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Thesolarwind o w createsawake behindary spacecrafimmersedn it. We studythe propertiesof
this wake usingthe sphericalelectrostatigprobesof the Electric FieldsandWaves (EFW) instruments
on the Clustersatellites. The satellitesspinin a planeinclined only a few degreeswith respecto the
ecliptic plane. The solarwind is often closeto this plane,so eachprobe (44 m away from the spin
axis) passeshroughthe wake onceevery spinperiod(around4 s), therebysamplinga cut of thewake
electrostatigotentialstructure. The signatureof the wake is clearly seenin the dataasa pulsewith
anamplitudetypically of a few tenthsof a volt. We presenstatisticsof the wake signatureaswell as
detailedexamplescomparedo solarwind parametersandshav amethodto remove thewake signature
from theelectric eld measurements.

1. INTRODUCTION

A wake necessarilfforms behindary objectin a supersonico w of plasmaor neutralgas. In spaceplasmas,
spacecraftisuallyencountemesosonico ws, i.e. 0 ws which aresupersoniavith respecto theion thermal
speedut subsoniowith respecto the electronthermalspeed.Theresultis thatthe wake chagesnegatively
until the potentialin thewake is sufciently negative to prohibit furtheraccumulatiorof electrons.

A substantialitteratureon spacecraftvake formationhasaccumulateaver the years. The basictheoretical
understandingvas summarizedalreadyby Al'pert et al. [1] and Gurevich et al. [2] in the sixties, though
signi cant extensionshave alsobeenachieved in latertimes, particularlyregardinglaboratorywork, on-orbit
investigationsand numericalsimulations. Most work have concentratedn wakes behindobjectsat negative
potentialswith respecto the plasma,asis relevantfor satellitesin theionosphere Thereareseveral reasons
for this: wakesaremostconspicuousn ionospheriadata,whereall spacecraftnove in the mesosoniacegime
almostalways;in the ionospherespacecrafarelarger thanthe Debyelength, giving large wakes chagedto
potentialsof orderK Te=e wakesin the ionopspherdhave in uence on the chaging of spacecrafandthus
are of interestfor spacecraftlesignand operations;and most satellites,particularly the bulk of all manned
spacecraftpperaten theionosphere.

Thoughit wasrealizedearly[3] thatspacecrafin the solarwind would generallybe positive, wake formation
aroundpositive spacecrafpotentialshasthereforerecieved little attentionuntil recently Thereare a few
exceptions,including early linearizedanalytical models[4, 5] of uncertainvalidity [1, p. 91], laboratory
investigationg6] andsomenumericalwork, old [7, 8] aswell asmorerecent9, 10, 11, 12, 13]. Nevertheless,
for satellitesdoing scienti c measurementis lessdenseregions, like the magnetospherabore an altitude of
afew thousandilometersandall of thesolarwind, thecaseof wakesaroundpositive spacecraftss important.
Mesosonico ws occurin at leasttwo regionsabove the ionosphere.The polar wind is a mesosoniout ow
from the Earthinto thelobesof themagnetotail Becaus¢hepolarwind ion o w enegy mu?=2 (whichmaybe
belov or aroundl10 eV) is not sufcient to overcomethe spacecrafpotentialVs, which canbe seseraltensof
volts positive becausef thelow densityin thelobes[14], theionsscatteron the potentialstructurearoundthe
spacecraftsothatwakesforming behindspacecrafin the polarwind canhave dimensionsmuchlargerthan
the spacecrafsize. The exploration of this topic is very recent[15, 16], asreportedelsavherein the present
volume[17].

The otherregion above the ionospherevere mesosonico ws are commonlyencountereds the solarwind.



