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摘要:地球磁层中存在着三波段合声波,它的频谱中有两个明显的能量间断.利用范艾伦探针的观测数据,



提出了一种新的激发机制来解释三波段合声波的产生.在观测到三波段合声波时,通常伴随着两束与合声波

传播方向相反的电子束流.根据线性理论计算出的合声波的增长率,发现两束电子束流的存在确实能使反方

向传播的波动的增长率出现两个极小值.因此,两个特定频率处的合声波被阻尼,从而形成两个能量间断,并
导致合声波呈现三个波段的特征.这一工作不仅提出了一种新的机制来解释三波段合声波的产生,还为磁层

中经常观测到的合声波在0.5个电子回旋频率处的能量间断提供了新的见解.
关键词:地球磁层;三波段合声波;能量间断;电子束流;波粒相互作用

0 Introduction
Whistler-mode chorus wave is the most

intenseelectromagneticemissionintheEarth’s
magnetospherefallingwithinthefrequencyrange
of0.1~1fce,wherethefceistheequatorial
electron gyrofrequency[1-4].Chorus waves have
longbeenahottopicinthemagnetosphericphysics
sincethey have played an importantrolein
regulating electron dynamics in the
magnetosphere[5-8].Theycanscatterlow-energy
(~1keV)electronsintothelossconeandcause
electronprecipitationintotheupperatmosphere,

and this is the dominant cause of diffuse
aurora[6-7].Moreover,theycan alsoaccelerate
~100keV electrons to relativistic energies
throughthecyclotronresonance,whichisthe
dominantsourceofrelativisticelectronsinthe
radiationbelt[5,8].Intheinner magnetosphere,

choruswavesarecommonlybelievedtobeexcited
bythe anisotropyinstability of hot electrons
injectedfromthe magnetotailplasmasheet[9-13].
Theirsourceregionismainlynearthemagnetic
equator[14-15],buttherealsoexiststhehigh-latitude
wavesourceduringtheperiodofstrongsolarwind
pressure[16-17].

Oneremarkablepropertyofchoruswavesis
the power gap around 0.5 fce in the
spectrogram[2,4],whichremainsamysterysince
thefirstinsituobservationofchoruswavein
1960s.Generally,choruswavesaredividedinto
twofrequencybandsbythisgap:lowerband(0.1
~0.5fce)andupperband(0.5~1fce).Basedon
long-termTimeHistoryofEventsandMacroscale
Interactions during Substorm (THEMIS )

observations, Gao et al.[4] has provided a
comprehensivedescriptionofthepowergap.They
foundthatthereareabout2/3ofchorusevents
havingapowergap,andthedistributionofgap
positionsindeedpeaksatthefrequencyof~0.49
fcebutcoversabroadfrequencyrangefrom0.46
to0.7fce.Althoughtherehasbeensomeprogress
madeonthegenerationmechanismofthepower
gap[18-23],thereisstillnoconsensusonthisissue.
Itisnaturallythoughtthattheupperbandand
lowerbandofthewhistler-modewavesareexcited
bytwodifferentanisotropicelectronpopulations,

leavingapowergapbetweenthem[19-20].Besides,

Omuraetal.[18,23]suggestedthatthepowergap
canbegeneratedbytheefficientLandaudamping
whilechoruswavespropagatetowardthepoles
aftertheirexcitation.Theideaofnonlinearwave-
waveinteractions hasalso beenintroducedto
explainsuchbandedwhistler-modewaves,where
the harmonics of whistler-mode waves are
producedduetolowerbandcascade,andthe
‘multibandchorus’commonlyobservedinthe
magnetosphereisthenformed[13,21-22].

