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Somerecentdevelopmentsan understandinguroral
electronacceleratiomprocesses

A. OlssonandP. Janhunen,

Abstract— Discrete auroral arcs and the associatedinverted-
V type electron precipitation are accompanied by potential
structur es, upgoing ion beams and plasma density depletions
in the acceleration region altitude and above. However, exactly
how these phenomenadepend on altitude in various Kp and
solar illumination conditions as well as at various magnetic
local time (MLT) and invariant latitude (ILAT) is not so well
known. We review the main resultsof our recentlarge statistical
studies of the altitude dependenceof these parameters using
Polar data. We also include similar statistical results on some
additional parameters that appear to have major importance
in inverted-V auroral acceleration. These parameters include
middle-energy (~50-500eV) electron anisotropies, certain types
of electrostatic wave bursts as well as ion shell distrib utions.
One of the most interesting results of the statistical studies is
that many of the parameters mentioned changetheir behaviour
rather abruptly at around 4 Rg radial distance. We draw the
conclusionthat the regionfor auroral energisation processeseem
to take place within a closedpotential structur e below ~3-4 Rg.
These conclusionslead to a new scenario for auroral plasma
physicsand the enemy flow in the auroral acceleration process.
The obsewational resultsare in agreementwith simulations that
we also summarisein this paper.

Index Terms— auroral electron acceleration,auroral potential
structur e, ionosphere-magnetosphee coupling.

I. INTRODUCTION

N auroral arc is a central element of ionosphere-

magnetosphereoupling. Thus, in order to understand
ionosphere-magnetosphemoupling more profoundly one
shouldknow the physicalmechanismsesponsibldor auroral
arcs.

Already 50 yearsago [1] theoretically postulatedthe ex-
istenceof parallel electric fields which could accelerateau-
roral electronsdownward and ions upward from Earth. Soon
thereafter one could obsene from rocket and satellite mea-
surementsornvergentelectricfields [27], [35] simultaneously
with downward acceleratedlectronsand upward accelerated
ions. Data from low-orbiting satellitesshaved an inverted-V
like spectraof accelerateclectrons[10], [11]. The low and
mid-altitude satellite obsenations (1000-14000km) resulted
in a model of the acceleratiorregion asa U-shapecdpotential
geometry(seeFigure 1) [8] wherethe “bottom” of the U cor-
respondgo theregion of the parallelelectricfield. Theclosure
of the potential structureand the generationmechanismhas
usuallybeenassumedo take placein the oppositehemisphere
or far out in the magnetotail. The physical mechanismdor
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Fig. 1. Low-altitude satellite data suggestthat the bottom of the potential
structureis U-shapedHow the potential continuesto higher altitudesis not
constrainedy thesesatellites,however.

generatinghe upwardparallelelectricfield hasbeenproposed
with theoriesof doublelayers([5], [26], anomalougesistvity

[32] or magneticmirror force [2]. To be able to confirm or

refute someof the proposedheories,a full understandingf

the completegeometryof the potentialis needed.

To getsomeinformation aboutthe closureof the U-shaped
potentialstructurethe electricfield datafor 65 auroralpasses
at ~4 Rg altitudewasstudiedwith the Polarsatellite[14]. A
lack of corvergentelectric fields at high altitude was found.
To explain this, the idea of a negative O-shapedpotential
well was introduced,i.e a potentialmodel where the bottom
partin all respectis the sameas the traditional acceleration
region of the U-shapedmodel,but which closesalreadybelow
~4 REg. In the closedpotentialmodel thereis thus another
region of downward parallelelectricfields at a higheraltitude
(presumabl\2-4 Rg). Thenetresultof particlesgoingthrough
sucha closedpotentialstructurewould be zero acceleration.

However, in [16] a correlation between waves and
anisotrofy of electronswas obsened simultaneouslywith
satellite crossingsover various arcs and the enepisation
mechanismof electronswas suggestedo be relatedto the
broadbandvave bursts.Accelerationof electronsdueto waves
alone (no potential drop), possibly lower-hybrid waves, has
beenproposedefore[6], [3].

In atestparticlesimulation[15] theideaof a self-consistent
“Cooperatve Model” (CM) wasdeveloped,i.e a modelof the
acceleratiorprocesswhereboth the closedpotentialstructure
in cooperationwith wave-particle interaction takes place.
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The plasmawaves would pushthe electronsup an electron
potentialhill at ~3-4 Rg andthe upperpart of the potential
structurework asanenegisationregion for the particleswhile
the bottompart actsasthe traditionalacceleratiorregion. The
waves are thus the engine and the potential structureis the
wheelsand gear The CM is discussedn detail in [17], [18]
andin subsectiorVvVI.A of this paper

To revisit the questionaboutclosurealtitude of the potential
structure in a more thorough way, a larger datasetand a
completealtitude coveragewould be neededIn orderto also
discussthe physical mechanismsmaintaining the potential
structure and the enegy flow, information about the other
arc-associategarameterss neededfor exampleobsenations
of the altitude profiles of ion beams,cavities and waves.
The Polar satellite has the advantageof covering the large
altitude range (5000-32000km) without gaps and thus we

The magneticfield experiment(MFE) is neededo decom-
poseE-field into paralleland perpendiculacomponentg33]

I1l. STATISTICAL RESULTS OF ARC-ASSOCIATED
PARAMETERS

This sectionis a condensedxposition of recentstatistical
studies.A readernot too interestedin the detailsmay safely
skip to sectionlV.