Fig. 1. Sketchof ClusterandEFW probegeometrywith thewake forming behindthe spacecraftin reality, thewake will spreacbutatananglerelated
to the o w Machnumber

While asatellitein thesolarwind developsa positive potentialVsof upto or around10V dueto thelow plasma
density theion o w kinetic enegy mu?=2 of aroundl keV will alwaysbe sufcient for letting theionsreach
the spacecraft.The wake forming in sucha situationwill thusbe narraw, but it will, aswe will see,still be

detectableWe usethetermnarrow walke for this wake, formingwhenmu 22D > ek, to discriminatefrom the

muchbroaderextendedvake discussedn [17] thatformswhenmu?=2 < eVs.

We basethis study on datafrom the Electric Fields and Waves (EFW) instrumentson ESAs four Cluster
satellites EachEFW instrumentusesfour sphericakensorat thetip of wire boomsarrangedsanorthogonal
crossin the satellitespin plane. The distancebetweeropposingorobesis 88 m, andthe spinperiodis closeto

4 s. Furtherinstrumentinformationis providedin reference$18] and[19], the latteralsogiving a thorough
introductionto the measuremertechnique Figurel shavs a sketchof wake generatiorbehindClusterandits
detectionby EFW. The Clustersatelliteq20] werelaunchedoy ESA in the summer2000into a polar orbit of
roughly4 20Rg andhave by now acquireddetailedfour-point measurmentis theterrestriaimagnetosphere
and the adjacentsolar wind for the declining half of one solarcycle. Apart from EFW data,we will also
usesupportingdatafrom the Clusterlon Spectrometer§CIS, [21]), particularythe Hot lon Analyzer (HIA)
instrumentsn this paper

2. EXAMPLE DATA

Figure2 shavs anexampleof a narrav wake, acquiredoy the EFW instrumenion Cluster3 (thatis, number3

of the four Clusterspacecraftn the solarwind. The datais the electric eld measuremenfprobevoltage
difference)from two opposingEFW probesduring 12 s, or three spacecrafspin periods,in the spinning
spacecrafframeof referenceAs expectedtheeffect of the spacecrafspinis obviousin this rotatingframeof

referencemodulatingthe electric eld with asinusoidof periodcloseto 4 s. Thebluecurve shavstheoriginal

data.Twiceevery spin,anarrav (< 0:5 s) pulsecanbeclearlyseenn thedata positve onceandnegative once
perspin. The pulsepatternis very repetitive, and positive andnegative pulsesareapproximatamirror images
of eachother

The arti cial natureof thesepulsesis very clear not leastfrom the perfectrepetition at spacecraftspin
frequenyg. At rst glance,the pulsesmay be thoughtto thoseseenin electric eld datafrom the EXOS-
D/Akebonosatelliteby Amanoet al. [22]. However, we will shav that ary similarities are incidental,and
the actualmechanisms$ehindthe pulse-like signaturesn Clusterand Akebonoelectric eld dataare very
different. In the caseof Akebono,which is alwaysinside the magnetosphereith anapogeeof 10 500 km,
thereasorpresentedy Amanoetal. is thatphotoelectronfrom the spacecraftwhosepotentialis afew volts
positive, reachtheprobesvhenthewire boomsarealignedto theambientmagneticeld. TheAkeboncelectric
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Fig. 2. Exampleof solarwind wake signaturein ClusterEFW data. Theblue cune is theoriginal raw data,while the greencurve shavs the dataafter
wake removal (Section3). The red stars,boundtogetherby the red curve, shavs the wake amplitudedeterminedn the removal processpncefor
eachspacecrafspinperiod.

eld resultsareconsistentvith the previousinvestigationsof Langmuirprobedatafrom the Viking satelliteby
Hilgersetal.[23, 24, 25] in anorbit similarto Akebonos, which werealsoexplainedby a similar mechanism.
Thefeatureswve arestudyingarequitedifferent,aswill bediscussedn Section4.1(item9).

