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Abstract. There hasbeenincreasingevidencethat Pc-5
ULF oscillationsplay a fundamentarole in the dynamics
of outerzoneelectrons.In this work we examinethe adia-
batic responsef electronsto toroidal-modePc-5field line
resonancesising a simplified magneticfield model. We
find that electronscan be adiabaticallyacceleratedhrough
a drift-resonaninteractionwith the waves,and presentex-
pressionglescribingheresonanceonditionandhalf-width
for resonantinteraction. The presenceof magnetospheric
corvectionelectricfieldsis seento increaseherateof reso-
nantenepgization,andallow bulk acceleratiorof radiation
belt electrons. Conditionsleadingto the greatestrate of
acceleratiorin the proposednechanisma nonaxisymmet-
ric magneticfield, superimposedoroidal oscillations,and
strongcorvectionelectricfields, arelik ely to prevail during
stormsassociateavith high solarwind speeds.

I ntroduction

Relatiistic electronfluxeshave beenshowvn to vary over
a wide rangeof time scales,from the rapid (~1 minute)
variability obsened during extreme, CME-inducedsudden
commencementichasobsenedonMarch24,1991[Blake
et al., 1992],to time scaleshe orderof days,ascommonly
seenduring solarminimum storms associatedvith high-
speedstreamdLi et al., 1997]. While thewide variationin
time scalessuggestshatdifferentacceleratiormechanisms
may operateat differenttimes,therehasbeenincreasingev-
idencethat Pc-5 ULF oscillations,with frequenciedn the
1.5-10mHz range,play a fundamentarole in storm-time
particle dynamicsover periodsof hoursandlonger In a
comparisorof the May 27, 1996 magneticcloud eventwith
that of January10-11, 1997, Baker et al. [1998b] found
thatlarge-amplitudescillationsin the Pc-5frequeng range
were associatedvith the relatiistic electronevent of the
1997storm,while the 1996storm,which did not exhibit ex-
tensie Pc-5actiity, hadno comparabléncreasen electron
fluxes. Likewise, an analysisof the May 15, 1997 electron
event also shaved large increasesn Pc-5 actiity [Baker
et al., 1998a].Evenmorecompellingevidencewasreported
by Rostoker et al. [1998], a strongcorrelationbetweerPc-5
power andrelatiistic electronfluxesover a 90 day period,
with largeincreasesn wave actiity precedingncreasesn
geosynchronouslectronfluxesby 1-2 days.

In MHD/particle simulationsof the Januaryl997 event
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Figure 1. Power spectrunof thetoroidal componentf the
simulatecelectricfield in theperiodbetweer0900and1200
UT on Januaryl0, 1997, at midnight MLT. The ascending
blacklinesindicatethe dipole drift frequeng asa function
of L for the indicatedenegies, while the descendindines
betweem.2 and6.6 Rg, give thedrift frequenciesf parti-
clesat constanfirst adiabatidnvariant.

[Hudson et al., 1999a,b], inward radial transportandadia-
baticacceleratiomf outerzoneelectronsvascomparedvith
in situ obsenationsover a periodof several hours. Follow-
ing theobsenationof large-amplitudenearmonochromatic
ULF oscillationsin theH componenbf the magnetidields
at CollegeandGalkona,Alaskaduringthis period,a spectral
analysisof the MHD fieldsusedto drive thesimulationsvas
undertalen. Theresultof this analysisfor theradialelectric
field in the equatorialplane(correspondindo Alfv énic os-
cillationsin the H componenbf the magnetometefields)
is shavn in Fig. 1, at the approximatelocal time of the
Alaska magnetometers Coherentstructureappearsn the
radialrangecorrespondingo the region of greatesflux in-
creaseveral2hourperiod[Reeveset al., 1998],atfrequen-
ciesmatchingthedipolardrift frequencie®f electronsndi-
catedby straightlinesatconstanenegy (positive slope)and
firstadiabatidnvariant(negative slope).Thismodestructure
analysisled to the proposalthatelectronscould be adiabat-
ically acceleratedhrougha drift-resonancervia interaction
with toroidal-modeJLF waves[Hudson et al., 1999a].The
goalof thispapelis to quantitatvely investigatehe natureof
suchdrift-resonantaccelerationby trackingparticletrajec-
toriesin asimplifiedfield modelconsistingof acompressed
dipoleandglobal,toroidal-modePc-5ULF waves.
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Figure 2. Sketchof anelectrondrift pathin a compressed
dipole,with electricfieldsindicatedfor anm=2mode.Solid
arrows indicatethe electricfield at t=0 for anelectronstart-
ing at dusk, while the dashedarrows indicatethe electric
field directionhalf a drift periodlater

