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Abstract

ThelLow Frequeng Array (LOFAR) is anovel radiotelescopehatoperatesn thefrequeng range
of 30— 240MHz. It is aradiointerferometerconsistingof 77 stationsthatareorganizedn a cen-
tral coreat Exloo in the NetherlandsandremotestationsacrosscentralEurope. LOFAR's basic
working principleis digitizing the antennasignalsat eachstationandsendingthemto the Central
Processingystem(CPS)at Groningen.This novel approactprovidesLOFAR with a high e xi-

bility, andthe possibility of directingupto eightbeamsatdi erentsourcesn thesky sothatit can
be usedby a correspondingnumberof concurrenusers.A remotestationis plannedat the AIP's
Obsenatory of SolarRadioastronomyt Tremsdorf.Solarradioradiationin LOFAR's frequeny

rangeemanategrom the uppercorona. The solaractvity manifestsitself in ares and coronal
massejectiong CMESs)thatarestrongradiosourcesTheimpactof thesolaractvity ontheterres-
trial environmentis commonlyreferredto asSpaceéWeather LOFAR will studythe solaractiity

with an angularresolutionthatis unprecedentedh the meterwavelengthrange. Di erentsolar
obsenationmodesareproposedn this paperthatincludecontinuousmonitoringof solaractiity,

theidenti cation and e xible responseto radiobursts,aswell asjoint obsenationcampaignsvith

otherinstruments.The tasksof the SolarScienceDataCenterthatis to be establishedt the AIP

will additionallybeintroduced.




1 LOFAR — The LOw FrequencyARray

1.1 Intr oduction

LOFAR, the LOw Frequeng ARray, is a new interferometricradio telescopehat coversthefre-
gueng rangeof 30 — 240 MHz. It is currently beingconstructedoy ASTRON at Exloo in the
Netherlandsin its rst constructiorphasel OFAR consistf sensorelds thatarearrangedn a
2 km diametercompactorelocatedat Exloo with 32 stationsand45 remotestationghatprovide
baseline®f upto 100km.

Figurel: LOFAR centralcoreandremotestationcon guration.

Figure 1 shaws the con guration of LOFAR's centralcore and remotestations. Additionally to

theseremotestationsthat are plannedoy ASTRON, LOFAR is opentowardsfurther remotesta-
tionsall over centralEurope.Suchremotestationsprovide longerbaselinese.g.Exloo— Potsdam
= 450km, andthusincreaseghe angularresolutionof theradiotelescope.

1.2 Interfer ometry with LOFAR

In “classical”’interferometry(Kraus,1986)anarrayof radiodishantennaés orientedtowardsthe
obsered sourcein the sky. The antennasignalsare correlatedwith well-de ned delays,andan
imageis synthesizedWith this setup,only a singlesourcecanbe obsenedat a certainfrequeny
atthesametime. LOFAR pursuesadi erentapproactthato ersanunprecedentee xibility and
versatility LOFAR usesarraysof simple dipole antennaeghat essentiallycover the whole sky.
At eachLOFAR station,the antennasignalsare digitized, preprocessednd sentto the Central
Processingystem(CPS)at Groningenwherethe signalcorrelationandfurther dataprocessing,
e.g.imagesynthesisis done.Theresults(“dataproducts”)aresentto the LOFAR usersandtheir
respectre ScienceDataCenters.

Thus,theradiointerferometet. OFAR is basicallyrealizedin software. Thepricefor thisapproach
is demandingcomputingresourcesit the CPSandthe necessityof fastdataconnectiongrom the
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antennaeelds. Sincetheseare availabletoday the LOFAR setupo ers multiple adwantages.
First, it is possibleto correlatethe signalswith di erentphasedelaysat the sametime andto
form multiple beamghatpointtowardsdi erentsourcesn thesky. Thus,LOFAR canbeusedby
di erentobsenerssimultaneouslyFurthermorel OFAR is highly e xible. Observingprograms
quickly canbe changedby readjustingdataprocessingparameterand the programmingof the
CPS.Finally, bu eringof theraw dataenabled OFAR to “look back”in time andpointoneof its
beamse.g.towardsa transientevent, andstudyits nascenstageafter the bursthasbeenrealized
by LOFAR or anotherinstrument.

1.3 Sensitvity and angular resolution

Thelargenumberof LOFAR antennaeesultsin alargecollectingareaof upto 1 km? andyieldsan
unprecedentesensitvity. Theremotestationsn Europeprovide long baselineshatarenecessary
for agoodangularesolutionof theinterferometer

Figure 2: Comparisonof LOFAR capabilitieswith thoseof previous facilities as a function of
frequeny. The angularresolution(left) andthe sensitvity (right) of LOFAR are shawvn in red
togethemwith thoseof previouslow frequeng radiosurwey facilities. FromdeBruynetal. (2002).