3. WAKE IDENTIFICA TION AND REMOVAL

Thewake signaturds interestingn itself, andalsofor whatit canrevealaboutthe solarwind plasma.However,

it also constitutesa major contaminationof the measurementf the naturally occurringelectric eld. For

example,ary spectrunof theelectric eld will shav strongspinharmonicdecausef thewake. It is therefore
of interestto producecleanedelectric eld data, particularly for the ClusterActive Archive [26], which is

becomingamajorrepositoryof validateddatafrom all Clusterinstrumentandthe majorsourceof Clusterdata
for thescienti c community

Thewake signaturedepend®n thesolarwind o w propertiesandis thereforeusuallyslonvly changingon the
Clusterspintimescaleof 4 s. Exceptiongo this of courseexist, particularlyat boundariesbut for the bulk of
the solarwind datathe propositionholdstrue. This enablesusto construca” nd and x” algorithmbasecdn
determiningthe wake for a given spinasthe averageof the wakesfor this andadjacentspins. The algorithm
have to take careof a lot of specialcasegelatedto datagaps,missingdata,interferencerom the WHISPER
sounderandsoon, but its generafeaturesareasfollows (seealsoFigure3):

1) Organizethedataperspin.
2) Resampleéhedatafrom the originaltime series(at 25 or 450 samples/sjo getuniform 1 resolution.

3) For eachspin, form a weightedaverageof the datafrom that spin andits four closesteighbours.We
useweights[0:1; 0:25; 0:3; 0:25; 0:1]. Thewake sighaturewhichis veryrepetitive (Figure2), will notbe
muchchangedy this, while unrelatedime variationsfrom wave actvity will bedamped.

4) Calculatethe secondderivative of the averageddata. This will exaggeratehe wake signatureat the
expenseof the backgroundinusoidakpinsignatureof the naturalelectric eld in the plasma.
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Fig. 3. An exampleof wake identi cation andremoval from onespinof EFW datafrom Cluster3. (a) Theelectric eld datafor the spinunderstudy
areplottedin black, with the four adjacentspinsgivenin green.(b) The secondderivative of the weightedaverageof the ve spinperiodsof data
above. (c) After smoothingof the secondderiative, it is integratedtwice to give a wake time series.This is setto zerofar from thewake centre.The
amplitudeandwidth of the wake aredeterminedrom thesedata.(d) Theoriginal time seried(blue) andthe correcteddata(green).
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5) Apply asmoothinglter (we use7-pointmoving average)to minimize the effect of wave noise,which
hasbeenboostedy the differentiation.

6) Find candidatedor wake centre positionsby looking for maxima of the magnitudeof the second
derivative.

7) Integratetwice to recover asmoothed/ersionof theoriginal time series.

8) Take the averageof thetwo wakesfoundin the spin (accountfor the sign)to getan averagewake form
for this spin.

9) Setthedatafarfrom thecandidatevake centrepositionsin thistime serieso zero,sothatonly dataclose
to thewake will beaffectedby the eventualwake removal.

10) Apply restrictionson allowedanglewith respecto thesolardirection,amplitude shapeandwidth of the
signaturghatit mustmeetto qualify asawake.

11) Remaore thewake signaturefrom the original time seriesof the spinunderstudy

12) Considetthisto beapreliminarywake estimatiorandcleaningthatmaybein uencedby thefundamen-
tal naturalelectric eld signalatthespinfrequeng, particularlyif thewake occurscloseto anextremum
in the spinfrequeng electric eld. To minimize sucherrors,we t a sinusoidalsignalat the spin fre-
gueng to thepreliminarycleaneddata,remove this from the original data,andperformstepsl—11again
on datathatthushave mostof theoriginal spinelectric eld removed.

13) Thuswearriveata nal wake estimatiorwhichwe subtracfrom theoriginaldatato createa nal cleaned
electric eld signal.Save characteristiclatafor thewake: spinphaseangle , full width athalf maximum
(FWHM) w, andmaximumamplitudeA.

14) Repeaprocedurdor next spin.

