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Abstract

TheLow Frequency Array (LOFAR) is anovel radiotelescopethatoperatesin thefrequency range
of 30 – 240MHz. It is a radiointerferometerconsistingof 77 stationsthatareorganizedin a cen-
tral coreat Exloo in the NetherlandsandremotestationsacrosscentralEurope.LOFAR's basic
working principleis digitizing theantennasignalsat eachstationandsendingthemto theCentral
ProcessingSystem(CPS)at Groningen.This novel approachprovidesLOFAR with a high �e xi-
bility, andthepossibilityof directingupto eightbeamsatdi� erentsourcesin thesky sothatit can
beusedby a correspondingnumberof concurrentusers.A remotestationis plannedat theAIP's
Observatoryof SolarRadioastronomyat Tremsdorf.Solarradioradiationin LOFAR's frequency
rangeemanatesfrom the uppercorona. The solaractivity manifestsitself in �ares andcoronal
massejections(CMEs)thatarestrongradiosources.Theimpactof thesolaractivity on theterres-
trial environmentis commonlyreferredto asSpaceWeather. LOFAR will studythesolaractivity
with an angularresolutionthat is unprecedentedin the meterwavelengthrange. Di� erentsolar
observationmodesareproposedin thispaperthatincludecontinuousmonitoringof solaractivity,
theidenti�cation and�e xible responsesto radiobursts,aswell asjoint observationcampaignswith
otherinstruments.Thetasksof theSolarScienceDataCenterthat is to beestablishedat theAIP
will additionallybeintroduced.



1 LOFAR — The LOw FrequencyARray

1.1 Intr oduction

LOFAR, theLOw Frequency ARray, is a new interferometricradio telescopethatcoversthefre-
quency rangeof 30 – 240 MHz. It is currentlybeingconstructedby ASTRON at Exloo in the
Netherlands.In its �rst constructionphase,LOFAR consistsof sensor�elds thatarearrangedin a
2 km diametercompactcorelocatedatExloowith 32stations,and45remotestationsthatprovide
baselinesof up to 100km.

Figure1: LOFAR centralcoreandremotestationcon�guration.

Figure1 shows the con�guration of LOFAR's centralcoreandremotestations.Additionally to
theseremotestationsthatareplannedby ASTRON, LOFAR is opentowardsfurther remotesta-
tionsall overcentralEurope.Suchremotestationsprovide longerbaselines,e.g.Exloo– Potsdam
= 450km, andthusincreasetheangularresolutionof theradiotelescope.

1.2 Interfer ometry with LOFAR

In “classical”interferometry(Kraus,1986)anarrayof radiodishantennaeis orientedtowardsthe
observed sourcein the sky. The antennasignalsarecorrelatedwith well-de�ned delays,andan
imageis synthesized.With this setup,only a singlesourcecanbeobservedat a certainfrequency
at thesametime. LOFAR pursuesadi� erentapproachthato� ersanunprecedented�e xibility and
versatility. LOFAR usesarraysof simpledipole antennaethat essentiallycover the whole sky.
At eachLOFAR station,the antennasignalsaredigitized, preprocessedandsentto the Central
ProcessingSystem(CPS)at Groningenwherethesignalcorrelationandfurtherdataprocessing,
e.g.imagesynthesis,is done.Theresults(“dataproducts”)aresentto theLOFAR usersandtheir
respectiveScienceDataCenters.

Thus,theradiointerferometerLOFAR is basicallyrealizedin software.Thepricefor thisapproach
is demandingcomputingresourcesat theCPSandthenecessityof fastdataconnectionsfrom the
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antennae�elds. Sincetheseare available today, the LOFAR setupo� ers multiple advantages.
First, it is possibleto correlatethe signalswith di� erentphasedelaysat the sametime and to
form multiplebeamsthatpoint towardsdi� erentsourcesin thesky. Thus,LOFAR canbeusedby
di� erentobserverssimultaneously. Furthermore,LOFAR is highly �e xible. Observingprograms
quickly canbe changedby readjustingdataprocessingparametersandthe programmingof the
CPS.Finally, bu� eringof theraw dataenablesLOFAR to “look back” in timeandpointoneof its
beamse.g.towardsa transientevent,andstudyits nascentstageafter thebursthasbeenrealized
by LOFAR or anotherinstrument.

1.3 Sensitivity and angular resolution

Thelargenumberof LOFAR antennaeresultsin alargecollectingareaof upto 1 km2 andyieldsan
unprecedentedsensitivity. Theremotestationsin Europeprovide longbaselinesthatarenecessary
for agoodangularresolutionof theinterferometer.

Figure 2: Comparisonof LOFAR capabilitieswith thoseof previous facilities asa function of
frequency. The angularresolution(left) and the sensitivity (right) of LOFAR areshown in red
togetherwith thoseof previouslow frequency radiosurvey facilities.FromdeBruynetal. (2002).