Figure2 displaysLOFAR's angularesolutionandsensitvity in comparisorwith thoseof existing
low frequeny radio telescopesit is evidentthat LOFAR will improve both quantitiesby more
thantwo orderof magnitudesn the frequeng of 30 — 240 MHz andthuspavesthe way for new
discoveriesin radioastronomy



1.4 LOFAR remotestation at Tremsdorf

LOFAR remotestationsareto be setup atisolatediocationssu ciently far avay from RFI (radio
frequeng interferenceourcedik e trains,highways, high voltagelines, industrial plantsetc.. A
remotestationconsistsof two elds of dipole antennador high (120— 240 MHz) andlow (30—
80 MHz) frequenciesrespectiely. The antennaare spreadout over anareaof 60 m x 60 m for
thelow and50 m x 50 m for the high frequencies.The gapin the frequeng coverageavoidsthe
troublesomd-M radiorange.

Figure3: A LOFAR antennaeld.

Figure 3 shows a typical LOFAR antennaeld. For the low frequeng band,dual polarization
antennaeareusedwith dipole armlengthsof 1 m anda total heightof 1.4 m. For the high band
antennae4 x 4 dipoleswith armlengthsof 0.7 m anda heightof 0.60m arearrangedas‘tiles”.
A remotestationcontainsabout100 antennaef eachtype. The antennasignalsarepreprocessed
atthestationandsentto the CPS.Therequireddatarateis about2 Gbit/s, thusthe stationneedsa
fastdatalink despiteits isolatedlocation.

Thesystemof remotestationsin the Netherlandshatis plannedfor the rst constructiorphasdas
shavn in Fig. 1. Germaninstitutesinterestedn LOFAR lik e the AIP or the MPI for Radioastron-
omy at Bonnhave recentlyfoundedthe GLOW (GermanLOng Wavelength)consortium.

Figure4 shaws the plannedsitesof LOFAR remotestationsin Germaiy. The AIP's Obsenatory
for SolarRadioastronomyt Tremsdorfis a promisinglocationthatmeetsthe requirementsetup
by ASTRON for a LOFAR remotestation,like minimum distancefrom man-madeadio noise
sourcessizeandtopographyof thearea,accessibilityandunobstructedky view.

Figure5 shavs anaerialview of the Obsenatory of SolarRadioastronomwt Tremsdorftogether
with the locationsof the antennaeelds of the LOFAR station. First talks to local authorities
aboutthe permissionto setup a LOFAR stationhave beenconductedsuccessfully For the data
transmissiorfrom the Tremsdorfstation,a point-to-pointradio link to the AIP at Babelsbey is

planned.



Figure4: Sitesof planned_LOFAR remotestationsan Germauy.

Figure5: Aerial view of the Obsenatory of SolarRadioastronomyat Tremsdorf,andthe sitesof
theantennaeelds of the LOFAR remotestation.
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2 LOFAR obsewations

This sectionprovides an overview of the LOFAR data processingand transportsystemfrom
the remotestationsto the CentralProcessingSystem(CPS),especiallythe necessaryeduction
of the datato a bandwidthof about2 Gbit/s that can be handledwith today's technologies.
This datareductionhasimplicationson LOFAR usersthat have to be consideredvhenplanning
LOFAR obsenations.

2.1 Remotestation data processing

Thebasicprincipleof LOFAR measurements to digitize thesignalsof all stationantenna@ndto
sendthe datato the CentralProcessingystem(CPS).There,the dataarefurther processedThe
obseredsourcesn the sky areselectedhroughbeamformingj.e. correlationwith properphase
delaysbetweerthesignalsof di erentantennaeA varietyof obsenationmodescanbeemployed
to studythebeamsg.g.obtainingtime seriesor imagesynthesis.The principle of performingall
dataprocessin@ndanalysisn acomputero ersLOFAR great e xibility . Changingthe obsenred
frequencie®r moving an obsenationbeamto anothersourcein the sky only requiresthe change
of someparameter$or the dataprocessinghatcanbe quickly done,andeventheintroductionof
new obsenationmodesis possiblethroughadjustment®f the softwarerunningon the CPS.Any
LOFAR obsenrer couldusehis beamindependentlyrom the otherconcurrenusers.

However, if LOFAR hadthedigitizedinformationfrom all antennaet all stationsavailable,each
remotestationwould producea datarateof severaltensof Gbit/s. This neithercanbetransmitted
from mostlocationsto the CPS,nor canthe CPShandlethe combineddata o w from all stations.
Thus,somedataprocessingndreductionhasto be performedon the stationlevel. Thefollowing
processingtepsareforeseerfor eachLOFAR remotestation:

Eachrecever unit is connectedo a low (30— 80 MHz) anda high band(120- 240 MHz)
antennaTherecever canonly procesghe signalsfrom oneof theseantennae.

Theantennasignalis digitized andFouriertransformedvith a bandwidthof 100MHz, that
coversthe low bandcompletelyandmostof the high band. This 100 MHz wide frequeng
bandis subdvidedinto 256 kHz bands.

Only atotal bandwidthof 32 MHz, i.e. 128 of the 256 kHz bands canbefurtherprocessed.
Therestof theinformationis lost. These32 MHz canbedistributedamongupto 8 di erent
beams.Thus,it is possibleto de ne a singlebeamwith atotal bandwidthof 32 MHz, or 8
beamawith atotal bandwidthof 4 MHz each,or ary combinationin between.

Now upto 8 stationbeamsareformedby correlatingthesignalsof all antenna®nthestation
with phasedelaysthatcorrespondo the speci eddirectionin the sky.