Model and Theory

ThecoherentJLF modestructureavidentin Fig. 1is con-
sistentwith interpretationas toroidal-modefield line reso-
nancesFor perfectlyconductingooundaryconditionsat the
ionospherethe fundamentamodewill containa magnetic
nodeat the equatoy while the electricfield is purely radial,
with ionospherimodesandequatoriabntinodegCummings
et al., 1969]. Theproposediccelerationomechanisnis illus-
tratedin Fig. 2. Herean equatorially-mirroringelectronin
a compressedipole interactswith a global m=2 toroidal-
modewave of frequeny w. At t=0 the electricfields are
indicatedby the solid arrons. An electronstartingat dusk
andmoving with a drift frequeny wy = w wouldfirst seea
positiveradialelectricfield while undegoingnegative radial
motion,andhalf a drift periodlatera negative electricfield
while moving radially outward. TheresultingproductE,.dr
is thereforenegative overtheorbit of theelectronJeadingto
anetenegy increase.

Basedon the latitudinal structureof the fundamental
toroidal mode, we begin with a simple, time-independent
equatoriafield modelof thefollowing form:

BoRg®
B(r,¢) = =5~

+ b1 (1 + bz cos @). Q)

Thefirst termrepresents dipole magneticfield of strength
By atthesurfaceof theEarth,while thesecondermmodels
the compressiorof the field resultingfrom solarwind dy-
namicpressureg is takento bezeroatlocal noon,andcon-
stantsb; andb, are selectedbasedon measurednagnetic
field values. For this study By=27500nT, andb; and by
have beenselectedo give geosynchronoumagneticfields
of nominalvalues~105nT atlocal noonand~75nT atlo-
calmidnight. Theelectricfield, with equatoriahntinodesis
modeledas

E(r,$,t) = Eo(r,$)+ Y B sin(mé+wi+&n), (2)

m=0

wherethe first term representsnagnetosphericorvection
fields, while the secondterm is a superpositiorof global

toroidal field line resonancem the equatorialplane. Here
m representthe azimuthalmodenumberof the ULF wave,
w thefrequeng, andd E,.,,, and&,,, theamplitudeandphase
lag of themodem.

Analytic calculationsof relativistic electroninteraction
with the abore ULF wave have beenmadeandare similar
to thosegivenby Chan et al. [1989]; only theresultswill be
givenhere.Onefindsaresonanceondition

w—(m=Ewg =0 (©)]

wherew, istheazimuthaldrift frequeng, andanenegy res-
onancehalf-widthfor the“m + 1” resonance

2e0 By 0T
Alptr = 5(lnwa) (4)
(m+1) [ 252

E=Em+1

wheredr is a measureof the asymmetryof the drift orbit
(i.e.,thedrift orbitin thecompressedipolefield is assumed
to beof theformr(¢) = rg + dr cos ¢).

Eq.(3) givestherelationbetweerwave frequeny anden-
ergy En+1 Of aresonantlectronon a givendrift shell (for
a givenm value), while Eq. (4) givesthe rangein enegy
£ + A&,,+1 overwhichanelectronexperiencesesonantin-
teractiorwith thewave. The=+1 factorin Eq.(4) is dueto the
m = 1 day-nightasymmetryin the compressedlipole. In
Eq. (4) the numeratorrepresentshe strongerdriving effect
of larger wave amplitudeand of larger drift-orbit asymme-
try; thedenominatoshavs the detuningeffect of theenegy
dependencef thedrift frequeng. Notethatfor m > 2 there
aretwo possibleresonancesonefor m+1 andonefor m—1.

We verify theresonantnteractionof particlesby numer
ically solving the relativistic guiding-centedrift equations
[Northrop, 1963]for equatorially-mirroringelectronsmov-
ing in thesimplifiedfield modeldescribedabore. Wave fre-
quenciesrematchedo particleenegiesby solving ¢ dqﬁ/q'ﬁ
for agivenvalueof M, therelatwistic first adiabaticinvari-
ant,alonga contourof constanB while matchingthereso-
nancecondition(3).