Figure2 displaysLOFAR'sangularresolutionandsensitivity in comparisonwith thoseof existing
low frequency radio telescopes.It is evident that LOFAR will improve both quantitiesby more
thantwo orderof magnitudesin thefrequency of 30 – 240MHz andthuspavestheway for new
discoveriesin radioastronomy.
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1.4 LOFAR remotestation at Tremsdorf

LOFAR remotestationsareto besetup at isolatedlocationssu� ciently far away from RFI (radio
frequency interference)sourceslike trains,highways,high voltagelines, industrialplantsetc.. A
remotestationconsistsof two �elds of dipoleantennaefor high (120– 240MHz) andlow (30 –
80 MHz) frequencies,respectively. Theantennaearespreadout over anareaof 60 m x 60 m for
the low and50 m x 50 m for thehigh frequencies.Thegapin the frequency coverageavoidsthe
troublesomeFM radiorange.

Figure3: A LOFAR antenna�eld.

Figure3 shows a typical LOFAR antenna�eld. For the low frequency band,dual polarization
antennaeareusedwith dipolearmlengthsof 1 m anda total heightof 1.4 m. For thehigh band
antennae,4 x 4 dipoleswith armlengthsof 0.7 m anda heightof 0.60m arearrangedas“tiles”.
A remotestationcontainsabout100antennaeof eachtype. Theantennasignalsarepreprocessed
at thestationandsentto theCPS.Therequireddatarateis about2 Gbit/s, thusthestationneedsa
fastdatalink despiteits isolatedlocation.

Thesystemof remotestationsin theNetherlandsthatis plannedfor the�rst constructionphaseis
shown in Fig. 1. Germaninstitutesinterestedin LOFAR like theAIP or theMPI for Radioastron-
omyatBonnhave recentlyfoundedtheGLOW (GermanLOngWavelength)consortium.

Figure4 shows theplannedsitesof LOFAR remotestationsin Germany. TheAIP's Observatory
for SolarRadioastronomyat Tremsdorfis apromisinglocationthatmeetstherequirementssetup
by ASTRON for a LOFAR remotestation,like minimum distancesfrom man-maderadio noise
sources,sizeandtopographyof thearea,accessibility, andunobstructedsky view.

Figure5 showsanaerialview of theObservatoryof SolarRadioastronomyatTremsdorf,together
with the locationsof the antennae�elds of the LOFAR station. First talks to local authorities
aboutthe permissionto setup a LOFAR stationhave beenconductedsuccessfully. For the data
transmissionfrom the Tremsdorfstation,a point-to-pointradio link to the AIP at Babelsberg is
planned.
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Figure4: Sitesof plannedLOFAR remotestationsin Germany.

Figure5: Aerial view of theObservatoryof SolarRadioastronomyat Tremsdorf,andthesitesof
theantennae�elds of theLOFAR remotestation.
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2 LOFAR observations

This sectionprovides an overview of the LOFAR data processingand transportsystemfrom
the remotestationsto the CentralProcessingSystem(CPS),especiallythe necessaryreduction
of the data to a bandwidthof about 2 Gbit/s that can be handledwith today's technologies.
This datareductionhasimplicationson LOFAR usersthathave to be consideredwhenplanning
LOFAR observations.

2.1 Remotestation data processing

Thebasicprincipleof LOFAR measurementsis to digitizethesignalsof all stationantennaeandto
sendthedatato theCentralProcessingSystem(CPS).There,thedataarefurtherprocessed.The
observedsourcesin thesky areselectedthroughbeamforming,i.e. correlationwith properphase
delaysbetweenthesignalsof di� erentantennae.A varietyof observationmodescanbeemployed
to studythebeams,e.g.obtainingtime seriesor imagesynthesis.Theprincipleof performingall
dataprocessingandanalysisin acomputero� ersLOFAR great�e xibility . Changingtheobserved
frequenciesor moving anobservationbeamto anothersourcein thesky only requiresthechange
of someparametersfor thedataprocessingthatcanbequickly done,andeventheintroductionof
new observationmodesis possiblethroughadjustmentsof thesoftwarerunningon theCPS.Any
LOFAR observercouldusehisbeamindependentlyfrom theotherconcurrentusers.

However, if LOFAR hadthedigitizedinformationfrom all antennaeat all stationsavailable,each
remotestationwould producea datarateof severaltensof Gbit/s. This neithercanbetransmitted
from mostlocationsto theCPS,norcantheCPShandlethecombineddata�o w from all stations.
Thus,somedataprocessingandreductionhasto beperformedon thestationlevel. Thefollowing
processingstepsareforeseenfor eachLOFAR remotestation:

� Eachreceiver unit is connectedto a low (30 – 80 MHz) anda high band(120– 240MHz)
antenna.Thereceivercanonly processthesignalsfrom oneof theseantennae.

� Theantennasignalis digitizedandFourier-transformedwith a bandwidthof 100MHz, that
coversthe low bandcompletelyandmostof thehigh band.This 100MHz wide frequency
bandis subdividedinto 256kHz bands.

� Only a total bandwidthof 32 MHz, i.e. 128of the256kHz bands,canbefurtherprocessed.
Therestof theinformationis lost. These32MHz canbedistributedamongup to 8 di� erent
beams.Thus,it is possibleto de�ne a singlebeamwith a total bandwidthof 32 MHz, or 8
beamswith a total bandwidthof 4 MHz each,or any combinationin between.

� Now upto 8 stationbeamsareformedby correlatingthesignalsof all antennaeonthestation
with phasedelaysthatcorrespondto thespeci�eddirectionin thesky.