The stationbeaminformationis nally sentto the CPS

Theresultof this dataprocessings up to 8 dualpolarizationstationbeamswith atotal bandwidth
of 32 MHz. The requireddataratetowardsthe CPSis about2 Gbit/'s andthuswell within the
rangeof today's possibilitiese.g.throughoptical bers or aradiolink from the station.
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At the CPS thedatafrom all stationsarecollectedandfurtherprocesse@ccordingo theneed<of
thedi erentLOFAR users.An importantstepis the datacalibrationthatis alsodoneatthe CPS
by regularly pointingtowardsa setof referencesourcese.g.quasarsandadjustinganionospheric
modelin orderto yield agreemenbetweerthe calibrateddataanda referencesky model.

2.2 Implications for LOFAR users

The necessityof a stationdataprocessindghasimportantimplicationsfor the usersof LOFAR. If
the LOFAR dataprocessingvasassimpleasoutlinedin the beginningof the previoussubsection,
eachuserscould selectobsenation objects,frequenciesand observingmodesaccordingto his
needsand entirely independenfrom other users,exceptfor the limitations of total computing
power anddatabandwidth.But sincethe data o w from the remotestationds limited to 2 Gbit/s,
someinformationnecessarilys lost. Thisleadsto somelimitationsfor LOFAR usersandto some
dependencieketweerconcurrenbbservingorograms:

Theformationof stationbeamdimits the eld of view of eachbeam. For a stationwith a
sizeof L = 200m anda wave frequeng of 150 MHz (wavelength = 2 m), the diameter
of the stationbeamcanbe estimatecas?2 =L = 2 10 ?rad = 2:2 . Thisis nota strong
limitation, e.qg.it is shavn below thatthis doesnot limit solarapplications.All sky surweys
thatneedlarge elds of view will mainly usethe centralcoreof LOFAR thatis not subject
to stationbeamlimitations.

Sincetheantennaeceversareconnectedo eitherthelow or the high bandantennaepbser
vationsin eitherfrequeng rangehave to be coordinatedvith otherLOFAR users.This has
to beconsideredn LOFAR's obsenationplanning.

A userthat operatesoneof 8 obsenationbeamss limited to a total bandwidthof 4 MHz,
i.e. 16 subband®f 256 kHz width each.But sincethis selectionis performedby the station
dataprocessingndrealizedin software, e xible andfastchange®f thesubbandshouldbe
possible.

At the CPS,the 256 kHz bandsarefurthersubdvidedinto 1 kHz subbandsthatde ne LOFAR's
spectrakesolution.Thetemporalkesolutionis consequentlyimited to 1 ms. Theintegrationtimes
arealsonotavorthy. For sensitvities of theorderl mJyasdisplayedn Fig. 2, anintegrationtime
of 1 houris necessaryFor the Sunasa bright radio source,much smallerintegrationtimesare
su cient. Theintensityof the quietSun's thermalradiationat 40 MHz is about200 Jy, andit in-
creasesvith increasingrequeng. Thus,theintegrationtimesarenotmuchlongerthanLOFAR's
temporalresolution.

To summarizethe necessargtationdataprocessingmposeson LOFAR userstherestrictionto a
4 MHz sectionof thetotal spectrunthatis availableatthesametime, andit requiresacoordination
with otherobsenersonthe choiceof the high or low frequeng band.



2.3 LOFAR Key ScienceProjects

Thenew radiotelescope OFAR hasawide rangeof applicationghatcover mary scienti ¢ objec-
tives. Sciencewith LOFAR is organizedn “K ey ScienceProjects’thataddressertaintopics. In
the Netherlandsthefollowing Key ScienceProjectscurrentlyarede ned:

Epochof Reionizationof the Universe

— Determinatiorof the epochof reionization

— Informationon the sourcesof reionization(UV radiationof hot starsor X-raysfrom
blackholes)

— Measureghe power spectrunof uctuationsasafunctionof redshift
All-sky surweys
— Obsenationswith large eld of view

— Starforming galaxiesAGN, clustersgtc.
— Morethan100m. new sourcesxpectedo befound

Detectionof transientevents

— Multiple stationbeamscover a signi cant partof the sky
— Daily monitoringof alargefractionof the sky
— Flarestars X-ray binaries,supern@ae,gammaray bursts,etc.

Cosmicray shawvers

— Detectionof cosmicraysthroughgyrosynchrotroremissionof electronsandprotons
in Earth's atmosphere

— Derivationof air shaver properties

But thesekey scienceprojectsare not exclusive. LOFAR sciencecoversthe early universe,the

structureandevolution of galaxies,galacticastronomyand supernea remnantsaswell assolar

and stellar physics,stellarplanetarysystems gspeciallythe Sun-Earthsystem,and ionospheric
physics.



3 Solarradio astronomywith LOFAR

The e xible andversatileradiotelescopd& OFAR is verywell suitedfor solarradioastronomyThe
Sunasour closeststaris anintensesourceof radiowaves. The alreadystrongthermalradiationof
the quiet Sunis superimposedby intenseradio burststhat are associateavith phenomenaf the
solaractvity like ares andcoronalmassejection CMES).