Recently,with boththelineartheoryand
particle-in-cellsimulation,Chenetal.[24]proposed
thattheelectronbeam/plateaudistributionleadsto
aseveredampingofchoruswavesaround0.5fce.
Satelliteobservationsrevealthatchoruswavesare
usuallydetectedalong withtheelectronbeam/

plateau distribution[25-26]. A statistical study
conductedbyChenetal.[26]pointedoutthatthis
electronbeam/plateaudistributioncanbecaused
byeithertheLandauresonancebetweenchorus
wavesandelectronsorsomeotherprocesses,like
TDS,etc.
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Besidethetypicaltwo-bandchorus waves,

therearealsothree-bandchoruseventsobservedin
theEarth’smagnetosphere[22,27],meaningthere
existtwopowergapsinthespectrogram.Someof
themhavebeen wellexplainedbytheresonant
interactionsbetweenchoruswaves.Subcyclotron
resonancesbetweenchorus wavesandelectrons
werealsoproposedtoexplaintheformationofthe
twogaps[22],butthismechanismisnoteasyto
confirmindata.Inthispaper,wepresentanovel
generationmechanismofthree-bandchoruswaves
with Van Allen Probesdata.Theobservation
indicatesthatalongwiththree-bandchorusevents,

therearetwobeam-likeelectronpopulationsinthe
oppositedirectionofwavepropagation,whichwill
leadtothestrongdampingofchoruswavesattwo
gapfrequencies.Thismechanismisalsoconfirmed
bythetheoreticalanalysis[24,28].InSection1,we
willdescribetheinstrumentsonboardVanAllen
Probes.Theobservationalresultsarepresentedin
Section2.InSection3,wesummarizeandfurther
discussourprincipalresults.

1 Instrumentsanddata
VanAllenProbes,includingtwinsatellites,is

operatinginanear-equatorial,highlyelliptical,

andlow-inclinationorbitwithperigeesof1.1RE

andapogeesof5.8RE.Thesesatellitesprovide
accurate in situ measurements of wave
environmentandparticlefluxesinthe Earth’s
inner magnetosphere. The satellite position
informationis provided by Science Operations
Centerin EnergeticParticle,Composition,and
ThermalPlasmaSuite,andthecorrespondingL,

magneticlocaltime(MLT),andmagneticlatitude
(MLAT)valuesareestimatedbyTS04D model.
TheElectricandMagneticFieldInstrumentSuite
andIntegratedScience(EMFISIS)investigation[28]

onboardtwoprobescanprovidethehigh-resolution
electromagnetic fields (35000S/s), low-
resolution magneticfields (64S/s),andhigh-
frequencypowerspectra (1/6 S/s).Thelow-

resolution magnetic fields are treated as the
background magnetic field, while the high-
resolutionmagneticfieldsareanalyzedtoobtain
polarizationinformation(suchasthewavenormal
angleandpointingflux)ofchoruswaveswiththe
Means’ method[29]. The background plasma
densityisestimatedbytheupper-hybridband[30]

showninthehigh-frequencypowerspectrum.The
Helium OxygenProtonElectron (HOPE)Mass
Spectrometer[31] provideselectron spectrafrom
~10eVtotensofkeVwiththesamplingrateof
~1/20S/s.

2 Observationalresults
Anoverviewplotofthree-bandchorusevents

isshowninFig.1,includingthepowerspectrum
of(a)magneticfieldsand(b)electricfields,wave
normalangleθ,and(c)ratiobetweentheparallel
componentofPoyningfluxanditstotalintensity
SZ/S.Here,thepositive(ornegative)SZ/S
meansthewavepropagatesintheparallel(oranti-
parallel)directionwithrespecttothebackground
magneticfield.InFigs.1(a)and1(b),wecan
clearlyfindtherearethreeseparatedfrequency
bandsinthespectrograms.Besidesthewell-known
0.5fcepowergap,anotherpowergapcanalsobe
observedintheupperband (~2700Hz).All
threebandshavesmallwavenormalangleswith
θ<30° (Fig.1(c)),andthesamepropagating
direction,i.e., parallel to the background
magneticfield(Fig.1(d)).Forclarity,wehave
integratedthemagneticpowerovertheentiretime
intervalandpresenttheintegratedpowerasa
functionofnormalizedfrequencyinFig.2.Two
powergapscanbeeasilyidentified,whichhave
beenmarkedbytworeddiamonds.Notethatwe
usethefrequencyofpowerminimumtorepresent
thefrequencyofthepowergaps.So,thegap
frequenciesofthetwogapsareestimatedas0.477
and0.644fce,respectively.Furthermore,the
widthofGap2isrelativelylargerthanthatof
Gap1.
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Thepowerspectrumof(a)magneticfieldsand(b)electricfields,wavenormalangleθ,and(c)ratiobetweentheparallelcomponentof

PoyningfluxanditstotalintensitySZ/S.Here,thepositive(ornegative)SZ/S meansthewavepropagatesintheparallel(oranti-

parallel)directionwithrespecttothebackgroundmagneticfield.Ineachpanel,thedashedlinesinblackrepresent0.5fce,wherefce

representselectroncyclotronfrequency.