� Thestationbeaminformationis �nally sentto theCPS

Theresultof thisdataprocessingis up to 8 dualpolarizationstationbeamswith a total bandwidth
of 32 MHz. The requireddatarate towardsthe CPSis about2 Gbit/s andthuswell within the
rangeof today'spossibilities,e.g.throughoptical�bers or a radiolink from thestation.
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At theCPS,thedatafrom all stationsarecollectedandfurtherprocessedaccordingto theneedsof
thedi� erentLOFAR users.An importantstepis thedatacalibrationthat is alsodoneat theCPS
by regularlypointingtowardsasetof referencesources,e.g.quasars,andadjustinganionospheric
modelin orderto yield agreementbetweenthecalibrateddataanda referencesky model.

2.2 Implications for LOFAR users

Thenecessityof a stationdataprocessinghasimportantimplicationsfor theusersof LOFAR. If
theLOFAR dataprocessingwasassimpleasoutlinedin thebeginningof theprevioussubsection,
eachuserscould selectobservation objects,frequencies,andobservingmodesaccordingto his
needsand entirely independentfrom other users,except for the limitations of total computing
power anddatabandwidth.But sincethedata�o w from theremotestationsis limited to 2 Gbit/s,
someinformationnecessarilyis lost. This leadsto somelimitationsfor LOFAR users,andto some
dependenciesbetweenconcurrentobservingprograms:

� The formationof stationbeamslimits the �eld of view of eachbeam.For a stationwith a
sizeof L = 200m anda wave frequency of 150MHz (wavelength� = 2 m), thediameter
of thestationbeamcanbe estimatedas2 � �= L = 2 � 10� 2 rad = 2:2� . This is not a strong
limitation, e.g.it is shown below that this doesnot limit solarapplications.All sky surveys
thatneedlarge �elds of view will mainly usethecentralcoreof LOFAR that is not subject
to stationbeamlimitations.

� Sincetheantennareceiversareconnectedto eitherthelow or thehighbandantennae,obser-
vationsin eitherfrequency rangehave to becoordinatedwith otherLOFAR users.This has
to beconsideredin LOFAR'sobservationplanning.

� A userthatoperatesoneof 8 observationbeamsis limited to a total bandwidthof 4 MHz,
i.e. 16 subbandsof 256kHz width each.But sincethis selectionis performedby thestation
dataprocessingandrealizedin software,�e xible andfastchangesof thesubbandsshouldbe
possible.

At theCPS,the256kHz bandsarefurthersubdividedinto 1 kHz subbands,thatde�ne LOFAR's
spectralresolution.Thetemporalresolutionis consequentlylimited to 1 ms.Theintegrationtimes
arealsonoteworthy. For sensitivitiesof theorder1 mJyasdisplayedin Fig. 2, anintegrationtime
of 1 hour is necessary. For the Sunasa bright radio source,muchsmallerintegrationtimesare
su� cient. Theintensityof thequietSun's thermalradiationat 40 MHz is about200Jy, andit in-
creaseswith increasingfrequency. Thus,theintegrationtimesarenotmuchlongerthanLOFAR's
temporalresolution.

To summarize,thenecessarystationdataprocessingimposeson LOFAR userstherestrictionto a
4 MHz sectionof thetotalspectrumthatis availableatthesametime,andit requiresacoordination
with otherobserverson thechoiceof thehighor low frequency band.
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2.3 LOFAR KeyScienceProjects

Thenew radiotelescopeLOFAR hasawiderangeof applicationsthatcovermany scienti�c objec-
tives.Sciencewith LOFAR is organizedin “K ey ScienceProjects”thataddresscertaintopics. In
theNetherlands,thefollowing Key ScienceProjectscurrentlyarede�ned:

� Epochof Reionizationof theUniverse

– Determinationof theepochof reionization

– Informationon the sourcesof reionization(UV radiationof hot starsor X-rays from
blackholes)

– Measurethepowerspectrumof �uctuationsasa functionof redshift

� All-sky surveys

– Observationswith large�eld of view

– Starforminggalaxies,AGN, clusters,etc.

– More than100m. new sourcesexpectedto befound

� Detectionof transientevents

– Multiple stationbeamscovera signi�cant partof thesky

– Daily monitoringof a largefractionof thesky

– Flarestars,X-ray binaries,supernovae,gammaraybursts,etc.

� Cosmicrayshowers

– Detectionof cosmicraysthroughgyrosynchrotronemissionof electronsandprotons
in Earth's atmosphere

– Derivationof air showerproperties

But thesekey scienceprojectsarenot exclusive. LOFAR sciencecoversthe early universe,the
structureandevolution of galaxies,galacticastronomyandsupernova remnants,aswell assolar
andstellar physics,stellar-planetarysystems,especiallythe Sun-Earthsystem,and ionospheric
physics.
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3 Solar radio astronomywith LOFAR

The�e xible andversatileradiotelescopeLOFAR is verywell suitedfor solarradioastronomy. The
Sunasourcloseststaris anintensesourceof radiowaves.Thealreadystrongthermalradiationof
the quietSunis superimposedby intenseradioburststhatareassociatedwith phenomenaof the
solaractivity like �ares andcoronalmassejections(CMEs).