Results and Discussion

The effect of the modeledPc-5 oscillationson a single
particlecanbe seenin Fig. 3. Globaloscillationin anm=2
modeis setup ata singlefrequeng of 3 mHz andgivenan
amplitudeof 3 mV/m. A geosynchronouslectronis started
atlocalnoonwith aninitial enegy of 1.63MeV andallowed
to interactwith the waves over 10 drift periods. Fig. 3(a)
shaws the productE,.dr, consistentlynegative, asthe elec-
tron drifts aroundthe earth. An integratedpotentialdrop of
-128kV is experiencedy the electronasit movesthrough
its 10 drift orbits. Theenepy is plottedin panel3(b), where
theparticlegainsthe 128 keV expectedirom panel(a). The
increasan enegy andconserationof thefirst adiabatidn-
variantresultsin transportadiallyinwardby ~ 0.3 Rg.

In Fig. 3(c),asimpledavn-duskelectricfield of 3mV/m,
uniform in magnitude,is added,andthe total enegization
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Figure 3. E.dr (a) andenegy (b) asa functionof time and
drift echoedor anelectronwith initial enegy of 1.63MeV,
moving in a3 mHz, m=2toroidalfield of amplitude3 mV/m.
(c) Relative increasdan enegizationfor sameparticle,asa
functionof increasingdavn-duskcorvectionelectricfield.

for the sameinitial conditionsis recordedaftera setperiod
of time. A linearincreasen the rate of enegizationwith
increasingcorvectionelectricfield results.

To verify theresonanhatureof thisaccelerationparticles
of differentinitial enegies(hencedlifferentdrift frequencies)
canbestartedn asinglespecifiedmode,andmaximumen-
ergy gainrecorded.An exampleis shovn in Fig. 4(a)for a
4 mHz, 3 mV/m field in anm=2 mode,with no convection
electricfield. All electronsare startedat local dusk; those
with enegiesnearé; (wg = w) seethe greatesincrease
in enegy. Also, consistenwith Eq. (3), a secondpeakis
clearlyevidentwherew,; = w/3, atenegy &s.

Phasespaceplots of the particle motion provide a use-
ful way of examiningthe behaior of a drivensystem[e.qg.
Lichtenberg & Lieberman, 1983].Fig. 4(b)shavsaPoincaé
plot consistingof the particle enegy and azimuthalposi-
tion recordedat incrementsof a wave period;the resulting
plot shows the expectedresonantisland centeredat £, ~
3.14MeV, andthreesmallerislandsat £ around850keV,
consistentwith Egs. (3) and(4). The dropoutin enegy
gainseenat&; in panel(a) is aresultof the saddlepoint at

o = 270 degreesin panel(b). For the electronsandfields
usedto generatepanels(a) and (b), and a radial displace-
mentdr=0.23 Rg (consistenwith trajectorycalculations),
the resonantwidth predictedby Eq. (4) is ~ 0.17 MeV, in
goodagreementvith the maximumenegy gainin Fig. 4(a)
andprimaryislandwidth in Fig. 4(b).

The effect of a corvectionelectricfield on anelectrons
phaseplanedynamicds depictedn 4(c) for asingleparticle
beginningatapointoutsidetheresonanseparatrix Theuni-
form corvectionfield imposediransformshe primaryreso-
nantcenterin the reducedphasespaceof panel(b) into a
featureresemblinga stableattractor An importantimplica-
tion of this resultis that particlesmay be adiabaticallyac-
celeratedrom enepgiesoutsidethe resonancelescribedn
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Figure 4. (a) Enegy gainedby electronswith differentini-
tial enegiesin a3 mV/m, m=2toroidal electricfield oscil-
lating at4 mHz, eachparticlebeginningat5.0 Rz atdawvn
localtime. £; and&; indicatethe enepgiesof electronswith
wg = w andwg = w/3, respectiely. (b) Poincaé map
shaving the phaseplanedynamicsof particleswith uniform
first adiabatidnvariant,moving in the samepurelytoroidal-
modefieldsas(a). (c) Poincaé mapof asingleparticlestart-
ing atlocal duskat 2.5MeV moving with the samdfirst adi-
abaticinvariantandfields as above, with the additionof a
uniform dawvn-duskcorvectionelectricfield of 5 mV/m.

