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Localized parallel electric fields associated with inertial Alfvén waves
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Measurements of intense, localized parallel electric fields are reported in association with inertial

Alfvén waves and accelerated electron fluxes in a space plasma. The parallel electric fields are
localized to several hundreds of Debye lengths and carry potentials on the order of the energy of the
accelerated electron fluxes. The structures are observed at sharp maxima or minima of the
perturbation magnetic field of the Alfvén wave, indicating high shear or rapid changes in the parallel

current but near-zero, large-scale parallel currents. The localized electric-field structures are not
entirely consistent with published double-layer models or observations in the aurora and may

represent a new class of parallel electric-field structures or double layer, which are an important
feature of the nonlinear evolution of Alfvén waves and of the electron acceleration processes. These
data also represent a possible example of cross-scale coupling from Alfvén wavelengths to Debye
scales. ©2005 American Institute of PhysidDOI: 10.1063/1.1924495

I. INTRODUCTION (e.g., Ref. 19 which have a broad angular distribution, but
are confined to a narrow energy range.

The Alfvén wave is one of three principal modes that  The complexity of the Alfvén wave—electron accelera-
govern the lowest-order dynamics of many laboratory, spaceion problem is greatly increased by the fact that the plasma
and astrophysical plasmas. At small perpendicular scales, th#ensity and magnetic field dramatically change between the
shear Alfvén wave is also capable of electron acceleraffon. magnetosphere and the ionosphere on a distance scale that is
Space physics and astrophysical examples include some ffss than the Alfvén wavelengths. The inhomogeneous me-
the most intense auroral arcs at Edfththe lo—Jupiter dium not only strongly modifies a propagating Alfvén wave,
interaction’ ™ the solar cororfé*? (and references ther@in  but can partially trap a relatively narrow frequency band
and extragalactic jetjs”. Small-scale Alfvén waves recently (~0.1-1 H2 between the conductive layer in the ionosphere
have been the focus of laboratory studi&¥’ The linear  (at ~100-300 km in altitudeand the peak in Alfvén speed
damping process of kinetic Alfvén waves has been wellat ~1 Re. This region has been designated as the “iono-
documented® but the nonlinear process of particle heatingspheric resonator’
and acceleration is not well understood. Test particle simulationénot self-consistefnthave dem-

In the case of the aurora, it was recogn&&d&t particle  onstrated that observed field-aligned electron fluxes are con-
acceleration by Alfvén waves could occur in the near-Eartfsistent with acceleration by inertial Alfvén wavesThere
plasma, whergg<m./m; (the electron-to-ion mass rajidn  are two basic acceleration mechanisms. Under certain iono-
this low-B8 environment, the ion gyroradius is smaller than spheric conditions, the Alfvén wave can trap electrons,
the electron skin deptfy,=c/ w,., Wherew, is the electron  which are observed as a field-aligned population with par-
plasma frequendy The “inertial” Alfvén waves develop a ticle velocities up to twice the local Alfvén speédThe
finite parallel electric field(E) if the perpendicular wave wave also can accelerate electrons through a resonant pro-
number(k ) is on the order of,. It has been established that cess. These electrons escape the wave as it slows down in the
inertial Alfvén waves accelerate electrons in the polar cuspigh-density ionosphere. This population is observed with
regior? and in a class of intense, dynamic auroral displaysnergy and pitch angle dispersion as a result of the magnetic-
associated with substorm expansioht®The electron fluxes field topology and the travel distance between the point they
accelerated through this process are strongly field-alignedere released by the wave and the observfion.
and extend over a broad energy range. They are distinct from The test particle simulations, however, often employ in-
the electron fluxes from quasistatic parallel electric fieldsertial Alfivén waves with very largek, and very large
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AB(E,) to develop a small but significant parallel electric FAST ORBIT 1864
field (E) in the simulation. Alfvén waves observed in asso- 100 (a) ;
ciation with electron acceleration can have smaller ampli-
tudes inAB(E ) and smallek, . The linear value of, pre-
dicted by theory and in simulations is less than 1 mV/m and “
cannot be observed with current satellite instrumentation ..
(under the best conditions, parallel electric fields are mea-§
sured to an accuracy of a few mV)nThe wave potential in
the simulations often needs to exceed the electron tempere
tures to reproduce the observed electron fluxes. Such larg
potentials are expected to lead to a variety of nonlinearg
behavior§®*° that, as of yet, have not been fully explored.
Furthermore, none of the linear studies have successfully de &
scribed the anti-earthward electron acceleration that is com< _jg9
monly observed with Alfvén waves.