Thetheoryof spaceplasmasprovidesthetoolsfor investigatingthephysicsof thesourceregions
of solarradioemissionasit is observedon Earth,e.g.by LOFAR. Thus,radiowavescanbeused
to investigatethephysicalparameterswithin �ares andCMEs,andto gaininsightinto theirmech-
anisms. Radio wavescan be generatedby manifold processesin thesemanifestationsof solar
activity. Basically, energetic electronsareneededfor non-thermalradioemission.Theenergetic
electronsexciteshigh frequency plasmawaves,e.g.Langmuiror upper-hybridwaves,which con-
vert into electromagnetic(radio) waves. Thus,the radio wavesareemittedat the local electron
plasmafrequency

fpe =
1
2�

s
Nee2

me� 0
(1)

and/or its harmonics(Melrose,1985).Ne is theelectronnumberdensityof theplasma,andme the
electronmass.For instance,electronscandirectlybeacceleratedin a�are andthenbeinjectedinto
magnetic�eld geometriesthatareopentowardsthehighercoronaor interplanetaryspace,leading
to theformationof typeIII radiobursts,see(Suziki& Dulk, 1985)for a review.

Figure6: Jointobservationof UTR-2 andtheTremsdorfsolarradioobservatoryof thesolarradio
eventof 6 July2002(Mel'nik etal., 2004).

Figure6 presentsan examplefor a joint radio observation of the solarevent of 6 July 2002by
theDSPin Kharkov, Ukraine,andtheradioobservatoryin Tremsdorf(Mel'nik et al., 2004).The
frequency rangecoversLOFAR's low band(30 – 80 MHz). The �gure clearly shows type III
burstsasfeatureswith veryhigh frequency drift rates,i.e. nearlyverticallines. Anothersourceof
radio radiationareshockwaves,which areproducedeitherby a �are or a CME. If sucha shock
wave is ableto accelerateelectronsup to supra-thermalvelocities,it canemit radiowavesvia the
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mechanismdescribedabove (Mann,1994). Theseradio wavesmanifestthemselvesasa type II
radioburstin dynamicradiospectrawith lower frequency drift ratesthanthetypeIII bursts.Type
II burstscanalsobeidenti�ed in Fig. 6.

3.1 Analysisof solar low fr equencyradio radiation

It hasalreadybeennotedthatthefrequency of solarradioradiationcorrespondsto thelocalplasma
frequency, Eq. (1) or its harmonicat thesourceregion. It is noteworthy thattheplasmafrequency
only dependson theelectronnumberdensityandnaturalconstants.It is independentof themag-
netic �eld andelectronor ion temperatures.Due to this connection,the electrondensityat the
sourceis immediatelyknown wheneversolarradioradiationis received.
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Figure7: Heliosphericdensitymodelof Mannetal. (1999)

In orderto determinethesource'sheightin thesolarcorona,aheliosphericdensitymodelis needed
that provides information on the variation of the electrondensitywith distancefrom the Sun.
Figure7 shows theheliosphericdensitymodelof Mannet al. (1999). R is thedistancefrom the
solarcenter. With this model,frequenciescannow beconvertedinto solardistances.Themodel
coversthe whole corona,the transitioninto the solarwind andthe interplanetaryspaceup to 1
AU. With thedensitymodel,theplasmafrequency cannow becalculatedasfunctionof thesolar
distance:

f [MHz] 30 40 70 100 170 240
R=R� 1.80 1.68 1.48 1.37 1.24 1.17

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

Table 1 clearly shows that the sourceregions of radio waves in LOFAR's frequency rangeof
30– 240MHz arelocatedin theuppercoronawith aminimumvalueof R = 1:17R� for thehighest
frequencies,thatapproximatelycorrespondsto aheightof 120,000km above thephotosphere.
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With the densitymodelat hand,it is alsopossibleto transformthe frequency drift ratesof so-
lar radio bursts into sourcevelocities. From the de�nition of the plasmafrequency, Eq. (1),
it follows that:

d f
dt

=
f

2Ne

dNe

dr
VSource (2)

With this relationit is possibleto investigatethe speedandthusenergy of electronbeamsfrom
type III burstdrift rates,or shockvelocitiesfrom type II bursts. Generally, it is now possibleto
transformdynamicradio spectrogramsinto coronalheight-timediagrams,seee.g. (Warmuth&
Mann,2004)asa review.

Figure8: Connectionbetweendynamicradiospectrogramsandheight-timediagramsin thesolar
corona.

Figure8 displaysthedynamicradiospectrumof a so-calledtypeU-burst that is characterizedby
a decreaseanda subsequentincreaseof the emittedfrequency. Note that the frequency scaleis
upsidedown, sincelower frequenciescorrespondto largerheightsin thecorona.Within 3 s, the
emittedfrequency shifts from 340MHz to 240MHz, andthenincreasesbackto 340MHz within
2 s. Fromthecoronaldensitymodel(Mannet al., 1999)it follows that340MHz correspondsto
a heightof 8:9 � 104 km above the coronalbase,and240 MHz to 1:56 � 105 km. Thusthe radio
source�rst moveswith a vertical velocity componentof 22:3 � 103 km/s upwardsandthenwith
33:5 � 103 km/s downwards. Therefore,this typeU burst is regardedasthe radiosignatureof an
electronbeamtravelingalongaclosedmagnetic�eld line in thecorona.