Thatthis algorithmis quite effective is illustratedby the datain Figure4. The upperpanelshavs 20 minutes
of full resolutionEFW electric eld data,in the spinningspacecrafframe,acquiredn the solarwind andbow
shockregions. The wake amplitudeis very stablefor morethan10 minutes,andvariesreasonablov even
rathercloseto the activity associateavith thebow shock,whichwe seefrom 12:32to 12:36.A detailof these
datais shavn in thelower panel. It canbe seeerthatthe wake signhatureappearsn the datawhenexiting the
turbulent region around12:35:22— it may indeedbe preseninsidethatregion aswell, but is hardto discern
evenfor thehumaneye in this dynamicregion. Thewake is easilyspottedrom 12:35:24onward, but it clearly
takesafew spinsbeforeit stabilizessufciently for thewake algorithmto beableto correctlyidentify thewake
pulsein thedataandcorrectfor it. However, it partially alleviatesthe wake, andhenceimprove the quality of
ary spectrumcalculatedrom thesedata,eventhoughthe x is not perfect.But alreadyfrom 12:35:40the x
is very good,andattheend(andfor thefollowing hours)it appearalmostperfectto thehumaneye.

This perfectionis of courseanillusion. Remaing the wake, by however clever analgorithm,will alwaysbea
manipulationof the data.Any real plasmasignalson the sametime scalewill alsoberemoredin the process,
andnaturalfeaturesfrom surroundingspinsmay be introducedby the averaging.Neverthelessit is clearthat
removing the wake vastly increaseshe usefulnes®f the data,asthe majorarti cial signal(which sometimes
candominatethetime series)s removed.

4. WAKE STATISTICS

The algorithm describedn Section3 collectsdataon someof threeprimary charcteristicof the wake: its
positionin the spinplane , its amplitudeA andits width, quanti ed asthe FWHM value,w. If the shapeof
the wake was Gaussiantheseparametersvould be sufcient to fully describet. As the algorithmis usedin
the productionof EFW datafor the ClusterActive Archive, statisticspile up quickly. In the presenstudy we
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Fig. 4. Full resolutionraw (blue)andwake correctedgreen)electric eld datafrom EFW probesl and2 on Cluster3. Theredcurve denoteshewake
amplitude.Thelower panelis azoomin to a detail of theupperpanel.

limit oursehesto datafrom Clusterspacecraf8, andrestrictoursehesto thetime periodFebruary-April2003.
Duringthis period,1,170,61 Avakeswereidenti ed andcorrectedor on Cluster3, forming a decenttatistical

sample.
4.1 1D distributions

Figure5 shavs theobsered distributionsof the wake parameterandsomecomplimentarydata. The CIS data
usedin this studyareprime parameterérom the ClusterScienceDataSystem,CSDS[27]. We commentthe

histogramoneby one:

1) Vs, theprobe-to-spacecrapotential canbeviewedasa quasi-logarithmicatiensityproxy [14, 28], but
shouldalsobeimportantfor thewake becausé to alarge extentdeterminesheelectrostatienvironment
aroundthe spacecraftThedistribution seenis typical for the solarwind [29].

2) CISn, theplasmadensityfrom the CISHIA detectorshawvs adistribution typical for solarwind values.
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Fig. 5. Statisticaldistributionsof wake parameterandrelateddatafor the statisticalsampleusedin this paper Ontop of eachpanelis giventhemean
m, standardieviation s andnormalizedspreads=m for the plottedvariable.

3) CISv elevationis theangleof the o w to thespin planeasobsered by the CIS HIA detector Because
thespinaxisis inclinedattypically 5-6 with respecto the ecliptic plane,the peakis offsetfrom zero,
andhasameanof 5:0 . Thedistribution shaws a clearskewness:we have notinvestigatedhereasorfor
this, or if thisis typicalfor solarwind conditionsat othertimes.