The purpose of this article is to present observational
evidence of localized, large-amplitude parallel electric fields
associated with inertial Alfvén waves in the auroral region.
Previous observatioh§2° and some theoretical studfés™®
suggest that nonlinear processes play an important role ir%‘
enhancing the electron acceleration by Alfvén waves. Both g
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observations and simulations show Alfvén waves with a tri-
angular shape in the magnetic-field signal suggesting strong
current shear and spiky parallel electric fields with ampli-
tudes much larger than what is predicted by linear theories &
The scale size of the parallel electric fields are several hun-g

dreds of Debye lengthe\p ~1-10 m), well separated from =
the Alfvén wavelengti{~10 000 kn) indicating a highly lo-

lized, nonlinear dissipati ized by a largerALT. 59887 26842 58616 sg60 soeae
calize ,ngn inear dissipative process energized by a largerflLT. 96e, 964, 961, 959, 956,
scale Alfvén wave. MLT

Minutes from 1997-02-09/19:42:40

FIG. 1. (Color). Observation of a large-amplitude parallel electric field as-
Il. OBSERVATIONS sociated with an inertial Alfvén wavéa) E; at 200-Hz bandwidth(b) E, at

Figure 1 presents observations from the Fast AuroraﬁOO-Hz bandwidth. The comppne_nt is clpsest to the spa}cecraft vel@ity.
.. 30-32 o . B,, the measured magnetic field minus the Earth’s model field, at

SnapshoTFAST) satellite™ ““The satellite is~2960 km in ~ _g57y, frequency bandd) Anti-earthward(150°~210° in pitch ang)eelec-
altitude, crossing the near-midnight auroral zone from soutlron energy flux vs energy and time at 79-ms resoluti@. Earthward
to north in the northern hemisphere. The horizontal axis i$—30°-30° in pitch angleelectron energy flux vs energy and time at 79-ms
10 s of time during which the satellite traverse&0 km to rkees\;":lt";(’:?r'gg fTIlee;'e'd'a"g”ed electron current derived from 5-eV' to 30-
the north. A summary of the plasma parameters is given in '
Table I.

The top panel, Fig. (&), displays the measuref, fil-
tered to dc—200-Hz frequency band. A description of the ellite’s velocity). Figure 1c), AB,, displays the magnetic
validation of parallel electric-field measurements has beefield minus the Earth’s model field in the dc te5-Hz fre-
previously publishe&?’34 so only a brief description is pro- quency range. The displayed component is perpendicular to
vided hereE; is calculated from the dot product of the vector the modelB andE, in Fig. 1(b). Figures 1d) and Xe) dis-
electric field(E) (derived from four probes that form a tet- play, respectively, the anti-earthward and earthward electron
rahedron and the measured magnetic fiéR) in the rotating  energy fluxes as a function of energy and time. Figufe 1
frame of the spacecraft. In Fig(d), the trace represents the displays the field-aligned current derived from the measured
quantityE -B/|B|. The accuracy o, in Fig. 1(a) is approxi-  electron energy fluxes in the 5-eV-30-keV energy range.
mately 50 mV/m. Thus, many of the features ki may be Figures 1b)-1(e) represent an often observed signature
due to density perturbations or cross talk from the perpenef electron acceleration by an inertial Alfvén walré 182
dicular electric fields. The large-amplituddroughly ~ AB, appears to have roughly three cycles-&t-s period(as
100 mV/m) spikes at~9:42:42.5 UT and~19:42:46.0 UT  measured by a moving spacecjafonsistent with the period
(indicated by dashed lingshowever, are interpreted as valid of the Alfvén resonatof’ It is possible, however, that the 2-s
parallel electric fieldgpositive is earthward in the northern period is dominated by Doppler shift, in which case the per-
hemisphere pendicular wavelength is roughly 10 kfthe spacecraft is

Figure Xb) plotsE |, the dc electric field perpendicular moving at ~6 km/9. In this example,AB, also has a
to B and in the direction closest to the spacecraft velocitytriangle-shaped wave fornk, displays far more structure
(positive is mostly northward and nearly parallel to the satthanAB |, indicating an electrostatic component that results
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TABLE I. Plasma, Alfvén wave, an#, parameters for Fig. 1.