U-burstsarethesignaturesof energeticelectronsthathave beeninjectedinto a magneticloop by
a solar �are neara loop footpoint. The electronspropagateupwardsalong the loop, reachthe
loop top, andreturnbackto the low coronaat the other footpoint. The above sourcevelocities
correspondto electronenergiesof severalkeV, andthevelocity di� erencebetweenbothsidesof
the loop is dueto a skewnessof the loop, i.e. di� erentanglesof the magnetic�eld towardsthe
normalto thesolarsurfaceonbothsidesof theloop.
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3.2 Solar observationswith LOFAR

Figure9: Nancayradioheliographimageof of 14 March2000.

Thesolarradiodatapresentedso far have beenrecordedwith radio telescopeslike Tremsdorfor
UTR that do not have a su� cient spatialresolutionto observe any detailsof the Sun. The Sun
is just a point sourceto them. At low frequencies,only a few instrumentsobserve the Sunwith
relatively coarseresolution,e.g.theradioheliographat Nancay, France.LOFAR will dramatically
improvethesituationwith resolutionsin thearcsecondrange.

Figure10: TheSunin thelight of theresonancelinesof eightandninetimesionizediron (FeIX/X)
at171Å thatis emittedata temperatureof 106 K. Theimagewasrecordedon 11 September1997
by theEIT instrumentonboardtheSOHOspacecraft.
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Figure 10 shows an EUV imageof the solar coronathat was recordedby the EIT instrument
onboardtheSOHOspacecrafton11September1997.Theresolutionof theimageis approximately
2”. LOFAR will beableto observe thesolarcoronain low frequency radiowaveswith a similar
resolution. The comparisonwith the Nancayradioheliographimagein Fig. 9 demonstratesthe
hugeprogress.LOFAR will reveal�ne structuresin coronalradiosourcesthatareyetunexplored.

WhenplanningLOFAR full Sunimages,the limited �eld of view that is availableto a eachuser
hasto be taken into account.In Section2.2 it hasbeennotedthat the preprocessingof the data
at the LOFAR remotestationslimits the stationbeamsto a diameterof 2 � �= L, with � being
the wavelengthandL = 200 m the stationsize. For LOFAR's low frequency limit of 30 MHz,
i.e. � = 10 m, thebeamdiameteris 5:7� . FromTable1 it follows thatthis correspondsto a largest
accessibleheightof r = 1:8R� in thecorona.Since1R� appearsfrom theEarthunderanviewing
angleof about0:5� , this radioSunhasanangulardiameterof 1:8� andthus�ts well into the5:7�

beam.For LOFAR's high frequency limit of 240MHz (� = 1:25 m), thecorrespondingnumbers
area stationbeamdiameterof 0:72� anda coronalheightof r = 1:17R� that correspondsto an
angulardiameterof the radioSunof 0:59� . So it canbeconcludedthat the �eld of view limit is
not critical for LOFAR solarobservations.

It is alsoimportantto assessthememorydemandfor LOFAR full Sunimages.Fromtheangular
resolutionsin Fig. 2 andthesolarangulardiametersthat resultfrom the solardistancesof wave
sourceregionsin Table1 it followsthatimagesizesof 1000� 1000pixelsareareasonableestimate.
For low frequencies,the imageshave to extend over larger viewing angles,but the resolution
decreases,andfor high frequenciesLOFAR's resolutionbecomesbetter, but the imageshave to
cover smallerviewing angles.A 16 bit samplingresultsin 2 Byte/pixel, andif thepolarizationis
characterizedby the4 Stokesvectors,thetotal imagesizewill resultin:

106 pixel � 2Byte=pixel � 4 = 8MByte perimage

But thisassessmentdoesnot includeany kind of datacompression.Generally, imagecompression
algorithmscanreduce�le sizesby anorderof magnitudewithout (e.g.GIF) or with minimal (e.g.
JPEG)lossof information.Thus,imagesizesof lessthan1 MByte arereasonable.

3.2.1 Monitoring with LOFAR

Thehigh�e xibility of theLOFAR instrumento� ersseveraldi� erentmodesfor solarobservations.
Someexamplesarepresentedin thenext subsections.A standardmodewill becontinuousmon-
itoring of the Sun. This modewill allow for studiesof the long-termevolution of solaractive
regionsandprovidesinformationon theprecursorsof solarradiobursts,�ares, andCMEs. Opti-
cal solarobservatoriesroutinelymonitor theSun,e.g.theKanzelḧoheSolarObservatory(KSO),
Austria,with animagecadenceof 1 pictureperminute.