4)

The EFW wake FWHM value,w, hasa meanvalueof 20 . Oneshouldnotethatthis estimatemay be

biasedbecauseve have discardedall wakeswith width belowv 10 , assuchcannotbereliably determined
with the predominating25 Hz samplingrateof EFW. Neverthelesspreliminarychecksof dataacquired
at450samples/slo notshaw ary big differencefrom this distribution, sothe numberof wakesdiscarded
becaus®f low width is small: thedropbelonv 18 appeardo bereal.

5)

TheEFWwake amplitude A, shavs ameanof 52 mV, anda smoothdistribution. Very weakwakesmay

notbedetectedandhencethe lower partof this distribution couldbe uncertain.

6) Theamplitudecorrectionfactoris discussednh Section4.2.

7) Thecorrectedvake amplitudeis discussedn Sectiord.2.

8) The Machlgumberis herede ned asthe ratio of the CIS ion o w speedto the thermalion velocity,
denedas KT, =my, whereK Tj, is the perpendiculatemperaturenomentfrom CIS HIA andm,



is the protonmass.

9) The differencebetweenthe wake directionin the spin plane seenby EFW and the solarwind ow
direction shaws a very narrav distribution. The two measurementagreeto 0:9 with a standard
deviationof 1.7 . While themeanvaluewill bediscussedn Section4.3, we may notethatthe standard
deviationis assmallasit couldeverbe,asthetypical EFW samplingrateof 25 samples/sorrespondso
anangularresolutionof 3:6 . Thisimpressie agreementlearly shavs thatthe phenomenomt handis
avelocity wake, nota magneticeffect asthosestudiedon Viking [23] andAkebong[22] (seeSection2).
In addition,aplot of therelationbetweemagneticeld directionandwake direction(notshavn) shavs
no correlationatall.

4.2 Gaussianwake modelling

Onewayto testourunderstandingf thewake datais to investigateherelationbetweerwake amplitude width
andthe o w elevationangle.As a rst model,we mayassumehattheshapeof thewake is GaussianThis will
bethecasdf theplasmas Maxwellian,if theelectricpotentialin thewake is sosmallasto notreallyin uence
particlemotionandif we aresufciently farfrom thespacecraffl, p. 25]. All theserequirementsreprobably
violatedfor Clusterin thesolarwind, with theapproximatiorof a"neutralwake” (noin uence of wake electric
elds onits structure)beingthe mostproblematic.This canalsobe seenin the wake signaturen the bottom
panelin Figure 3, which suggestghat the wake deviatesfrom a Gaussiarshapeat leastby having a broad
sheatharoundit. Sucha structureis actuallyexpectedwith a sheathcharacterizedby self-similarexpansion
surroundinga centralwake corewherethe neutralapproximatiorapplies[30, 31].

Neverthelessa Gaussiarform is agoodstartingpointnotonly for thisreasonput alsobecausés factorization
properties Assumethewake potentialis of theform

x2 + y2
( X;¥;2) = Aof (2) exp 2 (1)

wherez is thecoordinatealongthe o w direction,theorigin is atthe centreof thespacecrafanda is relatedto
the FWHM by o__
w=2a In2 (2)

If a probecutsthe wake throughits diameter asit would do if the o w wasexactly in the spin plane,we
puty = 0 andthe obsered extremumamplitudeis clearly the wake amplitudeat that distance,because
( X) = Aof () exp( x2=&). If, however, the o w is out of the spin planeso thatthe probecutsthe wake
alongachordwhoseclosestistanceo thewake axisis b, then

( x) = Aof (2) exp( P=a) exp( x*=&): (3)

Note thatthe obsered FWHM valueis independenof b, aswe derive it from a seriesof datawith varying
X. Hence,if we know thatthe ow directionis elevated by an angleb from the spin plane, we expect
the real amplitudeat distancez from the spacecraftAof (z), to be relatedto the amplitudewe obsere,
A = max(( x)), by