Fig.1 Anoverviewplotofthree-bandchorusevent

Fig.2 Theintegratedpowerasafunctionofnormalized
frequencyofthethree-bandchorusevent

  Tounderstandtheformationmechanismof
powergaps,wehavealsoanalyzedtheelectron
distributions simultaneously measured by Van

AllenProbes.Fig.3 displaysthephasespace
density(PSD)ofelectronsasafunctionofenergy
intheanti-parallel(black)andperpendicular(red)

directions.ThecrossdenotesthemeasuredPSD,

whilethelineisthefitteddistributioncurve.Two
thingsshouldbementioned.Firstly,theelectron
distributionshownhereisrecordedatthetimeof
06:17:10(~30safter06:16:43UT),because
thetimeresolutionofelectron measurementis
relativelylow (~1/20S/s).Secondly,theanti-
parallelandperpendicularelectronPSDaregiven
bythe measuredelectronfluxesin pitch-angle
channels of 175.5° and 90°, respectively.
Interestingly,therearetwoclearelectronbeams
locatedat~300eVand~1.5keVintheanti-
paralleldirection,whilenoclearelectronbeamis
foundintheparalleldirection (notshown).To
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calculatethelineargrowthofchoruswaves,we
havefittedtheelectrondistributionbysumming
fivebi-Maxwelliandistributionsandtwodrifting
bi-Maxwelliandistributions,andlistedthefitting
parametersinTab.1.AsshowninFig.3,the
fittedelectron distributioncan welldepictthe
principalstructuresofthemeasureddistribution.

Tab.1 Thefittingparametersforelectrondistributions
atobservationsites(eventinFig.1)

Ne/cm-3 T‖/eV T⊥/eV vb/vAe

#1 3.8 7 7 0.0

#2 1.0 36 120 0.0

#3 0.3 160 700 0.0

#4 0.2 1000 3000 0.0

#5 0.3 3300 5000 0.0

#6 0.006 12 200 -0.21

#7 0.003 20 600 -0.40

 [Note]B0=153.2nT,vAe=6.05×107m·s-1.

Fig.3 Parallel(black)andperpendicular(red)electron
PSDmeasuredbyHOPE(“+”)and

correspondingmulticomponentfits(solidlines)

WiththelineartheorymodelBO[32],wehave
calculatedthelineargrowthrateanddispersion
relationofchorus wavesusingtheparameters
listedinTab.1.TheresultsaregiveninFig.4.In
Fig.4(a),itisshownthattherearetwominimaof
thelineargrowthrateatkc/ωpe≈1.44and1.91,

correspondingtothefrequenciesof0.564and

0.690fce,respectively(Fig.4(b)).Although
thereissomedeviationbetweentheobservational
andtheoreticalgapfrequencies,thetheoretical
resultsstillprovidestrongsupportforthesevere
dampingofchoruswavesatgapfrequenciesdueto
thetwoelectronbeamsshowninFig.3.Moreover,

thedifferentwidthofthetwogapsinFig.2canalsobe
wellexplainedbytheprofileofthelineargrowthrate
giveninFig.4(a).Thefirstelectronbeamwiththe
smallerdriftvelocitycausesthewavedampingina
broaderfrequencyrange(Fig.4(a)).