With LOFAR it will bepossibleto producesolarimagesin di� erentselectedfrequenciesin regular
intervalsandto archive the images.Sinceeitherthe low (30 – 80) MHz or thehigh band(120–
240) MHz is availableat the sametime, seeSect.2.2, two setsof frequenciesfor the two bands
have to be de�ned. The resultingdatavolumecanbe easilyestimated.It hasbeenfound in the
previoussubsectionthataLOFAR imageof theSunrequiresuncompressed8 MByte. OneLOFAR
beamwill beavailableto solarobservationsfor 8 hoursperday. If theSunis observedin 5 di� erent
frequencieswith animagecadenceof 3 minutes,thedaily datarequire:

8h � (60=3) images/h � 5 � 8MByte/image= 6:4GByte/day
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Again,thisnumberonly refersto uncompresseddata,andit canbereducedby anorderof magni-
tudeeasily. Thus,aftercompressionthedatarateproducedbysuchamonitoringmodecorresponds
to 1 CD/day, or onestate-of-the-artharddiscperyear. Thus,archiving thedataandmakingthem
accessibleto thescienti�c communitythroughtheSolarScienceDataCenteris nota problem.

time

Radio spectra

(Tremsdorf)

LOFAR images
(several frequencies)

Optical images
(e.g. Kanzelhöhe)

Figure 11: Sketch of a solar monitoring dataanalysisinterfacethat combinesthe sequenceof
LOFAR imageswith solar imagesin otherwavelengths,e.g.optical, anddynamicradio spectra
e.g.from theTremsdorfobservatory.

Thesesequencesof solarradioimagescanbeideallycombinedwith imagesin otherwavelengths,
e.g.optical,andsolarradiospectrometerdatathat provide no spatialresolutionbut cover a wide
frequency range.Figure11 shows a sketchof suchananalysisinterface.With suchanalysesit is
possibleto investigatesolaractive regionsin di� erentlayersof the atmosphereandto studythe
sourceregionsof solarradioburstswith high spatialresolution(from LOFAR images)andhigh
frequency coverage(from radiospectrometerdata).
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3.2.2 Responseto solar radio bursts

Besideof routine monitoringof the Sun,LOFAR's �e xibility canbe usedto trigger automatic
responsesto transientphenomenalikesolarradiobursts.This �rst leadsto thetaskof identifying
a burst in theradiodata.Sucha triggermechanismis called`burstbell”. A methodanalogousto
theburst triggermodeof theBurstandTransientSourceExperiment(BATSE),see(Aschwanden
etal., 1995),canbeimplemented.Themethodis basedon calculatingthestandarddeviation � of
thecountratesrecordedby BATSEwithin a previoustime window. If thecountrateincreasesby
morethan5:5 � in two energy channels,this is consideredasaburst.

For LOFAR, a “burst bell” canwork in a similar way. Dependingon the currentavailability of
the low or high band,the total power on the frequencies40 MHz and70 MHz or 150 MHz and
200MHz canbemonitored.Thepower is averagedovera time window of e.g.threeminutesthat
is su� ciently long comparedto thegrowth timesof solarradiobursts,andthestandardvariation
� is calculated.If thepower exceedstheaverageby morethan5:5 � on both frequencies,this is
consideredasasolarradioburst.Oncea burstis identi�ed, the“burstbell” servesto purposes:

� Alert otherworkinggroupsandotherinstrumentsin orderto triggerfollow-upobservations
in di� erentwavelengthranges.

� Performa pre-de�nedseriesof follow-up observationswith LOFAR in orderto studythe
evolutionof theradiosourcebothin frequency andspace.

An exampleof LOFAR observationstriggeredby thedetectionof asolarradioburstis asequence
of solarimageswith highcadence,andwith di� erentfrequenciesthatareadaptedto thefrequency
drift of the burst. From the technicaldescriptionof the LOFAR dataprocessingin Sect.2.1 is
follows that this requiresancontinuousreadjustmentof the4 MHz selectionout of thecurrently
observed frequency bandthat is available to the solar beam. This is controlledby the Central
ProcessingSystemandcanbepre-programmed.Thus,LOFAR's �e xibility duetherealizationof
muchof theinterferometryin softwaremakesit idealfor this task.

Sincethesourceregion of radiowavesin theLOFAR frequency rangebetween30 MHz and240
MHz is locatedin theuppercorona,the observationof solarradio burstsis especiallyimportant
in the context of studyingthe releasemechanismof CMEs. As soonasa CME reachessuper-
sonic/superalfv́enic speed,it drivesa shockwave (Mann, 1994) that is capableof accelerating
electronsto high energies. Theseelectronsleadto the emissionof type II radio bursts(Aurass,
1996).LOFAR observationsof nascentCMEsprovide spatialinformationthathelpsdetermining
thedirectionof theCME asit headstowardsinterplanetaryspace.Thishelpsassessingthepoten-
tial impactof a CME on Earth. Thestudyof CMEsconnectsLOFAR observationsof solarradio
burstscloselywith SpaceWeatherresearch.

3.2.3 Observation campaigns

In theprevioussubsectionsthecontinuoustaskof monitoringtheradioSunhasbeendescribed.In
caseof thedetectionof solarradioburststhemonitoringis interruptedandaprede�nedfollow-up
observation programis performedthat providesa detailedinvestigationof the burst. Besideof
thesebasicobservationalactivities, LOFAR canbe usedfor speci�c observationcampaignsthat
targetspecialaspectsof thesolaractivity.