Aof (2) = A exp(tP=a’) (4)

if thewakeis assumedo be Gaussiarin theangles.Thisis in factasubstantiatlifferenecdrom beingGaussian
in the Cartesiarcoordinatesaswe saw in Section4.1 thatthe wake width (FWHM) shavs a meanaslarge as
20 , andcanreachabore 30 attimes.NeverthelessastheEFW probesareatconstantlistanca = 44 mfrom
thespacecraftnotatconstantlownstreancoordinatez, assumingsaussiarshapdn the Cartesiarcoordinates
would meanthatwe hadto entersomeassumptioronf (z), sowe herestick to theangularGaussiarasa rst
approximation.lt thereforemakessenseo correctthe wake potentialfor the inevitable underestimatelueto
the probenot passingthroughthe centreof the wake by meansof Equation(4), with a calculatedfrom the
obsered FWHM asin Equation(2) andbis the CIS o w elevationangle.
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Fig. 6. Two-dimensionahistogramof wake andplasmaparametersColourscalegyive the numberof samplesn eachbin.

The distribution of this amplitudecorrectionfactor exp(b?=&?), is plottedin theright panelin the centrerow

of Figure5. The distribution of the correctedamplitudes,A exp(b?=a?), is shavn in the left panelof the
lower row. Comparingto the uncorrectecamplitudein the centreof the middle row, we nd thatthe spread,
de ned astheratio of the standardieviation s to themeanm, hasdecreaseffom 0.39to 0.32. Thatthe spread
decreaseshaws that our basicunderstandingf the wake geometryis correct: hadthe amplitude,width and
o w elevationnotbeenconnectedy arelationlike (4), thespreadvould nothave decreasetly theapplication
of this correctionfactor While this doesnotimply thatthe wake is exactly Gaussianit demonstratethatthe

causeof the pulse-like signaturess a wake with a similar geometricstructure.

Notethatour assumptiorof a Gaussiarwake is only usedfor deriving a correctedvake amplitude:therestof
this studyis independenof this assumption.

4.3 2D distributions

Tofurtherseethecorrelationbetweerthewake parametersye presentwo-dimensionahistogramsn Figure6.
Panel (a) illustrateshow the probe-to-spacecriapotential Vs, which is linearly relatedto the spacecraft
potential, dependson the plasmadensityas measuredy CIS. This relationis further discussecklsavhere
in thisvolume[32], andis ofteninvoked for usingV,s asa densityproxy [14].

Panel(b) shavs thevariationof wake potentialamplitudewith Vs, andhencewith density An increasingrend
canbediscernedwhich canbeunderstoodisaneffect of the Debyelengthfor the chaging of thewake. If we
remove all ionsbut keepall electronsgn a cylindrical region of a plasmatheresultingpotentialwill scaleas

KTe R 2
— 5
o (5)
forwakeradiiR . . Typical Debyelengthsin the solarwind are5-10m, andthe trans\ersesize of the

depletedegion shouldnot betoo differentfrom the spacecraftlimensionsvenasfar dovnstreamasthe EFW
bbomlengthof 44 m, sowe shouldindeedbe in this regime. ShorterDebyelengthsshouldthusgive higher
wake potentialsasobsered.



Panel(c) is adeepetook attherelationbetwwenthewake directionfrom EFW andthe o w directionfrom CIS.
While the pointsobviously line up nicely, thereis a small but very consistentleviation from the straightline
of slopeoneaswe go away from the purely antisunvard direction(180 ). This meanghatthe wake direction
from EFW datais afew degreesmoresunvardthanthe o w directionfrom CIS. It is clearthatthisis thereason
for the smallnggative meanwe saw in Section4.1, ltem 9. We do notknow the origin of this phenomenonit
may be dueto the photoelectrortloud aroundthe spacecraftwhich is primarily controlledby the directionto
the sunratherthanthe o w direction,in uencing the wake structure or be dueto someartefact arisingfrom
the EFW or CIS measurements.

