven in Table1. The
sensitivities quotedaregiven for eachbeam,a singlepolarization,an integrationtime of 1 s anda 4 MHz bandwidth.
ResolutionsarebasedonaVirtual Corediameterof 2 km anda maximumbaselineof 400km.

Table1. Basicdesignparametersof LOFAR (VC = Virtual Core,Array = full array).

Frequency EffectiveArea Tsys Sensitivity (mJy) Resolution Beamsize

(MHz) (m2) (K) Array VC Array (”) VC (”) Array (') VC (deg)

15 1.3� 106 131,000 98 400 12 41 1260 90

30 3.3� 105 23,000 68 280 6.2 21 650 90

75 5.2� 104 2450 46 190 2.5 8.3 250 90

120 3.3� 105 820 2.4 10 1.5 5.2 160 23

200 1.2� 105 270 2.2 9 0.9 3.1 95 23

With baselinesof up to 500km requiredandtheneedfor a low-interferenceenvironment,thesiting of LOFAR will
not bea trivial exercise.Presently, sitesin theNetherlands,in thesouth-westof theUS (spreadacrossNew Mexico and
Texas,but notco-locatedwith theVLA), andWesternAustralia(in theMurchisonregion)arebeinginvestigated.

2.2. Imaging with LOFAR

Theimagingproblemfacedby LOFAR is a formidableone.At a spatialresolutionof orderarcsecondsanda wide �eld
of view, therecaneasilybe 1010 resolutionelementsand107 sourcesin a singleimage. LOFAR, in commonwith all
interferometers,measuresspatialFourier componentsof the sky brightnessdistribution andtheseFourier components
mustbe invertedin order to recover the sky brighnessdistribution. The �eld of view of LOFAR is so large that the
conventionalimagingassumptionthatneglectsthecurvatureof thesky cannotbemade:thethree-dimensionalnatureof
the inversionproblemmustbe addressed.At presentthis is doneby dividing the three-dimensional�eld of view into
many small two-dimensional“f acets”.14 This is numericallyexpensive, andLOFAR is relying on continuedadvances
in computingspeedto make this feasible. The computationaldriver for extendingthe polyhedronalgorithmto lower
frequenciesis thenumberof facetsthatarerequiredto divideup thesurfaceof the�eld of view (N f acet µ l B

�

D2, where
B is thebaselinelength,l is thewavelengthandD is theaperturesizeof individual receiving elements).Thiscanexceed
104 for LOFAR.

In addition,sincethedimensionsof thearrayarecomparableto theheightof theionosphere,asinglestationlookingat
differentpartsof the�eld of view will seedifferentisoplanaticpatchesandsuffer differenteffects.In effect, theantenna-
basedphasecorrectionneededto accountfor the ionospherewill vary acrossthe�eld of view of a singlestation, unlike
thecaseat higherfrequencieswherethe�eld of view is smallerthantheisoplanaticpatchon thesky anda singlephase
correctionapplieseverywherewithin theprimarybeamof agivenantenna.In effect,thismeansthatself-calibrationmust
solvefor atime-varyingposition-dependentphasecorrectionfor eachantenna;anotherwayto think of this is thatLOFAR
needsto derive a global ionosphericmodelover all thevisible sky on a time-dependentbasisin orderto determinethe
correctionsneededto remove theionosphereandachieve instrument-limitedimaging.



Oneaspectof dealingwith thisproblemis to developamodelof thelow-frequency sky thatcanbeusedto initiate the
self-calibrationcycle. Thesky modelwill consistof at leastthebrighterknown sourcesthroughoutthesky, mappedasa
functionof positionandfrequency, thatprovidesaninitial modelfor calibrationandthatallowsa�rst-order determination
of position-dependentionosphericphasecorrections.Thesky modelwill have to bedevelopediteratively, with eachnew
observationaddinginformationto the model. As a by-productof the removal of the ionosphericphasenoisefrom the
datausingmany differentantennasandmany differentdirectionsonthesky, theionospherecanbecharacterizedin detail,
providing aboonfor ionosphericscience.

