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Therehavebeenmanystudiesincludingcomputersimulationsonwhistler
modewavespmpa9atingparalleltotheexternalmagneticfieldinamagnetized
plasma・Lessattention，howeverｈａｓｂｅｅｎｐａｉｄｔｏａｐｒｏｂｌｅｍｉｎｗｈｉｓｔｌｅrmode
wavespropagatingobliquelytotheexternalmagnetlcfield［1]・Ｉｎｔｈｉｓ
ｒｅportwedescribeamethodforcomputersimulatlonofobliquelypropagating
whistlermodewaves，andslmulationresultsoftheCerenkovtypewave-
particleinteractionbetweenthesewavesandanelectronbeamstreamingalong
theextemalmagneticfield．

SIIIULATIONHETHODANDMODEL

￣ＴＴﾓW5-57百百百而了百T両T百百ononlyelectrondynamicsareconsideredina
homo9eneousmagnetizedplasma･Ionsareassumedtoformastationarypositlve
background･Ｔｈｅｅｌｅｃｔｒｏｎｐｌａｓｍａｉｓａｓｓｕｍｅｄｔｏｂｅcomposedoftwocomponents･
OnEisaco1dbackgroundplasma，ｗｈｉｌｅｔｈｅｏｔｈｅｒｉｓａｈｏｔｅｌｅｃｔｒｏｎｂｅａｍ･

BasicequationswhlchdeScribeplasmadynamicsareMaxWellIsequations
anｄｔｈｅｅｑｕａｔｉｏｎｓｏｆｍｏｔｉｏｎｓｏｆｐｌａｓｍａparticles･Ｉｎｔｈｉｓｓｔｕｄｙｗｅｈａｖｅ
ｔｒｉｅｄｔｏｓｉｍｕｌａteobliquelypropagatingone-dimensionalplanewaves･Only
wavespropagatingwithafiniteangletotheexternalmagneticfielｄＩＢｏａｒｅ
ｄｅａｌｔｗｉｔｈ、Ｔｈｅｂａｓｉｃｅｑｕａｔｉｏｎｓｔｏｂｅｓｏｌｖｅｄｉｎｔhepresentsimulationare
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Ｎｈｅｒｅｍ,_e，ｌｉｂ，［w,Ｂｗ，Ｊ，Ｉｂ２ｃ，andnsaretheelectronicmass，Charge，
velocity，waveelectricfieldlntensity，wavemagneticfieldintensity，
conductioncurrentdensity，ｐｅｍｅａｂｉｌｉｔｙｏｆｆｒｅｅｓｐａｃｅ，１ｉｇｈｔｓＰｅｅｄ，and
numberdensityofthes-thelectrons（beamandbackgroundelectrons），
respectively，Aunitvectorinthedirectionofz-aｘｉｓｉｓｄｅｎｏｔｅｄｂｙｅｚ，
andz-axisisfixedtothedirectionofthewavenonnalvector．

lnordertoreducenumericalerrors，allequationsaresolvedbya
compmetecentraldifferencemethod（MorseandNielsonParticleinCell
method）［2］ｆｏｒｂｏｔｈｔｉｍｅａｎｄｓｐａｃｅｂｙｄｉｖｉｄｉｎｇｔimeandspaceintome5hand
half-meshpoints･Thecomputersimulationcodeforthecyclotroninstability
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oflon9itudinallypropa9atingwhistlermodewave［3］isusedforthepresent
simulationwithaminormodification．

ThesimulationmodellsshowninFig･IThedirectionofthewave-
noITnalｖｅｃｔｏｒｉｓａｌｏｎｇｔｈｅｚａｘｉｓ，ａｎｄＢｏｉｓｉｎｔｈｅｘ－ｚｐｌａｎｅ･Ｔｈｅｐｌａｓｍａ
ｉｓａｓｓｕｍｅｄｔｏｂｅｓｐａｔｉａｌｌｙｐｅｒｉｏｄｉｃｗｉｔｈａｐｅｒｉｏｄｉｃｌｅｎｇｔｈＬｉnthez
directionwhichisdividedintolO24meshes・A11equations（1川(4)are
computedforthreedimensionalcomponentsinvelocity-spaceandreal-space，
ｂｕｔｔｈｅｓｐａｔｉａｌｃｈａｎｇｅｉｓａｓｓｕｍｅｄｔｏｂｅｏｎｅ－ｄｉｍｅｎｓｉｏｎａｌｏｎｌｙｉｎｔｈｅｚａｘｉｓ･