In Panel(d) of Figure6, we nd acleardeviation from whatwe would expectfor a perfectly Gaussiarwake
(Section4.2). While Equation(3) impliesthatthe obsered width w shouldbe independentdf o w elevation
angleover thespinplane,Panel(d) shavs thatthisis notthecase.

Finally, Panels(e) and(f) in Figure6 shav the pulseamplitudedetectedy EFW. Panel(e) shaws the general
characteristiexpectedby an axially symmetricwake alignedwith the o w direction: the probeson the wire

boomon the spinningsatellitecut a chordthroguhthe wake, andthe furtherthe chordis from the centreaxis,

thesmalleris the pulseamplitudedetectedIn Panel(f), we shav theresultof applyingtheamplitudecorrection
factorde ned by Equation(4), which assumes Gaussiarwake structure.Comparingto Panel(e), we seea

partial but certainly not completeremoval of the dependencef the amplitudeon o w elevation angle. This

leadsto the sameconclusionasin Section4.2: the Gaussiarassumptiorcatchessomegeneralaspectf the
wake, but the detailedshapeof thewake is notwell describedy a Gaussian.

5. NUMERICAL SIMULATION WITH SPIS

The data presentechere males clear the natureof the pulsesin electric eld datain the solarwind, and
the algorithmdescribedn Section3 doesa goodjob in cleaningEFW datafrom the in uence of the wake.
Hoewever, therearestill reasongor furtherstudyof the solarwind wake. If we have a goodtheoreticamodel
of thewake, it may be possibleto usedetermineplasmaparametersik e the ion and/orelectrontemperatures
from thewake measurementby inversionof themodelor ts toit. Suchtheoreticaunderstandingyill require
bettermodelsthanthe simple Gaussiarwe usedin Section4.2,andwould needto be comparedo numerical
simulationsor possiblybe empiricalparametrizationsf resultsfrom suchsimulations.

In Figure7, we shaw aresultfrom a rst numericalsimulationusingthe SPISsimulationpackageavailable
at http://www.spis .0 rg anddescribedn severalpaperd33, 34, 35]. SPISis a comprehense package
runningon a multitude of platforms,which makesit very usefulfor desktopsimulationdlik e this, whereonly

a small amountof manpaver canbe investedin the simulation. The simulationpresentecherewasrun on

anordinary1.8 GHz PentiumM linux laptopcomputerwith 1.5 GB of RAM, on which it completedwithin

20hours.

The simulatedplasmais typical for the solarwind: numberdensity10 cm 3, electrontemperaturelO eV,

ion temperatures eV, and o w speed310km/s. Theions areall assumedo be protons. In sucha plasma,
the Clusterspacecraftsvould usually attain a spacecrafpotentialof 4-5V, ascanbe seenfron Figure 6a.
However, in this simulationwe have putthespacecrafpotentialto zero. This makesit muchsimplerto extract
the potentialdueto the spacechage in the wake, aswe do not have to subtractary vacuum eld, andshould
notintroduceary appreciablerrorsto thewake structurethe protonsall arrive atenegiesarounds500eV, and
wouldthuscarelittle aboutafew volts of potentialanyway. Theelectrondistributionswill beaffected,but only

very closeto thespacecraftsothatary impacton the distantwake from this assumptiomwill benegligible. We

have setSPISto usea full PIC implementatiorfor theions, while the electronsareassumedo be Boltzmann
distributed.

The simulationregion is a circular conewith its top choppedoff, so it hascircular crosssectionsat the
downstreamandupstreanends.The upstreantircle hasaradiusof 13m andis 15 m in front of thespacecraft,
while the downstreamboundaryis 27 m in radiusandis located90 m downstreamof the satellitebody The
spacecrafis a circularcylinder, 1.5m in radiusand1 m in height,centredat the origin with its axisalongthe
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Fig. 7. Wake potentialfrom a SPISsimulation.Thesolarwind o w is alongthex direction,andthesatellitespinaxisis alongz. Thepotentialis colour
codedon the xy planeandon a sphericalsurfacewith radius44 m. The latter representshe wake region crossedoy th EFW probes at different
valuesof z dependingnthe o w elevationangleover the spinplane.