Adding to thesedif�culties is the problemof interference,prevalent in the frequency rangeof LOFAR. This will
be addressedby a combinationof �ltering out the more stablesources,adaptive nulling of sourcesusing electronic
beamshaping,real-timeidenti�cation andrejection,andself-calibrationtechniquesthatcanrecognizethepropertiesof
interferenceandexciseit.

2.3.Primary ScienceGoals
The goal of LOFAR is to build a low-frequency arraywith excellentsensitivity andspatialresolutionthat canattacka
rangeof problemsthatarereally only accessibleat low radio frequencies.We mentionseveralhighlightshere;a more
completedescriptionmaybefoundat thewebsitehttp://www.lofar.org/science/ur d100/sc ien ce case.html .

� Theepoch of reionization(EOR):After recombinationof theelementsata redshiftof 1100,thebaryonicmatterin
theUniverseremainedneutraluntil the�rst starsandgalaxiesstartedto emit ionizing radiation,at whichpoint the
intergalacticmediumwasreionized.At leastthreedifferenttypesof sourceshavebeensuggestedascontributingto
theradiationthatwasresponsiblefor reionization:emissionfrom the�rst generationof stars;radiationreleasedin
thecollapseof the�rst galaxy-sizedhalos;andemissionfrom anearlygenerationof luminousquasars.TheEOR
canbedetectedat low frequenciesbecauseit causeda smallstepin thetemperatureof thebackgroundradiation.15

Thepredictedspectroscopicsignatureis generatedonlargescales(10
�

) at therestfrequency of theneutralhydrogen
line (1420MHz), but redshiftedto LOFAR frequenciesby theexpansionof theUniverse.Alternatively, theneutral
intergalacticmediummay be detectedin absorptiontowardsthe �rst quasarsto form.16 The exact frequency at
which thetemperaturestepis detected,or theredshiftof theabsorption,yieldsthetimeof reionizationwhich is an
importantparameterin thecosmologicalhistoryof theuniverse.

� High-redshiftradiogalaxies: thesearetheoldestandmostmassivedistantobjects,providing importantconstraints
uponearlystarformationepochs.Themostef�cient methodtodatefor �nding veryhighredshiftradiogalaxiesuses
thecorrelationbetweenradiospectrumsteepnessandredshift.At their restfrequency synchrotronlossesgeneratea
nonthermalcontinuumspectrumwhichsteepensabove 1 GHz. For distantobjectsthis”breakfrequency” is shifted
to longerandlongerwavelengthsin theobserver's frame,makingthemsteepspectrumsourceswhichareidealfor
detectionby a low frequency radiotelescopesuchasLOFAR.

� Mappinggalacticcosmicrays: LOFAR will play an importantrole by mappingthespacedistribution andenergy
spectrumof cosmic-rayelectrons.Optically thick thermalsourcesat known distances,suchasHII regions,are
observed in absorption;a techniquethatcanbeexploitedonly at low frequenciesandyieldsdirectly line-of-sight
cosmic-raysynchrotronemissivities.Comparisonswith observationsatotherwavelengths,includingthedistributed
Galacticgamma-rayemission,will provide importanttools for decouplingthe matter, cosmic-ray, andmagnetic
�eld distributionsin theGalaxy.

� Surveys of the bursting and transientuniverse: Any transientphenomenathat accelerateparticlesto nonthermal
energieswill tendto produceradioemissionwith asteepspectrumthatmakesit mosteasilydetectableat low radio
frequencies.This is thereasonwhy pulsarswere�rst discoveredat low frequencies.LOFAR's largeinstantaneous
�eld of view meansthatLOFAR caneffectively monitora largefractionof thesky atall times,averagingonmany
differenttime scales.Thismakespossiblefor the�rst timea sensitiveunbiasedsurvey for astronomicaltransients,
andthenatureof electronicpointingwill allow rapidresponseto transients.

Thesolar-relatedsciencegoalsof LOFAR will bediscussedin the following sections.We notethatLOFAR nicely
complementsanotherradiotelescopeproject,theFrequency Agile SolarRadiotelescope(FASR),whosefrequency range
will begin at theupperlimit of LOFAR's range(probablywith someoverlap)andextendto above 20 GHz. FASR is a
solar-dedicatedtelescopecarryingout imagingspectroscopy of theradioSun.17
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Figure 1. Variability of thesolarlow-frequency �ux on a dayof activity. Thesedataare245MHz dataat 1 s time resolutionfrom the
LearmonthIPS/USAir Forcepatroltelescope.A sequenceof �ares occursduringthisperiod;thebrightestradioemissioncomesfrom
arelatively small�are (GOESclassC5) thatoccursataround23:45UT onJune1.