Thetheoryof spaceplasmagrovidesthetoolsfor investigatingthe physicsof the sourceregions
of solarradioemissionasit is obsenedon Earth,e.g.by LOFAR. Thus,radiowavescanbe used
to investigatehe physicalparametersvithin ares andCMEs,andto gaininsightinto theirmech-
anisms. Radio waves can be generatedy manifold processesn thesemanifestationsf solar
actvity. Basically enegetic electronsare neededor non-thermaradio emission.The enegetic
electronsexciteshigh frequeng plasmawaves,e.g.Langmuiror upperhybrid waves,which con-
vert into electromagneti¢radio) waves. Thus,the radio waves are emittedat the local electron

plasmafrequeng S

1 N

foe= —
e 2 Me o

(1)

andor its harmonicg{Melrose,1985). N, is the electronnumberdensityof the plasmaandm, the
electronmass.Forinstanceglectroncandirectlybeaccelerateth a are andthenbeinjectedinto
magneticeld geometrieshatareopentowardsthehighercoronaor interplanetaryspaceleading
to theformationof typelll radiobursts,see(Suziki& Dulk, 1985)for areview.

Figure6: Jointobsenationof UTR-2 andthe Tremsdorfsolarradioobseratory of the solarradio
eventof 6 July 2002(Mel'nik etal.,2004).

Figure 6 presentsan examplefor a joint radio obsenation of the solarevent of 6 July 2002 by
the DSPin Kharkov, Ukraine,andthe radioobseratoryin Tremsdorf(Mel'nik etal.,2004). The
frequeny rangecovers LOFAR's low band(30 — 80 MHz). The gure clearly shaws type llI

burstsasfeatureswith very high frequeng drift rates,i.e. nearlyverticallines. Anothersourceof
radio radiationare shockwaves,which areproducecdeitherby a are or a CME. If suchashock
wave is ableto acceleratelectronsup to supra-thermavelocities,it canemitradiowavesvia the
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mechanisndescribedabore (Mann, 1994). Theseradio waves manifestthemselesasa type Il
radioburstin dynamicradiospectrawith lowerfrequeng drift ratesthanthetypelll bursts.Type
Il burstscanalsobeidenti ed in Fig. 6.

3.1 Analysisof solar low frequencyradio radiation

It hasalreadybeennotedthatthefrequeng of solarradioradiationcorrespondso thelocal plasma
frequeng, Eq. (1) or its harmonicat the sourceregion. It is notevorthy thatthe plasmafrequeny

only dependn the electronnumberdensityandnaturalconstantslt is independentdf the mag-
netic eld andelectronor ion temperaturesDue to this connection the electrondensityat the

sources immediatelyknown wheneer solarradioradiationis receved.

1 10 100

Figure7: Heliospheriadensitymodelof Mannetal. (1999)

In orderto determinghesources heightin thesolarcoronaaheliospheridensitymodelis needed
that provides information on the variation of the electrondensitywith distancefrom the Sun.
Figure7 shaws the heliospheriadensitymodelof Mannetal. (1999). R is the distancefrom the
solarcenter With this model,frequenciecannow be corvertedinto solardistances.The model
coversthe whole corona,the transitioninto the solarwind andthe interplanetaryspaceup to 1
AU. With the densitymodel,the plasmafrequeng cannow be calculatedasfunctionof the solar
distance:

f[MHzZ] | 30 40 70 100 170 240
RR | 1.80 1.68 148 1.37 1.24 1.17

Table 1: Frequenciesn the LOFAR rangeand correspondingsolar distancesaccordingto the
densitymodelfrom Fig. 7

Table 1 clearly shavs that the sourceregions of radio wavesin LOFAR's frequeng rangeof
30—-240MHz arelocatedin theuppercoronawith aminimumvalueof R= 1:17R for thehighest
frequenciesthatapproximatelycorrespondso a heightof 120,000km above the photosphere.
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With the densitymodel at hand, it is also possibleto transformthe frequeng drift ratesof so-
lar radio burstsinto sourcevelocities. From the de nition of the plasmafrequeng, Eq. (1),
it followsthat:

df  f dN,
="y 2
dt ~ 2N, dr ~>°Urce (2)

With this relationit is possibleto investigatethe speedandthusenegy of electronbeamsfrom
type lll burstdrift rates,or shockvelocitiesfrom type Il bursts. Generally it is now possibleto
transformdynamicradio spectrogramento coronalheight-timediagrams seee.g. (Warmuth&
Mann,2004)asareview.

Figure8: Connectiorbetweerdynamicradio spectrogramandheight-timediagramsn the solar
corona.

Figure8 displaysthe dynamicradio spectrumof a so-calledtype U-burstthatis characterizedby
a decreasenda subsequenincreaseof the emittedfrequeny. Note thatthe frequeng scaleis
upsidedown, sincelower frequenciesorrespondo larger heightsin the corona. Within 3 s, the
emittedfrequeng shiftsfrom 340MHz to 240MHz, andthenincreasedackto 340 MHz within
2 s. Fromthe coronaldensitymodel(Mannetal., 1999)it follows that340 MHz corresponds$o
a heightof 8:9 10* km above the coronalbase,and240 MHz to 1:56 10° km. Thustheradio
source rst moveswith a vertical velocity componenof 223 10° km/s upwardsandthenwith
335 10° km/s downwards. Therefore this type U burstis regardedasthe radio signatureof an
electronbeamtraveling alonga closedmagneticeld line in thecorona.