Fig.4 (a)lineargrowthratesγ/Ωceand(b)wavefrequency
ω/Ωceasafunctionofdimensionlesswave

numberkwhenpropagationdirectionθissetas16°
(calculatedbythepower-weightedaverage)
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Inaddition,anotherthree-bandchorusevent
isillustratedin Fig.5tofurthersupportour
proposedmechanismthattwoelectronbeamslead
totheformationoftwogaps.Fig.5displaysthe
powerspectrumof(a)magneticfieldsand (b)

electricfields,wavenormalangleθ,and(c)ratio
betweentheparallelcomponentofPoyningflux
anditstotalintensitySZ/S.Similarly,wecan
also observe two clear power gaps in the
spectrograms(Figs.5(a)and5(b)),whichdivide
thechoruswavesintothreeseparatedfrequency
bands.These waves havesmall wave normal
angleswithθ<30°(Fig.5(c)),andalsohavethe
samepropagatingdirection(anti-paralleldirection;

Fig.5(d)).Itisworthnotingthatthereisalsoa
frequencybandhavingtheoppositepropagating
direction(Fig.5(d)),butitisnotrelevanttothis

study.Theelectrondistributionsintheparallel
and perpendicular directions are shown in
Fig.6(a).Justasexpected,wecanalsoobserve
twoseparated electron beamsalong withthis
three-bandchorusevent.Themeasuredelectron
distribution has also been fitted by summing
several bi-Maxwellian distributions and two
driftingbi-Maxwelliandistributions.Then,with
the linear theoretical model, we have also
calculatedthelineargrowthrateanddispersion
relationofchoruswavesandpresentedresultsin
Figs.6(b)and6(c).Accordingtotheprofileof
lineargrowthratesinFig.6(b),thetheoretical
gaps(i.e.,localminima)areatfrequenciesof
0.523and0.668fce,whichareconsistentwiththe
observedgaps,i.e.,0.482and0.603fce.

Thepowerspectrumof(a)magneticfieldsand(b)electricfields,wavenormalangleθ,and(c)ratiobetweentheparallelcomponentof

PoyningfluxanditstotalintensitySZ/S.TheformatissameasFig.1.

Fig.5 Anotherthree-bandchorusevent
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Fig.6 (a)electronPSD,(b)lineargrowthratesγ/Ωce(θissetas22°)and(c)wavefrequencyω/Ωceasafunctionofkc/ωpe

3 Conclusion
WithVanAllenProbesdata,wehavestudied

three-band chorus waves in the Earth’s
magnetosphere,wheretwoobviouspowergaps
canbeidentifiedinthespectrograms.Theelectron
measurementsrevealthatthereusuallyexisttwo
separatedelectronbeamsinthedirectionopposite
wavepropagationalong withthree-bandchorus
waves.Weproposedthatthetwopowergapsare
formedduetotheseveredampingofchoruswaves
atgapfrequenciesresultingfromthetwoelectron
beams.Thelineartheoreticalresultsconfirmthat
theexistenceofelectronbeamscanindeedcause
two minimaofgrowthratesofchorus waves
propagatingintheoppositedirectionofelectron
beams.

Theformationmechanismofthepowergap
around0.5fceisalong-standingproblem in
magnetosphericphysics[2,4].Althoughtherehave
beenseveralpotential mechanismsproposedin
previous works[18-23], such as the Landau

damping[18,23],nonlinearwave-wavecoupling[21-22]

anddifferentsources[19-20],noneofthemhasbeen
widelyaccepted.Recently,Chenetal.[24]have
proposedthatthepowergapofchoruswavescan
beformedbyelectronbeam/plateaudistribution,

whichhasbeenconfirmedbyboththeoryand
simulations.Thethree-bandchoruseventsare
specialeventsintheEarth’smagnetosphere,but
figuringouttheirgenerationmechanismcanhelp
usbetterunderstandthemysteriouspowergap.
The satellite observations indicate three-band
choruseventsareaccompaniedwithtwoseparated
electronbeams (Fig.3),whichcancausethe
damping of chorus waves at gap frequencies
accordingtothelineartheoreticalresults(Fig.4).
Therefore,our study not only gives a new
mechanismtoexplainthree-bandchorusevents,

butalsoprovidesobservationalevidenceforthe
potentialmechanismproposedbyChenetal.[24].
However,moreobservationalevidenceisneededto
supportthemechanismthatthepowergapcanbe
formedbytheelectronbeam/plateaudistribution.