Inthissimulation，１０２４coldsuper-electronsand2048hotbeamsuper-
electronsaretracedself-consistently、Theparticleadoptedinｔｈｉｓ
ｓｉｍｕｌａｔｉｏｎｉｓａｓｓｕｍｅｄｔｏｈａｖｅａsquaredistributionofchargewhichspreads
overonemeshspacin9・Theconductioncurrentduetoeachpａｒｔｉｃｌｅｍｏｔｉｏｎ
ｉｓｄｉｖｉｄｅｄｉｎｔｏｔｈｅｃurrentatthenearesttwomeshpointｓｉｎｓｕｃｈａｒｕｌｅ
ｔｈａｔｔｈｅｍｅｓｈｐｏｉｎｔｃｕrrentisinverselyproportionaltothedistancefrom
thｅｃｅｎｔｅｒｏｆｐａｒｔｉｃｌｅｐｏｓｉｔｉｏｎｔｏｔｈｅmeshpoint･Thissituationisshown
schematicallyinFi９．２．

Initially，onecoldbackgroundparticleandtwｏｈｏｔｂｅａｍｐａｒｔｉｃｌｅｓａｒｅ
ｌｏａｄｅｄａｔｅａchmeshpoint･Ｔｈｅvelocitydistributionfunctionofthehot
beamparticlesisashiftedMaxwellianinthedirectionparalｌｅｌｔｏＩＢｏ，and
theperpendlcularvelocltyisassumedtobezero･Thespatialdistribution
ofthehotparticlesismadesounifonnthattheparticlevelocitiesshould
satisfyagWenvelocitydistributionfunctioneveninanylocalregion、

Ｉｎｔｈｅｆｉｒｓｔｃａｓｅｏｆｔｈｉｓｓｔｕｄｙ，ｎｏｗａｖｅｉｓａｓｓｕｍｅｄｔｏｅｘｉｓｔｉｎｔｈｅ
ｓysteminitially･Ａ１ｔｈｏｕｇｈｗａｖｅｓｍａｙｂｅｅｘｃｉｔｅｄｂｙｔｈｅelectronbeaminall
directionswitｈｒｅｓｐｅｃｔｔｏｌＢｏ，inthissimulationmodelonlyawave
propagatinginaparticulardirectｉｏｎｍａｋｉｎ９ａｎａｎｇｌｅｏｗｉｔｈＢｏｉｓｔａｋｅn
intoaccount･Ｉｎｔｈｅｓｅｃｏｎｄｃａｓｅｏｆｏｕｒｓｉｍｕｌａｔｉｏｎ，ａｎｉｎｉｔｉａｌｅｘｉｓｔｅｎｃｅｏｆ
ａｆｉｎｉｔｅａｍｐｌｉtudeobliquelypropagatin9whistlermodewaveisassumed．

SINULATIONRESULTS

LineardisPe丙ionrelationofbeam-plasmasystemwiththeparameters
sameasthoseinitiallyusedfoｒｏｕｒｓｉｍｕｌａｔｉｏｎｉｓｓｈｏｗｎｉｎＦｉ９．３，Ｗhere
theratiooftheplasmafrequency，Ⅱetothecyclotronfrequency，ＱｅｉｓＯ､５，

６i談１．tI:｡::！;t鶴p:鵬eWIsti:｡di鰐l:Ｃｌ;･'１８:?`朧ＷＭ:!:diiho
densityratioofthebeamtothebackgroundplasma，、ｏｉｓ0.01．ＩｎＦｉｇ、３，
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instability．

Ｔｈｅｔｉｍｅｅｖｏ１ｕｔｉｏｎｏｆｔｈｅｗａｖｅｎｕｍｂｅrspectrumoflongitudinalelectrに
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effectsbecomedominantafter20TH．

Navefrequenciescanbedetehninedfromaphasedifferenceinashort
timeintewalforeachcomponentinthek-spectrum･Bythisprocedure，U-k
diagramsareconstructedfor6differenttimes，ｗｈｉｃｈａｒｅｓｈｏｗｎｉｎＦｉ９、５
ｗｉｔｈｔｈｅｎｏｍｌａｒｉｚｅｄｋａｓｔｈｅａｂｓｃｉｓｓａａｎｄｔｈｅｎｏｒｍａｒｉｚｅｄｑ）ａｓｔｈｅｏｒｄｉｎａｔｅ