Plasma Estimated Alfvén Estimated E, Estimated
parameters value wave value structure value
Ne ~100+50 cm® N >10 km Velocity 20 km/s
Te ~20 eV? N ~10* km Potential 100 V
6.=Cl wpe ~10 km f ~0.5 Hz Size 1 km
[B|/ (op)*? ~10000 km/s |E|/|AB| 4000 km/s

1/(Zppo) ~100 km/s

*Non-Maxwellian plasma.

from small perpendicular scales. These latter two features atbe ion acoustic speed, would yietd100 V potential and is
indications that the Alfvén wave is nonlinearly evolving.  in consort with the enhanced fluxes-ef75 eV electrons that

The direction of the electron fluxes correspond to theare coincident with the parallel electric fie]&ig. 2(b)]. At
slope of AB, . Anti-earthward electron fluxes, Fig(d), oc- 20 km/s, the size of the structure-sl km, roughly several
cur with a positive slope idB , whereas earthward electron hundred\p. TheE; structure(anti-earthward electric fie)ds
fluxes, Fig. 1e), are seen with a negative slope. The electrorobserved with strong earthward electron fluxes, which ap-
fluxes in both directions display velocity dispersion, wherebypear to be moderately perturbed. The ambient field-aligned
the higher energy fluxes arrive before lower energy fluxescurrent is near zerfreversing from anti-earthward to earth-
The field-aligned curren(J;) derived from the energetic ward), so theE, structure is not entirely consistent with the
(5 eV-30 keV electron fluxes has a “square” wave appear-current-carrying double layers observed in the static upward
ance, which is concordant with the triangle shape in the magand downward current regions of the aurdta. The speed
netic field. The field-aligned currents have rapid chan@es of the E; structure(~20 km/9 is well separated from the
interpreted as temporal structyi@ high sheafif interpreted  Alfvén speed(~10 000 km/$, so it is clearly transient and
as spatial structuje formed locally.

The ratio E, /AB, ~4000 km/s using the 2-s period
harmonics of the signals. This ratio is approximately a factor
of 5 lower than the local Alfvén spedd,~ 10* km/s) and FAST ORBIT 1864
about a factor of 10 higher than the ratio expected for static 150 ' ' ' '
fields (1/uo>p~100 km/s, whereSp~5 Q7! is the esti-
mated height-integrated Pedersen conductivithe obser-
vations indicate a partial standing wave.

The large-amplitude signals ik, are observed as the
electron fluxes are in transition from anti-earthward to earth- 3
ward in the first event, and earthward to anti-earthward in the

100

50

paraLLEL (MV/M)

second event. The direction Bf (earthward in both casgis 1'38 : : : : :
such that it accelerates electrons anti-earthward. Prior to the Anti-Earthward Electrons (169° - 191°)
events, velocity-dispersed electrons indicate that the primary (b)

acceleration is far from the spacecraft. =
A magnified view of the second parallel electric-field ’-z

structure(~19:42:46.0 U7 and the electron fluxes is dis- &

played in Fig. 2. The top panel, Fig(d, is identical to Fig.

1(a) except for the time scale. Figuregbp and Zc) display

the anti-earthward and earthward electron fluxes-atms 10

resolution at five separate energies labeled on the plot. On

can see that th&, structure occurs in the transition region/ 108

time, whereby the earthward electron fluxes are decreasin(§

and the anti-earthward electron fluxes are increasing. At the"g 107

position/time of the spikyE, structure, both directions of @

field-aligned fluxes are present. Velocity dispersion in the  10®

electron fluxes prior to the event is marked with dashed arcs . : : -

The source of these fluxes is calculated to come from be- :45-7Time¢(43-T5)’ L . R

tween 125 and 250 km earthward of the spacecraft. The dis- o

persive pattern is indicative of a wave-resonant accelerationiG. 2. (Colon. A magnified view of theE, event in Fig. 1(a) E, at 200-Hz

process’ bandwidth. (b) Anti-earthward (168.25°~191.25° in pitch angleelectron

; ; energy flux vs time at-2-ms resolution. The traces represent energy flux in
The speed of th, structure is estimated at 20 kri/s A&/£=0.15 energy bands. The colors indicate the center energies as indi-

a factor O_f 3. alor_‘gB from time delays between probes on cated on the plot(c) Earthward(—11.25°~11.25° in pitch angleelectron
the electric-field instrument. A speed 620 km/s, roughly  energy flux vs time at-2-ms resolution.