3. THE SUNAT LOW FREQUENCIES

The�ux from thequietSunis not asspectacularat low frequenciesasit is at high frequencies:theSun's atmosphereis
optically thick dueto thermalfree-freeemissionfrom thecoronaat a heightsubstantiallyabove thephotosphere,andthe
quiet-Sun�ux canbeestimatedby assuminga brightnesstemperatureof 106 K overa radiusof 1 to 2 R � , dependingon
frequency, leadingto roughly20000( f

�

100MHz)2 Jy(1solar�ux unit= 1sfu= 104 Jy). Thequiet-Sun�ux doeshowever
vary considerablywith thesolarcycle; it hasbeenreportedto beaslow as2000Jy at 50 MHz duringsolarminimum,18

which is muchfainterthansourcessuchasCasA andCygnusA. TheSunmoves2.5
� �

relative to thebackgroundsky per
minute;sincethat is theresolutionof LOFAR at thehigherfrequencies,solarmotionwill have to betakenaccountof in
calibratingandmappingdaytimeobservations.Furthermore,thesolar�ux canvary dramaticallyat low frequencies:an
exampleis shown in Figure1, wherethequiet-Sun�ux is just 19 sfu, but thepeak�ux during �ares risesto 300times
this level, when(at � 108 Jy) theSunwill beeasilythebrightestobjectin thesky.

Figure2 shows the frequency dependenceof the bright event in Fig. 1 asa dynamicspectrum.This event shows
two commontypesof low-frequency solar radio emission19–21: “Type III” bursts,which drift very rapidly from high
to low frequenciesandareknown to be dueto beamsof fastelectronstravelling away from the solarsurfaceon open
magnetic�eld lines;and“TypeII” bursts,which drift muchmoreslowly andfrequentlyappearastwo distinctbandsof
emission.Both theseburstsarebelieved to emit via the plasmaradiationmechanism,in which electrostaticLangmuir
waves are excited at the local electronplasmafrequency, fp �

9000
�

ne with ne being the electrondensity(cm�

3),
and thenconvertedto propagating electromagneticmodesin the plasmaat the fundamentalf p and the harmonic2fp
frequencies.The frequency of the radio emissionthereforecanbe translateddirectly into an electrondensity, andthe
frequency drift ratecanbeconvertedinto a speedif thedensitygradientin thecoronais known. For TypeII burststhis
procedureusuallyresultsin a speedof order500- 1000km s�

1, while theAlfv énspeedat theemittingheightis though
to betypically severalhundredkm s�

1: this led to the ideathatTypeII burstsaredrivenby shockstravelling at several
timesthelocalAlfv énspeed.
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Figure 2. Dynamicspectrum(plot of frequency versustime,with frequency decreasingfrom top to bottomof theplot) of theeventat
23:45on 2002June1 responsiblefor thebrightest�uctuations in Fig. 1. Thedataarefrom theHiraisospectrographin Japan.This
event is a classicType III/Type II event: the impulsive onsetof the �are is signalledby the groupof fast-frequency-drift (Type III)
burstsat23:47UT, indicatingelectronstravelling outwardsfrom theSunonopen�eld linesatspeedsof order0.2c. They arefollowed
by amuchmoreslowly drifting pairof bands(TypeII), thoughtto befundamentalandharmonicplasmaemissionfrom ashockmoving
at � 600km s� 1.