U-burstsarethe signatureof enegetic electronghathave beeninjectedinto a magnetidoop by
a solar are neara loop footpoint. The electronspropagataupwardsalongthe loop, reachthe
loop top, andreturnbackto the low coronaat the otherfootpoint. The above sourcevelocities
correspondo electronenepiesof severalkeV, andthe velocity di erencebetweenboth sidesof
theloop is dueto a skewnessof the loop, i.e. di erentanglesof the magnetic eld towardsthe
normalto the solarsurfaceon bothsidesof theloop.
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3.2 Solar obsewationswith LOFAR

Figure9: Nancayradioheliographmageof of 14 March2000.

The solarradio datapresentedo far have beenrecordedwith radiotelescopesik e Tremsdorfor
UTR thatdo not have a su cientspatialresolutionto obsere ary detailsof the Sun. The Sun
is just a point sourceto them. At low frequenciespnly a few instrumentsobsenre the Sunwith

relatively coarseresolution.e.g.theradioheliograplat Nancay France LOFAR will dramatically
improve the situationwith resolutionsn thearcsecondange.

Figurel0: TheSunin thelight of theresonancénesof eightandninetimesionizediron (Fe IX/X)
at171Athatis emittedat atemperaturef 10° K. Theimagewasrecordedn 11 Septembel 997
by the EIT instrumentnboardhe SOHOspacecraft.

12



Figure 10 shavs an EUV image of the solar coronathat was recordedby the EIT instrument
onboardhe SOHOspacecrafon11 Septembet997. Theresolutionof theimageis approximately
2". LOFAR will be ableto obsenre the solarcoronain low frequeng radiowaveswith a similar
resolution. The comparisorwith the Nancayradioheliographiimagein Fig. 9 demonstratethe
hugeprogressLOFAR will reveal ne structuresn coronalradiosourceghatareyetunexplored.

WhenplanningLOFAR full Sunimagesthelimited eld of view thatis availableto a eachuser
hasto be takeninto account.In Section2.2 it hasbeennotedthat the preprocessingf the data
at the LOFAR remotestationslimits the stationbeamsto a diameterof 2 =L, with  being
the wavelengthandL = 200 m the stationsize. For LOFAR's low frequeng limit of 30 MHz,
i.e. = 10m,thebeamdiametelis 5.7 . FromTablel it follows thatthis correspondso alargest
accessibldeightof r = 1:8R in thecorona.SincelR appeardrom the Earthunderanviewing
angleof about0:5 , thisradio Sunhasanangulardiameterof 1:8 andthus ts well into the 5:7
beam.For LOFAR's high frequeng limit of 240MHz ( = 1:25m), the correspondinghumbers
are a stationbeamdiameterof 0:72 anda coronalheightof r = 1:17R thatcorresponds$o an
angulardiameterof the radio Sunof 0:59 . Soit canbe concludedthatthe eld of view limit is
not critical for LOFAR solarobsenations.

It is alsoimportantto assesshe memorydemandor LOFAR full Sunimages.Fromtheangular
resolutionsin Fig. 2 andthe solarangulardiameterghat resultfrom the solardistancef wave

sourceregionsin Tablel it followsthatimagesizesof 1000 1000pixelsareareasonablestimate.
For low frequenciesthe imageshave to extend over larger viewing angles,but the resolution
decreasesandfor high frequencied. OFAR's resolutionbecomedetter but the imageshave to

cover smallerviewing angles.A 16 bit samplingresultsin 2 Byte/pixel, andif the polarizationis

characterizetby the 4 Stokesvectorsthetotal imagesizewill resultin:

10° pixel 2Byte=pixel 4 = 8 MByte perimage

But thisassessmemtoesnotincludeary kind of datacompressionGenerallyimagecompression
algorithmscanreducele sizesby anorderof magnitudewithout (e.g. GIF) or with minimal (e.g.
JPEG)lossof information. Thus,imagesizesof lessthanl MByte arereasonable.

3.2.1 Monitoring with LOFAR

Thehigh e xibility of theLOFAR instrumeni ersseveraldi erentmodedor solarobsenations.
Someexamplesarepresentedn the next subsectionsA standardnodewill be continuousmon-
itoring of the Sun. This modewill allow for studiesof the long-termevolution of solaractve
regionsandprovidesinformationon the precursor®of solarradio bursts, ares, andCMEs. Opti-
cal solarobsenatoriesroutinely monitor the Sun, e.g.the Kanzeltohe SolarObsenatory (KSO),
Austria, with animagecadencef 1 pictureperminute.