Blue: 75 eV
Red: 150 eV
Yellow: 300 eV
Green: 600 eV Earthward Electrons (-11° - 11°)
Black: 1200 eV
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Minutes from 1997-02-09/17:37:40 Minutes from 1997-02-08/12:48:20

FIG. 3. (Colon. Another example of an observation of a large-amplitude FIG. 4. (Color). Observations of a large-amplitude parallel electric field
parallel electric field associated with an inertial Alfvén wave plotted in the associated with inertial Alfvén waves during a substorm expansion. Figure 4
same format as Fig. 1a) E; at 200-Hz bandwidth(b) E, at 200-Hz band- is plotted in the same format as Fig.(& E, at 200-Hz bandwidth(b) E
width. The component is closest to the spacecraft velotiyAB , the at 200-Hz bandwidth. The component is closest to the spacecraft velocity.
measured magnetic field minus the Earth’s model field; &tHz frequency ~ (¢) AB,, the measured magnetic field minus the Earth’s model field, at
band.(d) Anti-earthward(150°—210° in pitch angleelectron energy flux vs ~ ~5-Hz frequency bandd) Anti-earthward(150°-210° in pitch angeelec-
energy and time at 79-ms resolutiof® Earthward(—30°-30° in pitch  tron energy flux vs energy and time at 79-ms resoluti@). Earthward
angle electron energy flux vs energy and time at 79-ms resolutiorthe  (—30°-30° in pitch angleelectron energy flux vs energy and time at 79-ms
field-aligned electron current derived from 5-eV to 30-keV electron fluxes. resolution.(f) The field-aligned electron current derived from 5-eV to 30-
keV electron fluxes.

Figure 3 displays another event in the same format as ispiky E; structures associated with Alfvén wave signatures
Fig. 1. E;, plotted in Fig. 3a), is accurate to approximately are almost always associated with a rapid change in electron
+25 mV/m and has a large negatitenti-earthwarfipeak at  current(or possibly high-current sheaiThe direction of the
~17:37:46 UT.E, andAB, [Figs. 3b) and 3c)] have os- electric field and the sense of the change in current, however,
cillations from~1 to ~5 Hz, indicative of an Alfvénic dis- do not appear to be correlated. Figure 4 shows an observa-
turbance. As in Fig. 1, field-aligned electron fluxes in bothtion of very strong Alfvén wave activity at the poleward
directions display velocity dispersion. THg structure in  boundary of the auroral zone during a substorm expansion.
Fig. 3 is coincident with a local maximum iAB, and oc- E; plotted in Fig. 4a) is accurate to approximately-50
curs as the electron fluxes were reversing from antimV/m. A large-amplitude negativéupward E; is seen at
earthward to earthward. The field-aligned current, Fid),3 ~12:48:21.3 UT coincident with a local minimum kB |
has a sharp change. and an enhancement in anti-earthward electron flipasel

The event in Fig. 3 is in many ways similar to the second(d)]. A decline in earthward fluxes, Fig.(é), is somewhat
event in Fig. 1, with an opposite pattef.is upward instead delayed. Theg, event occurs during a rapid change in field-
of downward. The event occurs at a local maximunAB, aligned current.
rather than a local minimum, and the electron fluxes were A large-amplitude positiveldownward E; is seen at
changing from anti-earthward to earthward instead of earth--12:48:25.1 UT coincident with a sharp local maximum in
ward to anti-earthward. AB |, a decrease in anti-earthward fluxes, Fi¢d)4and an

Examination of other events shows a similar pattern. Theenhancement in earthward electron fluxes, Fig).40nce

Downloaded 16 Mar 2007 to 128.32.147.236. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



072901-5 Localized parallel electric fields associated... Phys. Plasmas 12, 072901 (2005)

again, thek; event occurs during a rapid change in the field-and from theoretical descriptions of double layerg., Refs.
aligned current. 36 and 39, which indicate sizes on the order ofNi) Fur-