5521第9期 Anewgenerationmechanismofthree-bandchoruswavesintheEarth’smagnetosphere



Acknowledgements
WeacknowledgetheentireVanAllenProbes

teamformakingtheirdataavailabletothepublic.
AndVanAllenProbesdatawereobtainedfromthe
websitehttps://spdf.gsfc.nasa.gov/pub/data/

rbsp/.

References

[1]BURTISWJ,HELLIWELLRA.Bandedchorusa
new type of VLF radiation observed in the
magnetospherebyOGO1andOGO3[J].Journalof
GeophysicalResearch,1969,74:3002-3010.

[2]TSURUTANI B T,SMITH E J.Postmidnight
chorus:A substorm phenomenon[J].Journalof
GeophysicalResearch,1974,79:118-127.

[3]GAO X,LU Q,WANG S.Statisticalresultsof
multibandchorusbyusingTHEMISwaveform data
[J].JournalofGeophysicalResearch:SpacePhysics,

2018,123:5506-5515.
[4]GAOX,CHENL,LIW,etal.Statisticalresultsof

thepowergapbetweenlower-bandandupper-band
choruswaves[J].GeophysicalResearchLetters,2019,

46:4098-4105.
[5]HORNER B.Timescaleforradiationbeltelectron

acceleration by whistler modechorus waves[J].
JournalofGeophysicalResearch,2005,110:A03225.

[6]NIB,THORNE R M,SHPRITS Y Y,etal.
Resonantscattering of plasma sheetelectrons by
whistler-modechorus:Contributiontodiffuseauroral
precipitation[J].GeophysicalResearchLetters,2008,

35:L11106.
[7]THORNERM,NIB,TAOX,etal.Scatteringby

choruswavesasthedominantcauseofdiffuseauroral
precipitation[J].Nature,2010,467:943-946.

[8]THORNER M,LI W,NIB,etal.Rapidlocal
accelerationofrelativisticradiation-beltelectronsby
magnetospheric chorus[J]. Nature,2013,504:

411-414.
[9]GARY S P, WINSKE D, HESSE M.Electron

temperature anisotropy instabilities: Computer
simulations[J].Journalof Geophysical Research:

SpacePhysics,2000,105:10751-10759.
[10]OMURAY,KATOHY,SUMMERSD.Theoryand

simulationofthegenerationofwhistler-modechorus
[J].JournalofGeophysicalResearch:SpacePhysics,

2008,113:A04223.
[11]LIW,THORNER M,BORTNIKJ,etal.Global

distributionsofsuprathermalelectronsobservedon

THEMISandpotentialmechanismsforaccessintothe
plasmasphere[J].JournalofGeophysicalResearch:

SpacePhysics,2010,115:A00J10.
[12]GAOX,LIW,THORNERM,etal.Newevidence

forgeneration mechanismsofdiscreteandhiss-like
whistler mode waves [J]. Geophysical Research
Letters,2014,41:4805-4811.

[13]CHENH,GAOX,LUQ,etal.Lowerbandcascade
ofwhistlerwavesexcitedbyanisotropichotelectrons:

One-dimensionalPIC simulations[J].Journal of
GeophysicalResearch:Space Physics,2017,122:

10448-10457.
[14]KEY,GAO X,LU Q,etal.Generationofrising-

tonechorusinatwo-dimensionalmirrorfieldbyusing
the generalcurvilinear PIC code[J].Journalof
GeophysicalResearch:Space Physics,2017,122:

8154-8165.
[15]LU Q,KE Y,WANG X,etal.Two-dimensional

gcPICsimulationofrising-tonechorus wavesina
dipole magneticfield[J].Journalof Geophysical
Research:SpacePhysics,2019,124:4157-4167.

[16]TSURUTANIB T,SMITH E J.Twotypesof
magnetospheric ELF chorus and their substorm
dependences[J].JournalofGeophysicalResearch,

1977,82:5112-5128.
[17]TSURUTANIB T,VERKHOGLYADOVA O P,

LAKHINAGS,etal.Propertiesofdaysideouterzone
chorusduring HILDCAA events:Lossofenergetic
electrons[J].JournalofGeophysicalResearch:Space
Physics,2009,114:A03207.