Z axis,while the o w is in the positive x direction. The characteristidimensiongor the automaticgridding
aresetto 3 m ontheouterboundarieand0.5m onthespacecraftThisresultedn adivision of the simulation
volumeinto justunder46,000tetrahedra.

The Poissonequationis solved usingan implicit schemeand someunderrelaxationis usedto stabilizethe
plasmacalculations. The total simulationtime is 1 ms, selectedto be roughly threetimes the solarwind
propagatiortime throughthe simulationregion. The averagenumberof macroparticleger cell is setto 60.
The numberof macroparticlesvas1.85million atthe startof the simulationand2.63 million atthe end. No
photoelectrongr magnetic elds areincludedin the simulation:thisis justi able asmostphotoelectronsill
be retainedcloseto the spacecrafby its positve potential,andthe relevant particle gyroradiiin typical solar
wind magneticelds (someb nT) arelargerthanthe simulationvolume.

Figure7 clearly shavs a wake forming behindthe satellite,chaging to about-140 mV at the sphericalshell
at 44 m distancewherethe EFW probeswill make their measurements-or zero o w elevation, eachprobe
crosseghe wake alongthe intersectiornof the planarandsphericalsurfaceelementsn Figure7. For nonzero
ow elevations, the probe moves along the intersectionof the sphericalsurface with a planethroughthe
spacecraftsimilar to the planeshavn but turnedaroundthe y axis by the elevation angle. This wake cut
maybeapproximatedy a cutof thesphericasegmentatconstanhonzeraz. We presensuchcutsin Figure8.
While somegenerakimilarity with the exampleobserationin Figure2cis clear amoredetailedinvestigation
of the shapesf the obsered wakes aswell as a larger numberof simulationswith re ned grid resolution
would be necessarjor a detailedcomparison Oneinterestingfeatureis the local maximaon the edgesof the
wake seenin the simulation. Thereis no olvious suchstructurein the exampledatain Figure2c: it would be
interestingo studyalargernumberof wake shapeso seeif they turnup only in somecasesor neveratall. The
simulatedwake amplitudesat 44 m arearound90 mV for 5 o w elevationand50 mV for 10 . Thesevalues
lay in the upperrangeof whatwe would expectfrom Figure 6e, but we shouldnotethata carefulcomparison
alsowill needto take into accounthe effect of the 10 Hz anti-aliasing lters and25 Hz samplingfrequeng of
the EFW instrumentwhich shouldbe appliedto the simulationdatain orderto make themfully comparable.
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6. CONCLUSIONS

In this papey we have describedhe formationof wakesbehindspacecraftin the solarwind. We have shavn
thesignatureof thewake in datafrom electric eld measurementsn the Clustersatellitesandhow to separate
the contritution from the wake from the naturalelectric eld. We presentedtatisticsof the wake basedon a
large sampleof over 1 million wake obsenrations,shaving generakonsisteng betweerexpectedandobsered
wake characteristicsWe have veri ed thewake formationin a numericalsimulationwith SPISanddiscussed
its possibleusefor determiningplasmaparametersOur principalresultscanbe summarizedsfollows:

1) TheClusterelectric eld instrumenEFW detectgulse-like signaturesn thesolarwind, repeatedtspin
frequeng.

2) Thesestructuresareshavn to be causediy a wake behindthe spacecraftthey align with the ow, and
theiramplitudedecreaseasthe o w elevationangleabove the spinplaneincreases.

3) We have constructe@nalgorithmfor detectingandremoving thewakesfrom theelectric eld data.

4) Thewake formationis con rmed by SPISsimulations.
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