TypeII burstsalwaysfollow �ares, andhencetheassociatedshocksmustsomehow be�are-related;thereremainsa
controversyasto whetherthey arein factdrivenprimarilyby coronalmassejections22 (CMEs)thatoccurwith �ares. Type
III burstsneednotbe�are associated,althoughthey assuredlyindicateepisodesof accelerationof electronsto nonthermal
energies,andfurther indicatethat thoseelectronshave accessto open�eld lines. The locationof theaccelerationsites
in the coronais dif�cult to identify: the highestfrequency of (fundamental)emissiondisplayedby a burst neednot
correspondto thedensityin theaccelerationregionbecausefree-freeabsorptionin theambientthermalplasmaincreases
dramaticallyasdensityincreases,andcanpreventusfrom seeingtheelectronbeamlow in thecorona.In thecaseof Type
II bursts,theAlfv énspeedis higherin thelow corona,anda shockmaynot form in front of a disturbanceoriginatingat
highdensitiesuntil it reachesa heightwhereits speedgreatlyexceedsthelocalAlfv énspeed:this leadsto TypeII bursts
having theappearanceof just “turning on” severalminutesafter the �are onset,eventhoughthedisturbancedriving the
shockwasprobablylaunchedat �are onset.

Anotherimportantburst type,not presentin Fig. 2, is theType IV burst. This is identi�ed on dynamicspectraasa
broadbandcontinuumtypically following theTypeII in time. Suchcontinuawith similarappearancesondynamicspectra
maywell have quitedifferentpropertiesotherwise,andfor this reasonthey have beendif�cult to study.23,24 Someof
thesecontinuaareproducedby sourcesthatmove out to greatheightsabove thecorona(“moving TypeIVs” 25) andmay
well beassociatedwith coronalmassejections.However, noneof theseconjecturedassociationshave beenestablished,
andthiswill beanimportantissuefor LOFAR to address,asdiscussedin thenext section.Two problemsin particularhave
plaguedsuchstudiesin thepast: theapparentpositionsof radiosourcesin thesolarcoronacanbeaffectedby ducting,
i.e., thepositionsoftenappearto behigherthanthey reallyarebecause�ux emittedin a regioncloseto thelocal plasma
frequency is easilyrefractedalongductsof low plasmadensity, emerging from theductsonly whenthefrequency of the
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Figure 3. Direct detectionof radio emissionfrom a coronalmassejectionat 164 MHz.29 The imageis madewith datafrom the
Nançay radioheliograph.The �are occurredbehindthe solar limb so that the bright emissionfrom low in the solaratmosphereis
occulted.The imageshows a noisestorm(bright compactcontinuumsource,unrelatedto the �are) togetherwith extendedemission
thatoutlinesacoronalmassejectionobservedsimultaneouslywith theSOHO/LASCOcoronagraph.Theradioemisisonfrom theCME
is a broadbandcontinuumwith a falling spectrum,suggestingsynchrotronradiationfrom electronsacceleratedat the leadingedgeof
theCME.

emissionis well above thesurroundingplasmafrequency26 (in theabsenceof this effect sourceswould actuallyappear
lower thanthey reallyaredueto theradialdecreasein plasmadensityin thesolarwind27); andscatteringintrinsic to the
solarcoronamakessourcesappearbiggerthanthey truly are.28 Sinceboththeseeffectsarelocal to theSun,they will
beapparentto LOFAR aswell; however, LOFAR's continuousfrequency coveragewill allow us to investigateposition
shiftsandsourcesizesasa functionof frequency in a way not possiblewith previousinstrumentsandthusyield a much
clearerpictureof thesourcesof the radioemission.Oneproblemthatprevious low-frequency telescopeshave suffered
thatshouldnot bea problemfor LOFAR is errorsin positionsdueto ionosphericrefraction,sincetheionospherewill be
well characterisedin thenormalcourseof LOFAR analysis.

4. SPACE WEATHER

The�eld of SpaceWeatherhastakenon increasingimportancein recentyears,astherealizationof just how damaging
spacein�uenceson theterrestrialenvironmentcanbe. Geomagnetic�uctuationscausedby currentsin theEarth's mag-
netospherecanoverwhelmlong-distancepower gridsandcausehugeeconomicdisruption,andthreatenlife if it causes
power lossin communitiesthatdependon electricalheatingto survive thepolarwinters.Energeticparticlesaccelerated
closeto the Suncandamagesolid-stateelectronicson satellites,andtherearenumerousexamplesof satellitelossat-
tributedto this cause;further, solar-inducedheatingof the ionospherecancauseit to expandupwardsinto thealtitudes
occupiedby low-Earth-orbitsatellites,increasingthe dragon themandcausingthemto drop out of orbit andburn up
in the Earth's atmosphere.Energetic particlesalsoposea healthrisk to astronautsandto high-altitude�yers suchas
commercialandmilitary pilots,while ionosphericdisturbancescausedisruptionto long-rangeradiocommunications.