Egs.(3) and(4). In principleit is possibleto adiabatically
accelerateelectronswith 10-100keV enepies at the mag-
netopauséo MeV enegiesin theinnermagnetospherels-
ing drift-resonantacceleratiormanda strongcorvectionelec-
tric field. For example,an electronwith an initial enegy

of 80 keV at 10 Rg at local noonwould have an enegy

around200keV atgeosynchronougndexceedingl.1MeV

at3 Rg.

A secondmplicationof the effect of the corvectionfield
is that it is possibleto accelerateparticlesin bulk using
resonancevith toroidal waves. Thatis, without the effect
of the corvectionfields, particleson one side of the reso-
nancewould gain enegy while particleson the otherside
of the resonancevould lose enepy, resultingin a bulk ac-
celerationlimited to that arising from enegy asymmetries
in the resonantsland. The additionof the corvectionelec-
tric field makesit possibleto acceleratgarticlesregardless
of their initial phase. This can be seenin Fig. 5, where
we have starteda ring of electronsat constantL with en-
ergies just above the minimum of the resonantseparatrix,
W ~ & — A&, andlet themevolvein time in responseo
2 mHz, 3 mV/m toroidal oscillationssuperpose@n a con-
stant5 mV/m corvectionelectricfield. Fig. 5(a)shawvs later
phasebunching,resultingfrom the effect of radial electric
fields on the azimuthaldrift velocity of the particles. Aver-
ageparticleenengy is plottedin Fig. 5(b), whereit is clear
thattherehasbeennetbulk enegization.Notethatthemag-
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Figure 5. (a) Particle positions for a ring of near
geosynchronougarticlesmoving in a 2 mHz, 3 mV/m
toroidal oscillationwith animposeddavn-duskconvection
electricfield of 5 mV/m. (b) Averageparticle enegy for
particlesdepictedn (a), asafunctionof wave cycle.

nitude of the corvectionfield affectsonly the rateat which
electronsachieve resonanenenpy, asevidencedn Fig. 3(c),
while theresonanenepy itself is determinedy Eq. (3).

Conclusion

We have shown thatit is possibleto adiabaticallyaccel-
erateandtransportmagnetospherielectronshroughdrift-
resonantinteractionwith toroidal-modePc-5 oscillations,
bothindividually andin bulk. The rate of enepizationin-
creaseswvith bothincreasingadialdistortionof themagnetic
field, andincreasingcorvectionelectricfield. Both actto
increasedr, the amplitudeof drift-orbit asymmetrywhich
affects the rangeof resonantinteractionwith the wave as
describedby Eq. 4. The phasebunchingseenin Fig. 5(a)
suggestobsenationsthat may testthis mechanism.Spec-
tral analysisof lowerenegy (~ 100 keV") electronfluxes
seenat geosynchronoudpr example,hasshowvn variations
in periodsmatchingthe electrondrift frequeng at discrete
enegies, indicating dispersionlesphasebunchingof elec-
trons[Lessard and Reeves, 1999]. However, a suney of this
typehasyetto beundertalenfor MeV electrons.

Poloidal field line resonanceswith an associatedFy,
generallyhave a parallelmagneticdisturbancen the equa-
torial plane and thereforecannotbe quantitatvely exam-
inedusingthe simpleequatoriafield modeloutlinedabove.
However, limited investigationhas beenundertalen, and
the resultsin the equatorialplaneinterpretedin a bounce-
averagedfashion. Preliminaryindicationsare that, while
poloidal oscillationsaloneare ableto efficiently accelerate
singleparticlesin a nonaxisymmetribackgroundnagnetic
field, evenwithout pitch anglescatteringLiu et al., 1999],
theintroductionof a corvectionfield causegarticlesbelon
the resonanseparatrixto loseenegy. This resultsuggests

thata necessargonditionfor bulk electronacceleratiorby
a drift-resonantmechanisnis that therebe more power in
the toroidal than poloidal modes,consistenwith what has
sofarbeenseenin MHD/particlesimulationsof recentmag-
netic storms[Hudson et al., 1999a,b]. A surwey correlat-
ing ULF wave polarizationswith enegetic electronevents
may provide furtherobsenationalevidencefor theproposed
mechanism.Work is in progresso simulatebulk particle
dynamicausinga spectrunof poloidalandtoroidalfrequen-
cies,similarto thatseenin Fig. 1.
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