The observations in Fig. 4 show one of the strongesthermore, the conventional double layerg., Refs. 36 and
parallel electric fields that have been observed by FAST. Th&9) is expected to occur with a substantial current satisfying
Alfvén wave frequency as seen from the moving spacecrafthe Boehm and Langmuir conditions, whereas the reported
is ~1 Hz, which could indicate-6-km perpendicular wave- E; structures were at near-zero currents.
lengths if the measured wave frequency is dominated by The Alfvén wave parallel scal€)(10 000 km, and the

Doppler shift(the spacecraft is traveling6 km/9. parallel scale of; structuresO(1) km, are well separated,
whereas the perpendicular scale sizes may be nearly identi-

Ill. DISCUSSION cal. Thus, the observed parallel electric fields represent a
nonlinear process that couples to substantially different par-

The observations in Figs. 1, 3, and 4 show Iarge-aIIeI scales.

amplitude, localized parallel electric fields associated with The lifetimes ofE, structures are not determined. but can
Alfvénic turbulence and accelerated field-aligned electrorbe bounded. As a nlinimum the lifetime is on the,order of

fluxes. The Alfvénic turbulence is seen to have frequencieﬁ1e observed duration-50 ms. As a maximum, the lifetime

from ~0.5t0~5 Hz as measured from a moving spacecraft,, o pe |ess than the Alfvén period, which varies frer.2
Often, the short time scale Alfvén waves have a very strong, 5 < iy the observed cases. If tFe structures are asso-

p;artpendlcular eliCt“Cdﬂerl]d’ tlndlcatln%.a l‘Q‘UbStaTt'al {_?_lﬁwfo'ciated with the bidirectional electron fluxes, the overlap be-
static component and short perpendicuiar scales. he Wegean  earthward and anti-earthward fluxes ranges is
quency of the Alfvén waves, therefore, could be dominate

by Doppler shift. If the signals are dominated by Doppler (100 ms, only a few times the duration of the observa-
shift, the wavelengths are on the order-ol. to ~10 km, tions. The plasma period is on the order-of0 us (Table |),

. . . so the above structure formation and decay cover many such
and thereforek, 5,~ 1. These Alfvén waves are in the iner- y y

tial regimé~’ and ted to develop a finit et PErods:
eI?ecrt?i%”fri]eld and are expected fo develop a finite parafle Similar observations have been reported from the Freja

) i . _ satellite?” These observations show a possible unipdar
Inertial Alfvén waves in the near-earth environment are

: ) . . i fluctuation on the order of 100 mV/m coincident with an
accompanied by intense, field-aligned electron flixethat Alfvén wave signature that is seen on a much longer time
often display velocity dispersion. On longer time/

. . scale inE, andAB, . The E, fluctuation was observed to be
perpendicular size scal€s ~1 s, 5 km, the electron fluxes ” + !

) associated with a localizedB, (10 nT) fluctuation. The
are organized by the slope afB,, whereas on the shorter Freja rep0r2t7 suggests that the observed unipdiacould be

tllme/p(ej:rplen?lculfallr size scafltési~1 S’.i k), ;hf flfld' ﬂue to double layers or electrostatic shock, but no direct
a 'gnT tedec _:ﬁzBuxﬁl arde_ 0 en_mor? ;E enlse ¢ utnotas Whe nalysis was made to confirm these suggestions. The location
corre’ated Wi 1 1€ CISPETSION O the E1eCtions IS SUCN ¢ 4o E, structures was on the boundary between enhanced

that field-aligned electron fluxes in both directions can be, ., arq and enhanced anti-earthward accelerated electron

observed simultaneously as the fluxes are changlng directio Uxes. The FAST observations now validate testruc-
In most cases, the fluxes change direction at the loc

. S AB here the field-alianed (i res, but do not confirm the localizel, fluctuation. In-
Mmaxima or minima oRb, , Where e nieid-aligned CUrrent1s o,y e report a sharp second derivativAl , indicating

expected to b_e near zero. It is at these regions/times that “};\erapid reversaltemporal interpretatiorin current or strong-
parallel electric fields are observed. current sheatspatial interpretation

Current-free double layers have been observed in ex-
panding laboratory plasm&%:*> These current-free double