15



An exampleis theaccelerationof energeticelectronsin solar�ares. Theseelectronsdo not only
produceradiowavesthatcanbeobservedbyLOFAR, butalsoX-raysasthey interactwith thesolar
atmosphere.Thus,joint observationswith X-ray instrumentslike theupcomingJapaneseSolar-B
(http://solar.nro.nao.ac.jp/solar-b/index e.html) andNASA's SolarDynamicsObservatory (SDO,
http://sdo.gsfc.nasa.gov) arewell suitedfor studyingtheproductionandpropagationof energetic
particles.Thestrongheatingof thesolaratmosphereresultsin intenseEUV radiationthatwill be
studiedby SDO,andalsoby Solar-B. Additional imagesin opticalwavelengthswith GREGORor
theKanzelḧoheobservatoryprovide furtherinformationon theconnectionof theaccelerationsite
with thephotosphere,andmm-wavedata,e.g.from theAtacamaLargeMillimeter Array (ALMA,
http://www.eso.org/projects/alma), revealtheresponseof thechromosphere.

Anotherexampleis the studyof CMEs at they travel throughthe interplanetaryspace. Within
thenext decade,themissionsSTEREO(http://stereo.gsfc.nasa.gov/mission/mission.shtml), KuaFu
(http://ilws.gsfc.nasa.gov/ilws kuafu0405.pdf), andSolar Orbiter (http://sci.esa.int/science-e/www/
area/index.cfm?fareaid=45) will collect radio and in-situ plasmadataon CMEs, while LOFAR
provides imagesof the nascentCME as it acceleratesin the uppersolarcorona. STEREOhas
the specialadvantagethat the missionconsistsof two nearly identicalspacecraft,oneaheadof
Earthin its orbit, theothertrailing behind.Thus,it providesastereoscopic,3-dimensionalview of
CMEsheadingtowardsEarth,andit coversthe frequency rangeof 16 MHz – 30 kHz that is not
accessiblefrom Earth. Togetherwith theLOFAR images,this will enableunprecedentedstudies
of thespatialstructureof theCME releasemechanism.Thesejoint observationsalsobene�t from
LOFAR's “burstbell” thatwasintroducedabove.

4 Solar ScienceData Center

TheLOFAR dataarenotanalyzedateachstation,but aresentto theCentralProcessingSystemat
Groningenasit hasbeendiscussedin Sect.2.1. Only thecollectionof thedatafrom all stations
yield LOFAR's sensitivity andangularresolution. At the CPS,the incomingdataareprocessed
and“dataproducts”areproducedaccordingto theneedsof thedi� erentobservers. Examplesof
suchdataproductsareradioimagesor timeseriesof radio�ux esof acertainsource.

But thesedataarenot routinelyarchivedat theCPSfor a long time, anda scienti�c dataanalysis
is alsonotdonethere.Instead,thedataproductsaresentto di� erentScienceDataCenters(SDCs)
thatarededicatedto specialresearchinterests.Fastnetwork connectionsof 1 Gbit/sareenvisaged
betweenthe CPSand the SDCsthat enablea quick transferof observationaldatatoward each
SDC.The ScienceDataCentersareresponsiblefor LOFAR's Key SciencePrograms.They are
centersfor the scienti�c expertiseof low frequency radio observationsin the relevant �eld, and
they performthefollowing tasks:

� Developmentof observationalmodesneededto addressthescienti�c questions.

� Planningof observations,dependingon theavailability of therequiredfrequency rangethat
dependson therequestsof concurrentusers,andthushasto beorganizedby theCPS.

� Performanceof observationalprograms,eitherautomaticallyor interactively.

� Archiving of theData.

� Disseminationof thedatato thescienti�c community.
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4.1 LOFAR and Grid technology

Theoperationof aScienceDataCenter(SDC)requiresthestorageof largeamountsof dataof the
orderof many hundredTByteor evenaPByte.Furthermore,theprocessingof thesedataby users
who arenot physicallylocatedat theScienceDataCentermakesdistributedcomputingresources
essential.

With the conceptof SDCs,the tier model,that hasbeendevelopedby the High Energy Physics
(HEP)Communityat theEuropeanOrganizationfor NuclearResearch(CERN),is adaptedto the
needsof theLOFAR instrument.At CERN,thismodelhasbeenusedfor theLargeHadronCollider
(LHC) data.The�rst tier, theCentralProcessingSystem(CPS),generatesthedataproductsof the
instrument.The secondtier, formedby the SDCs,receive andstorepart of the dataproductfor
furtherprocessingandanalysis.

To managedistributeddatastoragefor LOFAR dataproducts,Grid technology, e.g. the dCache
(http://www.dchache.org), is availableto ensurethe integrity andtransparentaccessibilityacross
di� erentSDCs.TheSDCsareconnectedwithin aGrid framework thatprovidesfacilitiesfor run-
ning dataanalysistoolson LOFAR productsremotely. Furthermore,theGrid framework enables
accessto distributedcomputingresourcesfor suchtasks.ScienceDataCenterswill provide por-
tals for scienti�c usersaccessingthe LOFAR grid. The Grid includessecuritymechanismsthat
will ensuretheprotectionof the resourcesandtheusers.Theconceptof a Virtual Organization,
which builds on thegrid security, facilitatestheformationof collaborations.Thus,theGrid is an
importantcomponentof thedevelopmentof E-Science.