As canbeseenfrom this list, thesourcesof SpaceWeatherarediverse.Coronalmassejectionsplay a majorrole in
causinggeomagneticstormsanddisruptingthe auroralparticlebelts,andany meansof studyingCMEs is of potential



importance.LOFAR canplay a role herebecausetheplasmafrequency associatedwith CMEsin thelow corona,where
they �rst becomevisible to coronagraphs,falls into LOFAR's frequency rangeandobservableeffectsareto beexpected.
As notedabove, somepeoplebelieve that Type II radio burstsaredriven by CMEs; moving Type IV burstsaremore
widely acceptedasbeingassociatedwith CMEs, but they aremuchrarer thanType IIs andfew have beenstudiedin
recentyearsbecauseno telescopehasbeenavailable to imagethem(they typically occurwell below Nançay's lower
frequency of 164MHz, but will fall squarelyin LOFAR's frequency range).With its superiorresolutionandsensitivity
andtheability to useimagingatcloselyspacedfrequenciesto sortout theeffectsof wavepropagationin thesolarcorona,
LOFAR will playamajorrole in settlingthesecontroversies.

Therehave beenrecentdevelopmentsthatencourageus to becon�dent thatLOFAR will indeedbeableto ful�l its
promiseof imagingCMEs.Therearenow anumberof Nançayobservationsat169MHz of emissionsthatareapparently
moving with CMEs.Maiaet.al (2000)reportsuchemissionsin severaleventsassociatedwith partly-occulted�ares. The
Nançay observationsshow unpolarizeddrifting featuresconsistentwith Type II emission,but too weakto be identi�ed
assuchin spectrographrecords.Bastianet.al (2001)29 analyzedoneof theseeventsfurtherandshowedthatthemoving
featurereportedby Maiaetal. (2000)in factliesatthebaseof theCME,butsensitiveimagesshow thatthereis alsofainter
emissionoutliningessentiallytheentireouteredgeof theCME (Figure3). Fromthebroadbandspectrumof thisemission
Bastianet al. (2001)suggestedthat in fact theemissionmechanismis synchrotronemissionfrom electronsaccelerated
at the leadingedgeof the CME ratherthanplasmaemissionasin a Type II burst. This emissiondirectly outlinesthe
CME andif it canbeobservedroutinely, it will provideamorereliablemeansfor detectingCMEsparticularlyin thelow
corona.Thereasonthatit is observedin thisparticulareventappearsto bebecausethecorresponding�are occurredover
thelimb andbrightemissionsat 164MHz arisingfrom processeslow in thecoronawereobscuredfrom view. Normally
suchbrightemissionsdominatetheavailabledynamicrangeof theimages,makingthelowersurfacebrightnessextended
emissionfrom theCME undetectable.LOFAR'scharacteristicswill speci�cally helpto avert thisproblem:theinnercore
of dipoleswill provide excellentsensitivity to low surfacebrightnessemission,andit shouldbecapableof far superior
dynamicrangein its imagesthanksto thecollectingarea,theu � 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 presentin mostCMEsbut usuallyundetectablefor thereasonsgivenabove, in whichcase
LOFAR will detecta largefractionof all CMEsdirectly throughsuchemission.Whetherit canbedetectedfrom CMEs
originatingon thesolardisk andtravelling directly towardsus is presentlyunknown, andprobablycannotbeanswered
until LOFAR beginsoperation.

Otheraspectsof SpaceWeathermay alsoprove to be bestaddressedthroughlow-frequency observations. The en-
ergetic protonsanda particlesthat bombardthe Earth following somesolareventsarean importantfeatureof Space
Weatherandthereareefforts to correlatetheir occurrencewith phenomenain thesolarcorona.Caneet al.31 arguethat
essentiallyall solarenergetic particleeventsareprecededby groupsof Type III eventsthat arelong-lastingandoccur
only at low frequencies.They tendto occuraftertheTypeII emission(if present)hasstarted,andarealwaysassociated
with CMEs. Sincetheselong-lastingTypeIII bursts(labelled“TypeIII- l ”) do not needa TypeII to bepresentandstart
at frequenciescorrespondingto densitiesmuchhigherthanarecharacteristicof theCME at thecorrespondingtime, it is
proposedthatthey areacceleratedat heightsbelow theleadingedgeof theCME. TheseTypeIII- l burstswill bepresent
in LOFAR's frequency rangeandif indeedthey aretracersof solarenergeticparticleevents,they will provide another
importantrole for LOFAR in SpaceWeather.