[18]OMURA Y,HIKISHIMA M,KATOH Y,etal.
Nonlinearmechanismsoflower-bandandupper-band
VLF chorusemissionsinthe magnetosphere[J].
JournalofGeophysicalResearch:SpacePhysics,2009,

114:A7.
[19]LIUK,GARYSP,WINSKED.Excitationofbanded

whistlerwavesinthemagnetosphere[J].Geophysical
ResearchLetters,2011,38:L14108.

[20]FUX,COWEEM M,FRIEDELRH,etal.Whistler
anisotropyinstabilitiesasthesourceofbandedchorus:

Van Allen Probes observations and particle-in-cell
simulations[J].Journalof Geophysical Research:

SpacePhysics,2014,119:8288-8298.
[21]GAOX,LU Q,BORTNIKJ,etal.Generationof

multibandchorusbylowerbandcascadeintheEarth’s
magnetosphere[J].Geophysical Research Letters,

2016,43:2343-2350.
[22]GAOX,LU Q,WANGS.Firstreportofresonant

interactionsbetweenwhistlermodewavesintheEarth’s
magnetosphere[J].Geophysical Research Letters,

6521 中国科学技术大学学报 第50卷



2017,44:5269-5275.
[23]HSIEH Y K,OMURA Y.Nonlineardampingof

obliquewhistlermodewavesviaLandauresonance[J].
JournalofGeophysicalResearch:SpacePhysics,2018,

123:7462-7472.
[24]CHEN H,GAO X,LU Q,etal.Gapformation

around0.5Ωe ofwhistler-mode wavesexcitedby
electron temperature anisotropy [J].Journal of
Geophysical Research: Space Physics, 2020.
(submitted)

[25]MINK,LIUK,LIW.SignaturesofelectronLandau
resonantinteractionswithchoruswavesfromTHEMIS
observations[J].JournalofGeophysicalResearch:

SpacePhysics,2014,119:5551-5560.
[26]CHEN R,GAO X,LU Q,etal.Unravelingthe

correlationbetweenchoruswaveandelectronbeam-like
distributionintheEarth’smagnetosphere[J].Geophysical
ResearchLetters,2019,46:11671-11678.

[27]FU X, GUO Z, DONG C,et al. Nonlinear
subcyclotronresonanceasaformationmechanismfor
gapsin bandedchorus[J].Geophysical Research
Letters,2015,42:3150-3159.

[28]SAUERK,BAUMGÄRTEL K,SYDORA R.Gap
formationaroundΩe/2andgenerationoflow-band

whistlerwavesbyLandau-resonantelectronsinthe
magnetosphere:Predictionsfrom dispersion theory
[J].EarthandPlanetaryPhysics,2020,4:1-13.

[28]KLETZINGCA,KURTH WS,ACUNA M,etal.
TheElectricandMagneticFieldInstrumentSuiteand
IntegratedScience (EMFISIS)onRBSP[J].Space
ScienceReviews,2013,179:127-181.

[29]MEANSJD.Useofthethree-dimensionalcovariance
matrixinanalyzingthepolarizationpropertiesofplane
waves[J].JournalofGeophysicalResearch,1972,77:

5551-5559.
[30]KURTH WS,DEPASCUALES,FADENJB,etal.

Electrondensitiesinferredfromplasmawavespectra
obtainedbytheWavesinstrumentonVanAllenProbes
[J].JournalofGeophysicalResearch:SpacePhysics,

2015,120:904-914.
[31]FUNSTENHO,SKOUGRM,GUTHRIEAA,et

al.Helium,Oxygen,Proton,andElectron(HOPE)

massspectrometerfortheRadiationBeltStormProbes
Mission[J].Space Science Reviews,2013,179:

423-484.
[32]XIE H.BO:A unifiedtoolforplasmawavesand

instabilities analysis [J]. Computer Physics
Communications,2019,244:343-371.

7521第9期 Anewgenerationmechanismofthree-bandchoruswavesintheEarth’smagnetosphere