4.2 The Solar ScienceData Center

A SolarScienceDataCenteris plannedto beestablishedat theAIP. This SDCwill organizethe
LOFAR solarobservationsandarchivethedata.Figure12summarizesthetasksof theSolarSDC.

Monitoring

"Burst bell"

Campaigns
Searchable database

Virtual Solar Observatory

Data storage

Archive

Solar Science Data Center

Observations

Figure12: Diagramof thetasksof theSolarScienceDataCenter.
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The observationaldutiescomprisethe developmentof observationalprogramsanddataanalysis
tools that arenecessaryto derive quantitative informationon the stateof the solarcoronafrom
theLOFAR data,aswell astheperformanceof theobservationsitself. Thedi� erentobservation
programshave beenintroducedin Sect.3.2 above. At the SDC, the observationsare planned,
andtherequiredobservationprogramsandparameters,e.g.frequencies,aresentto theCPS.It is
noteworthy that “burst bell” from Sect.3.2.2cannot only be usedto interrupt the routinemoni-
toring for fast responsesto solarradio bursts,but is alsouseful for triggeringspecialobserving
programsof cooperatinginstrumentsduringjoint observationsin specializedcampaigns.Alerting
themis a taskof theSolarSDC,aswell asstartingfollow-up observationsat theCPSaspartof
LOFAR's response.

The othermain taskof the SolarSDC is archiving the observationsoncethe dataproductshave
beensentfrom the CPS.This includesthe storageof the data,but also making themavailable
to the scienti�c community. Sincethe routinemonitoringandspecializedcampaignsgeneratea
multitudeof di� erentobservations,a searchabledatabaseis necessaryin order to let a scientist
�nd therelevantinformation.Thus,theSDCful�lls thetaskof aVirtual Solar Observatory.

5 Summary

LOFAR opensa new spectralwindow for high-sensitivity andhigh-resolutionobservationsin the
meterwave range. The telescopeconsistsof a centralcoreandremotestationsthat arespread
over centralEurope. A remotestationis plannedat the site of the AIP's Observatory for Solar
RadioastronomyatTremsdorf.

LOFAR follows theapproachof digitizing theantennasignalsat eachstation,sendingthedatato
theCentralProcessingSystem(CPS)atGroningen,andrealizingtheradiointerferometrytherein
software. This o� ersLOFAR a high �e xibility andallows fastchangesof observationprograms
andthusresponsesto transientevents. However, the sheervolumeof raw datarequiresstation
dataprocessingandreductionthat resultsin somelossof information. As a consequence,this
leadsto somerestrictionfor theusersascomparedto anideal instrumentwhereeachusercando
his observationswithout any interferencewith concurrentusers.Theselimits aretheselectionof
eitherthe low (30 – 80 MHz) or high (120 – 240 MHz) frequency bandat a time anda limited
bandwidthof 4 MHz out of this bandthat is availableto eachof 8 observation beams.But the
latterrestrictionis alleviatedby thepossibilityof fastchangesof theobservedfrequency.

TheSunisanstrongradiosource,andthesolaractivity leadsto intenseradioburststhataccompany
�ares andCoronalMassEjections(CMEs).Thesourceregionsof LOFAR frequenciesarelocated
in theuppersolarcorona,andthusprovideinformationonthenascentphaseof CMEsasthey head
towardsinterplanetaryspace. Thus, LOFAR contributesto estimatesof their impact on Earth,
especiallyin combinationwith the datafrom upcomingsatellitemissionslike STEREO,SDO,
Solar-B, andSolarOrbiter.

For LOFAR observationsof the Sundi� erentmodesare proposed.The basicmodeis routine
monitoringwith full Sunimagesthataretaken,e.g.,with acadenceof 3 min andon5 di� erentfre-
quencies.Theestimateddatarateof suchamodeis 6.4GByte/day. Imagecompressioncanreduce
thisby oneorderof magnitudewith noor minimal lossof information,andthusyield manageable
datavolumes. Suchobservationsallow studiesof the long-termevolution of active regionsand
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theprecursorphaseof solar�ares. Thecombinationwith othersolarmonitors,e.g.optical (H� )
imagesfrom theKanzelḧoheSolarObservatory, Austria(http://www.kso.ac.at/).

Duringsuchamonitoringmode,thesignalscanalsobecheckedfor solarradiobursts.Onceaburst
is identi�ed, a fast responsewith follow-up observationscanbe triggered. Sucha “burst bell”
is alsouseful for otherworking groupsoperatingdi� erentground-or space-basedinstruments.
Besideof suchroutine tasks,specializedcampaignscan be undertaken, e.g. for more detailed
studiesof selectedactive regionsby joint observationswith otherinstruments.

For theplanning,performanceaswell asdataanalysisandarchiving a Solar ScienceData Cen-
ter (SSDC)will be establishedat theAIP. TheSSDCwill concentratetheexpertisein solarlow
frequency radio astronomyandwill be responsiblefor all aspectsof solar radioastronomywith
LOFAR. Theobservationalmethodswill bedevelopedthere,andtheobservationsareplannedand
performedby sendingtherequirementsto theCPSandreceiving thedataproductsfrom it. At the
SSDCthedataareanalyzed,archived,anddisseminatedto thescienti�c community.
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