With LOFAR it will bepossibleo producesolarimagesn di  erentselectedrequenciesn regular
intervals andto archve theimages.Sinceeitherthe low (30 — 80) MHz or the high band(120—

240) MHz is availableat the sametime, seeSect.2.2, two setsof frequenciedor the two bands
have to be de ned. The resultingdatavolume canbe easily estimated.It hasbeenfoundin the
previoussubsectiorthata LOFAR imageof the Sunrequiresuncompresse8 MByte. OneLOFAR

beamwill beavailableto solarobsenrationsfor 8 hoursperday: If theSunis obseredin 5di erent
frequenciesvith animagecadencef 3 minutes the daily datarequire:

8h (60=3)image¢h 5 8MByte/image= 6:4GByteday
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Again, this numberonly refersto uncompressedata,andit canbereducedoy anorderof magni-
tudeeasily Thus,aftercompressiothedatarateproducedy suchamonitoringmodecorresponds
to 1 CD/day, or onestate-of-the-arharddiscperyear Thus,archiving the dataandmakingthem
accessibléo the scienti c communitythroughthe SolarScienceDataCenteris nota problem.

Radio spectra
(Tremsdorf)

time

LOFAR images
(several frequencie

Optical images
(e.g. Kanzelhdhe)

Figure 11: Sketchof a solar monitoring dataanalysisinterfacethat combinesthe sequencef
LOFAR imageswith solarimagesin otherwavelengthsge.g. optical, and dynamicradio spectra
e.g.from the Tremsdorfobsenatory,

Thesesequencesf solarradioimagescanbeideally combinedwith imagesn otherwavelengths,
e.g.optical, and solarradiospectrometedatathat provide no spatialresolutionbut cover a wide

frequeng range.Figure 11 shows a sketchof suchananalysisinterface. With suchanalysest is

possibleto investigatesolaractive regionsin di erentlayersof the atmospher@ndto studythe
sourceregionsof solarradio burstswith high spatialresolution(from LOFAR images)andhigh

frequeng coverage(from radiospectrometeatata).
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3.2.2 Responseo solar radio bursts

Besideof routine monitoring of the Sun, LOFAR's e xibility canbe usedto trigger automatic
responseto transienfphenomendik e solarradiobursts. This rst leadsto thetaskof identifying

a burstin the radio data. Sucha triggermechanisnis called burstbell”. A methodanalogougo

the bursttrigger modeof the Burstand TransientSourceExperimentBATSE), see(Aschwanden
etal., 1995),canbeimplementedThe methodis basedn calculatingthe standarddeviation  of

the countratesrecordedoy BATSE within a previoustime window. If the countrateincrease®y

morethan5:5 in two enegy channelsthisis consideredsa burst.

For LOFAR, a “burstbell” canwork in a similar way. Dependingon the currentavailability of
the low or high band,the total power on the frequenciest0 MHz and 70 MHz or 150 MHz and
200MHz canbe monitored.The power is averagedover atime window of e.g.threeminutesthat
issu ciently long comparedo the growth timesof solarradio bursts,andthe standardsariation
is calculated.If the power exceedshe averageby morethan5:5 on bothfrequenciesthisis
consideredhsa solarradioburst. Oncea burstis identi ed, the“burstbell” senesto purposes:

Alert otherworking groupsandotherinstrumentsn orderto triggerfollow-up obsenations
in di erentwavelengthranges.

Performa pre-de nedseriesof follow-up obsenationswith LOFAR in orderto studythe
evolution of theradiosourcebothin frequeny andspace.

An exampleof LOFAR obsenationstriggeredby the detectionof asolarradioburstis a sequence
of solarimageswith high cadenceandwith di erentfrequencieshatareadaptedo thefrequeng
drift of the burst. From the technicaldescriptionof the LOFAR dataprocessingn Sect.2.1is
follows thatthis requiresan continuousreadjustmenbf the 4 MHz selectionout of the currently
obsered frequeny bandthatis availableto the solarbeam. This is controlledby the Central
Processingystemandcanbe pre-programmedThus,LOFAR's e xibility duetherealizationof
muchof theinterferometryin softwaremakesit idealfor thistask.

Sincethe sourceregion of radiowavesin the LOFAR frequeng rangebetweer80 MHz and240

MHz is locatedin the uppercorona,the obsenation of solarradio burstsis especiallyimportant
in the contect of studyingthe releasemechanisnof CMEs. As soonasa CME reachessuper

sonidsuperalfenic speed,it drivesa shockwave (Mann, 1994)that is capableof accelerating
electronsto high enegies. Theseelectrondeadto the emissionof type ll radio bursts(Aurass,
1996). LOFAR obsenationsof nascentCMEs provide spatialinformationthathelpsdetermining
thedirectionof the CME asit headgowardsinterplanetaryspace.This helpsassessinghe poten-
tial impactof a CME on Earth. The studyof CMEs connectd. OFAR obsenationsof solarradio

burstscloselywith SpacéNeatheresearch.