ａｓｓｈｏｗｎｉｎＦｉ９．３．Ｉｎｉｔｉａｌｌｙ，waveｓａｒｅｅｘｃｉｔｅｄｏｎｓｕｃｈａｌｉｎｅｉｎｔｈｅｏ)-ｋ
diagramｏｎｗｈｉｃｈｔｈｅＣｅｒｅｎｋｏｖｃｏｎｄｉｔｉｏｎｗｉｔｈｔｈｅｅｌｅｃｔｒｏｎｂｅａｍｉｓｓａｔｉｓｆｉｅｄ、
Forthetimeinterva1betweenlOTHａｎｄ２０ＴＨ，ｔｈｅｂＪ－ｋｒｅｌａｔｉｏｎｓｈｉｐｏｆ
ｇｒｏｗｉｎｇｃomponentslieonthegrowingbranchｏｆｔｈｅｕ－ｋｄｉａｇｒａｍｓｈｏｗｎｉｎ
Ｆｉ９．３．After30TH，ｔｈｅｄｉｓpersionrelationsbegintochangebynonlinear
effects、Finally，ｔｈｅｄｉｓｐｅｒｓｉｏｎｒｅｌａｔｉｏｎｓｔｅｎｄｔｏｔｈｏｓｅｆｏｒｔｈｅｎｏｂｅａｍ
ｃａｓｅ･ＴｈｉｓｆｌｎａｌｓｔａｇｅｍａｙｂｅｄｕｅｔｏａｔｈｅｒＴnalizationofthebeam
distributionfunction．

Ｉｎｔｈｅｓｅｃｏｎｄｃａｓｅ，ａｆｉｎｉｔｅａｍｐｌｉｔｕｄｅｗｈｉｓｔｌｅｒｍｏｄｅｗａｖｅｗｉｔｈａｋ
ｇｉｖｉｎｇｔｈｅｍａｘｉｍｕｍｇｒｏｗｔｈｒａｔｅｉｎｔｈｅｌｉｎｅａｒｄｉｓｐｅｒｓｉｏｎｒｅｌａｔｉｏｎａｓｓｈｏｗｎｉｎ
Ｆｉ９．３isassumedtopropagateinitially、Ｉｔｔｕｒｎｓｏｕｔｔｈａｔｔｈｅａｍｐｌｉｔｕｄｅｏｆ
ｔｈｅｗａｖｅｇｒｏｗｓｕｐｕｎｔｉｌａｐａｒｔｉｃｕｌａｒｓａｔｕｒａｔｉｏｎａｍｐｌｉｔｕｄｅｗｈｉｃｈｉｓａｌｍｏｓｔ
identicalwiｔｈｔｈａｔｏｆｔｈｅｆｉｒｓｔｃａｓｅ，ｔｈｅｎａｎａｍｐｌｉｔｕｄｅｏｓｃｉｌｌａｔｉｏｎｓｔａｒｔｓ、
Timeevolutionsoflongitudinalelectricfieldwithdifferenttypicalt
areshowninFi9.6．ThefiniteamplitudewavewithW＝１６showsanamplitude
oscillationaftｅｒａｌｉｎｅａｒｇｒｏｗｔｈｄｕｅｔｏａｎａｍｐｌｉｆｉｃａｔｉｏｎｂｙｔｈｅｂｅａｍ．

Thewave-particleinteractiontreａｔｅｄｉｎｔｈｉｓｐａｐｅｒｉｓｃｏｎｓｉｄｅｒｅｄａｓａ
ｋｉｎｄofcoherentemissionsoftheCerenkｏｖｒａｄｉａｔｉｏｎｉｎａｍａｇｎｅｔｉｚｅｄｐｌａｓｍａ，
andthisresultishelpfulininvestigatingthegenerationmechanismofVLF
hiss,spontaneous1yoccurrin9intheearthⅡsmagnetosphere［4][5][6]．

ComputationsaredoneatboththeDataProcessingCenterofKyotoUnWer－
sityandtheComputerCenteroflnstituteforP1asmaPhysicsResealrch，
NagoyaUniversity．
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