5. SOLAR RADAR EXPERIMENTS

In additionto thepassivedetectionof radioemissionfrom CMEsin thesolarcorona,activedetectionof CMEsusingradar
techniqueshasgreatpotentialfor SpaceWeatherresearch.Solarradarwith a suitablyequippedtransmittingfacility and
usingLOFAR asthedetectingandimagingelementmayprovide a uniquetechniquefor detectingandtrackingCMEs,
openingupanentirelynew andexciting �eld of solarresearch.

The interestin this proposalis generatedby theresultsof a uniqueexperimentcarriedout in the1960's with theEl
Camporadar, built by theLincolnLaboratory, whichdetected38MHz radarechoesfrom theSunfor aperiodof 9 years.32

Huge,rapidly-moving targetswereoccasionallyobservedbut this wasbeforethespace-bornecoronagraphdiscovery of
coronalmassejections(CMEs),andthephysicalnatureof these“targets”wasa mystery. It is now thoughtthatCMEs



were being observed. Subsequentradarexperimentshave beenunsuccessful,but nonehave had the combinationof
transmittingpowerandreceiving areapossessedby El Campo.

Radarexperimentstransmita very narrow bandsignalanddetectany frequency shifts in there�ections (or echoes).
TheDopplershift introducedby differentpartsof anoutward-moving CME will resultin a characteristicfrequency- and
time-dependentsignaturein there�ectedsignal.Therich informationinherentin thismeasurementcouldopenanentirely
new window onCMEstudies,yieldingtheirangulardistribution,ranges,andline-of-sightvelocities.Combiningtheradial
velocity obtainedfrom theDopplershift with thetransversevelocity obtainedfrom imagingwould yield theCME total
velocityvector. Thismayallow for accuratepredictionsof CME Earth-arrival times.Asidefrom themacroscopicphysics
of directinterestto thespaceweatherprogram,thereis greatpotentialin unraveling themicroscopicphysicsof thesolar
radarscatteringmechanism.An understandingof this mechanismis key to solving the puzzlesof the spectralshape,
the large Dopplerspread,the Dopplershift, andthe variationin solarradarcrosssectionobserved by James.Various
mechanismshave beensuggested,including turbulencein the local medium,�uctuations in the altitudeof the plasma
resonancelevel due to electrondensity�uctuations in the solarwind, ion acousticwaves,andcoherentlower hybrid
waves.If theradartechniqueis successful,it will alsoprovidea sensitiveprobeof turbulencein thesolarcorona.

Two transmittersfor solarradarapplicationsarebeingdiscussedatpresent.A monostatic26MHz solarradarsystem
hasbeenproposedfor Arecibo.33 The stand-aloneversionof this systemwill be powerful enoughto con�rm James'
resultsusingmoderntechnology, with the advantageof the availability of the extensive monitoringof the uppersolar
atmosphereandCMEsatotherwavelengthsthatJamesdid nothaveathisdisposal.Thissystemwouldprovideastepping-
stoneto a morepowerful systemthatwoulduseAreciboasthetransmitterandLOFAR asa receiving elementto provide
two-dimensionalinformation.In addition,thereis a Swedishproposal34 to constructaphased-arraytransmittingantenna
(“LOIS”). Theelementsof thetransmitterwill bedistributedovera largeareasothatthepowerfrom eachelementwill be
low enoughto avoid creatingplasmairregularitiesin theionosphere,with thesignalsbeingphasedto mergeat thetarget
locationin the interplanetarymedium.LOFAR would provide muchgreatercollectingarea,andhencesensitivity, than
LOIS itself wouldachieveasthereceiving element.If they aresuccessful,thesesolarradartechniquescouldrevolutionize
theway in whichwestudycoronalmassejections.
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