3.2.3 Observation campaigns

In the previoussubsectionghe continuougaskof monitoringtheradio SunhasbeendescribedIn
caseof thedetectionof solarradio burststhe monitoringis interruptedanda prede nedfollow-up
obsenation programis performedthat provides a detailedinvestigationof the burst. Besideof
thesebasicobsenationalactvities, LOFAR canbe usedfor speci ¢ obsenation campaignghat
tamgetspecialaspectof the solaractuity.
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An exampleis the acceleratiorof enepgetic electrongn solar ares. Theseelectronsdo not only
produceradiowavesthatcanbeobsenedby LOFAR, but alsoX-raysasthey interactwith thesolar
atmosphereThus,joint obsenationswith X-ray instrumentdik e the upcomingJapanes&olarB
(http:/kolarnro.nao.ac.jgsolar-bindex_e.html and NASA's Solar DynamicsObsenatory (SDO,
http:/6do.gsfc.nasa.gd arewell suitedfor studyingthe productionand propagatiorof enegetic
particles.The strongheatingof the solaratmosphereesultsin intenseEUV radiationthatwill be
studiedby SDO,andalsoby SolarB. Additionalimagesn opticalwavelengthsvith GREGORor
the Kanzelloheobsenratory provide furtherinformationon the connectiorof the acceleratiorsite
with the photosphereandmm-wave data,e.g.from the AtacamalLarge Millimeter Array (ALMA,

http:/ivwweso.og/projectgalma), revealtherespons@f thechromosphere.

Anotherexampleis the study of CMEs at they travel throughthe interplanetaryspace. Within

thenext decadethe missionsSTEREO(http:/ktereo.gsfc.nasa.gdmissiormission.shtm| KuaFu
(http:/llws.gsfc.nasa.gdilws kuafu0405.pdf and Solar Orbiter (http:/6ci.esa.inkcience-svww

areaindex.cfm?faeaid=45) will collect radio andin-situ plasmadataon CMEs, while LOFAR

providesimagesof the nascentCME asit acceleratesn the uppersolarcorona. STEREOhas
the specialadwantagethat the missionconsistsof two nearlyidentical spacecraftpne aheadof

Earthin its orbit, the othertrailing behind.Thus,it providesa stereoscopic3-dimensionaview of

CMEs headingtowardsEarth,andit coversthe frequeng rangeof 16 MHz — 30 kHz thatis not
accessiblédrom Earth. Togetherwith the LOFAR images this will enableunprecedentedtudies
of the spatialstructureof the CME releasemechanismThesgoint obsenationsalsobene t from

LOFAR's“burstbell” thatwasintroducedabove.

4 Solar ScienceData Center

TheLOFAR dataarenotanalyzedat eachstation,but aresentto the CentralProcessingystemat
Groningenasit hasbeendiscussedn Sect.2.1. Only the collectionof the datafrom all stations
yield LOFAR's sensitvity andangularresolution. At the CPS,the incomingdataare processed
and“dataproducts’are producedaccordingto the needsof thedi erentobsenrers. Examplesof
suchdataproductsareradioimagesor time seriesof radio ux esof a certainsource.

But thesedataarenot routinely archved at the CPSfor along time, anda scienti ¢ dataanalysis
is alsonotdonethere.Insteadthedataproductsaresentto di erentScienceDataCenterdSDCs)
thatarededicatedo specialresearchnterests Fastnetwork connection®f 1 Ghit/s areervisaged
betweenthe CPSandthe SDCsthat enablea quick transferof obsenational datatoward each
SDC. The ScienceData Centersareresponsibldor LOFAR's Key SciencePrograms.They are
centersfor the scienti ¢ expertiseof low frequeny radio obsenationsin the relevant eld, and
they performthefollowing tasks:

Developmenibf obsenationalmodesneededo addresshe scienti ¢ questions.

Planningof obsenations,dependingn the availability of therequiredfrequeng rangethat
depend®ntherequest®f concurrenusersandthushasto beorganizedoy the CPS.

Performancef obsenationalprogramsegitherautomaticallyor interactvely.
Archiving of the Data.

Disseminatiorof thedatato thescienti c community
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4.1 LOFAR and Grid technology

Theoperationof a ScienceDataCenter(SDC)requireshe storageof largeamountsof dataof the
orderof mary hundredTByte or evena PByte. Furthermorethe processingf thesedataby users
who arenot physicallylocatedat the ScienceDataCentermakesdistributedcomputingresources
essential.

With the conceptof SDCs,thetier model, that hasbeendevelopedby the High Enegy Physics
(HEP) Communityat the EuropearOrganizationfor NuclearResearcfCERN),is adaptedo the
needf theLOFAR instrument At CERN,thismodelhasbeenusedfor theLargeHadronCollider
(LHC) data.The rst tier, the CentralProcessingystem(CPS),generatethe dataproductsof the
instrument. The secondtier, formedby the SDCs,receve andstorepart of the dataproductfor

furtherprocessing@ndanalysis.

To managadistributed datastoragefor LOFAR dataproducts,Grid technology e.g.the dCache
(http:/inwwdchadheorg), is availableto ensurethe integrity andtransparenaccessibilityacross
di erentSDCs.The SDCsareconnectedvithin a Grid framework thatprovidesfacilitiesfor run-
ning dataanalysistoolson LOFAR productsremotely Furthermorethe Grid framewnork enables
accesgo distributedcomputingresourcedor suchtasks. ScienceDataCenterswill provide por-
tals for scienti ¢ usersaccessinghe LOFAR grid. The Grid includessecuritymechanismshat
will ensurethe protectionof the resourcesandthe users. The conceptof a Virtual Organization,
which builds on the grid security facilitatesthe formationof collaborations.Thus,the Grid is an
importantcomponenbf the developmenif E-Science

4.2 The Solar ScienceData Center

A SolarScienceDataCenteris plannedto be establishedt the AIP. This SDCwill organizethe
LOFAR solarobsenationsandarchive thedata.Figure12 summarizeshetasksof the SolarSDC.