In the linear approximation, the amplitude Bf in an layers are transient events related to developing plasmas.
inertial Alfvén wave should be on the order of 0.1 mV/m There has been no generally accepted theoretical analysis of
under the plasma conditions in the examples that we havéie helicon double layefs, so it is not clear if those ob-
presented, but the observed amplitudes are roughly 3 ordegerved in space have any other similarities.
of magnitude higher. Put another way, the rati§/E, The observations of the localized parallel electric fields
Ek\\ki/(ki“‘l/@ (e.g., Ref. 6is ~107% in linear theory, associated with the Alfvénic turbulence are outside the tradi-
but is nearly unity in the observations of the spiky structurestional definition of current-carrying double layers that have
These structures are clearly nonlinear phenomena. been observed in space, and thus may represent a new type

A crude estimate of the scale size of the parallel electri®®f electric-field structure or double layer that arises during
fields can be obtained from the speed of the structage  (Or at the boundary ofa strong current reversal. It is also
suming that is along the magnetic figlor from the potential ~ possible that the structures are not time stationary, and thus
of the structure, which can be roughly established from thehot suited for the static description of double layers.
perturbations in the electron fluxes. In all the observations
presented, the scale sizes of the parallel electric fields arg
between 108, to over 100Q (the physical sizes of the
structures are several hundred meters, and Debye lengths are A periodic simulation on the nonlinear behavior of the
on the order of 1 m These scale sizes differ from those of Alfvén wave in a density gradient was performed by Genot
observed double layers in the downward current reffish et al?*?® The density gradient causes the Alfvén wave to

A. E structures

Comparison to theoretical works
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rapidly evolve to smaller perpendicular wavelengths. TheAlfvén waves are transient. The role of spiEystructures in
waves with largek; then developed strong localizef, electron acceleration is an area of future study.
structures in response to the accelerated electrons.E[he

structures in the simulation, interpreted as double layersy. CONCLUSIONS

were ~30-100 Debye lengths alonB, moving slightly . . .
faster than the Alfvén wave speed, and had potentials up to 1 We have presented observations of localized spiky par-

KV A satellite would observe these structures asaIIeI electric fields associated with inertial Alfvén waves and

~100 mV/m fields enduring for-2 ms. In contrast to the accelerated electron fluxes. The parallel electric fields appear

observedE, structures, thek; structures in the simulation at I_ocal maxima or local mihima .Of thA.Bi’ indicating a
. - .rapid (or localized change in the field-aligned current. The
were seen during strong parallel currents, a 90° difference in

S ; . .~ net current, however, is near zero. In all of the examples,
the location in phase with respect {o a linear wave seéfin accelerated electron fluxes with energies many times thg am
andAB, . We cannot, at this time, reconcile the observation 9 y

with the simulations performed by Genet al 24,25 Sbient plasma temperatures give evidence of an acceleration

The steepening of a wave pulse was analyzed in a kinetiggcisoi;nsdoﬁchg\:éislegﬁ:ggtix)ées d?;eévggzpfr'ig% ?Jrjd n
simulation of shear Alfvén waves in homogeneous P 9 1 display 9

plasmas.z.6 The simulation was from a gyro-averaged kinetic lar shape, and, had a fine structure.

code, which follows the full electron dynamics and takes fuIIrou 'Lr:e i’gg{e f(')zioog&he $2;alllqeela$.|§gtrgcjﬁlri:ttsruacrt-,lgeﬂs]és
account of wave—particle interactions. A localizEdstruc- gny D D

ture (+300 pV/m) formed at the leading edge a unipolar large scale size differ from observations in the upward and

negative wave puisaccelerating elecirons eartwardt ¢ OHAEE BT CRAe 20 I8 B SR TR
the trailing edge of the pulse a broader but still localized P ying y

. . ers, e.g., Refs. 37 and 39. The lifetime of the structures is not
weakerE; structure(+50 pV/m) formed. If the simulation ;
was initiated with a bipolar pulse, another narr&vstruc- established, but can be bounded betwe&® ms and-~2 s.

ture would be at the trailing edge, creating a double pea%—gﬁblc;bf;rgresdtzgaitg;gu;erf orp:ycrroespsr-essczrllé 2086??;1 clarsosC:;‘S
signature. TheE, structures in the simulation have some Y b ping p '

similarities to the observed, structures and demonstrate They appear to be a consequence of the nonlinear evolution

that spikyE, structures can be created as part of the nonlin-Of the Alfvén wave and the electron acceleration process.

ear evolution of an Alfvén wave. ACKNOWLEDGMENTS
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