Solar Science Data Center

Observations Archive

Data storage

Monitoring Campaigns

Searchable database

Virtual Solar Observatory

"Burst bell”

Figure12: Diagramof thetasksof the SolarScienceDataCenter
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The obsenationaldutiescomprisethe developmentof obserational programsand dataanalysis
tools that are necessaryo derive quantitatve information on the stateof the solar coronafrom

the LOFAR data,aswell asthe performanceof the obsenationsitself. Thedi erentobsenration
programshave beenintroducedin Sect.3.2 above. At the SDC, the obsenationsare planned,
andtherequiredobsenation programsandparametersg.g.frequenciesaresentto the CPS.It is

noteworthy that “burstbell” from Sect.3.2.Zannot only be usedto interruptthe routine moni-

toring for fastresponseso solarradio bursts,but is also usefulfor triggering specialobserving
programsof cooperatingnstrumentgluringjoint obsenationsin specializeccampaignsAlerting

themis ataskof the SolarSDC, aswell asstartingfollow-up obsenationsat the CPSaspart of

LOFAR'sresponse.

The othermaintaskof the SolarSDC is archving the obsenationsoncethe dataproductshave
beensentfrom the CPS.This includesthe storageof the data, but also makingthem available

to the scienti c community Sincethe routine monitoringand specializedcampaigngeneratea
multitude of di erentobsenations,a searchablelatabases necessaryn orderto let a scientist
nd therelevantinformation. Thus,the SDCful lls thetaskof aVirtual Solar Obserwatory.

5 Summary

LOFAR opensa new spectrawindow for high-sensitrity andhigh-resolutiorobsenationsin the
meterwave range. The telescopeconsistsof a centralcore and remotestationsthat are spread
over centralEurope. A remotestationis plannedat the site of the AlIP's Obsenatory for Solar
Radioastronomwt Tremsdorf.

LOFAR follows the approactof digitizing the antennasignalsat eachstation,sendingthe datato

the CentralProcessingystem(CPS)at Groningenandrealizingtheradiointerferometrytherein

software. Thiso ersLOFAR a high e xibility andallows fastchangeof obsenation programs
andthusresponseso transientevents. However, the sheervolume of raw datarequiresstation
dataprocessingand reductionthat resultsin someloss of information. As a consequencehis

leadsto somerestrictionfor the usersascomparedo anidealinstrumentwhereeachusercando

his obsenationswithout ary interferencewith concurrenusers.Theselimits arethe selectionof

eitherthe low (30 — 80 MHz) or high (120 - 240 MHz) frequeng bandat a time anda limited

bandwidthof 4 MHz out of this bandthatis availableto eachof 8 obseration beams.But the
latterrestrictionis alleviatedby the possibility of fastchange®f the obseredfrequeng.

TheSunis anstrongradiosource andthesolaractiity leadso intenseradioburststhataccompan

ares andCoronalMassEjections(CMESs). Thesourceregionsof LOFAR frequenciesrelocated
in theuppersolarcoronaandthusprovide informationonthenascenphaseof CMEsasthey head
towardsinterplanetaryspace. Thus, LOFAR contributesto estimatesof their impacton Earth,
especiallyin combinationwith the datafrom upcomingsatellite missionslike STEREO,SDO,
SolarB, andSolarOrbiter.

For LOFAR obsenationsof the Sundi erentmodesare proposed. The basicmodeis routine
monitoringwith full Sunimageghataretaken,e.g.,with acadencef 3 minandon5di erentfre-
guenciesTheestimatedlatarateof suchamodeis 6.4 GByte/day. Imagecompressioganreduce
this by oneorderof magnitudewith no or minimallossof information,andthusyield manageable
datavolumes. Suchobsenationsallow studiesof the long-termevolution of active regionsand
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the precursomphaseof solar ares. The combinationwith othersolarmonitors,e.g.optical (H )
imagesfrom the KanzelltbheSolarObsenatory, Austria (http:/ivwwkso.ac.aj.

During suchamonitoringmode thesignalscanalsobechecledfor solarradiobursts.Onceaburst
is identi ed, a fastresponsewith follow-up obsenationscanbe triggered. Sucha “burst bell”
is alsousefulfor otherworking groupsoperatingdi erentground-or space-basethstruments.
Besideof suchroutine tasks,specializedcampaignscan be undertalen, e.g. for more detailed
studiesof selectedhctive regionsby joint obsenationswith otherinstruments.

For the planning,performanceaswell asdataanalysisandarchving a Solar ScienceData Cen-
ter (SSDC)will be establisheat the AIP. The SSDCwill concentratehe expertisein solarlow
frequeng radio astronomyandwill be responsibldor all aspectf solarradioastronomywith
LOFAR. Theobsenationalmethodswill bedevelopedthere, andtheobsenationsareplannedand
performedby sendingtherequirements$o the CPSandreceving the dataproductsfrom it. At the
SSDCthedataareanalyzedarchved,anddisseminatedo the scienti c community
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