As mentionedabove, to obtain obsenational information
aboutthe physicsof auroral accelerationprocessesaltitude
profilesof the arc-associateghysicalquantitiesare of utmost
importance. However, lacking satellite missions especially
designedfor producingmagneticconjunctions,instantaneous
altitude profiles are impossibleto obtain. Neverthelesssuch
profiles can be obtainedstatistically and we have done this
recentlyfor mostof the parameterghat arerelatedto auroral

can study the altitude dependencef various arc-associated processesWe have also studiedhow the altitude profiles of

parametersiuring several years(1996-2001).It is important
to also study the altitude dependencen different magnetic
local time (MLT) sectorsas well as differentKp conditions,
invariantlatitudes(ILAT), seasorand solar cycle conditions.
We will in this paperreview our latestresultsregardingthe
altitude profile of the arc-associategarametersin this paper
we will alsosummariseresultsconcerningthe altitude profile

of otherrelatedparametersi.e. the middle-enegy anisotroyy

of electronsandion shell distributions. We believe that these
might also play a significant role in the auroral scenario.
The obsenational results are section V (Simulations)then
comparedwith a a hybrid simulationmodel for a stablearc.
In atwo-dimensionaklectrostaticsimulation(subsectiorV.B)

it is alsoshawvn thation shelldistributionscancontainenough
free enegy for wavesthat could power electronenepisation
in the auroralprocess.

Il. INSTRUMENTS AND DATASETS

We use 3-5 years of Polar data to study the altitude
dependencef the occurrencefrequeng of auroral potential
structuresppgoingion beamsgdensitydepletionsglectrostatic
wave hursts,anisotropy of electronsandion shells.

The potentialstructuresare found by locatinglocal minima
in the plasma potential which is found by integrating the
measuredelectric field from the EFI instrument[13] along
the spacecrafiorbit. The datasetof the electric fields during
theyears1996-2001coversthe altituderange5000-3000km.
The samedatasetis used for studying the waves as well.
Density depletionsare studiedby thresholdingthe Polar/EFI
spacecrafpotentialduring the years1996-2000(5000-30000
km altitude).

lon beamsare detectedfrom Polar/TIMAS [37] during
the years 1996-1998and the data cover the altitude ranges
5000-10000,20000-30000km. To get a complete altitude
coverageDE-1/EICS [36], dataduring the years1981-1991
arealsoincluded.DE-1/EICScoversthe altitudes8000-23000
km during the 10 years.The ion shell distributions are also
measuredvith Polar/TIMAS.

The anisotrofy of electrons is studied with the Po-
lar/THYDRA instrument [34] during the years 1996-2000
(5000-30000km altitude).

the arc-associategparametersiependon Kp, ILAT, MLT, the
solar illumination condition of the ionosphericfootpoint and
in the ion beamcasealso the solar cycle dependenceThis
presentatioris a review and summaryof the output of such
statisticalstudies.For mostparametersve will here,however,
only shawv the seasonahndKp effectonthealtitudeprofile. To
be able to easily compareresultsfor the differentparameters
we chooseto list them in each subsection.In section IV
(Summaryof obsenations)we take the resultstogether

A. Potential minima and their associatedeffective electric
fields

In [20] we study how the altitude dependencef the mean
enegy, the potential minima and the effective electric field
vary with different MLT, ILAT, Kp and seasonatonditions.
The mapped-dwn effective ionosphericelectric field is de-
fined as the depth of the potential minimum divided by the
mapped-den half-width of the structurein the ionospheric
plane.Theionospherds thususedasa referencealtitude and
the artificial effective electric fields are introducedjust as a
way to be ableto compareelectricfields measuredht different
altitudes.

In Figure 2, we showv results for all data collected in
the nightside MLT sectorsfor all Kp values during sunlit
and darknessconditions. Panel (a) is the number of orbital
crossingsn each(0.5Rg radial bin. Panel(b) shows the depth
(kV) of potential minima which are lessthan 0.6° wide in
ILAT (correspondingo 60 km in the ionosphereand deeper
than0.5 kV. Panel(c) shaws the effective ionosphericelectric
field E; > 100 mV/m. Panel(d) is the occurrencerequeny
of E; > 100 mV/m per orbital crossing,which is obtainedby
dividing the numberof datapointsin panelc in eachradialbin
by the correspondingrumberof orbital crossingsfrom panel
a. The error barscorrespondo 1/4/n relative errorswheren
is the numberof datapointsexceedingthe threshold.Panel(e)
is the occurrencedrequeng of E; > 500 mV/m.

We summarisethe resultsfrom Figure 2 as well as from
Figuresin [20]:

1) The potentialminima (panelb Figure 2) found at low

altitude are on the averagemore numerousand deeper
thanthosefound at high altitude.



OLSSONET AL.: AURORAL ELECTRON ACCELERATION

Fig. 2.

2)

3)

4)

5)

6)

7

8)

MLT=18-06, Sunlit, All Kp, Width < 0.6, Depth > 0.5kV MLT=18-06, Darkness, All Kp, Width < 0.6, Depth > 0.5kV
s b b b b | L1 1 1

2503
a

200
1504
100
50
L L L I

Orb.coverage

kv

Vim

Freq >0.1V/m
7

T T T T T[T T

ééﬁ;m;mﬁﬁﬁ&

:gﬂﬂmmﬂﬂﬁé

Freq >0.5 V/m

6 RRE

400 7EES

300
200
100
T

\\\\\\\\\ Lo b b

T T

Wi

T
2

ANNE s n B Ag

6 RRE

All nightside potential minima deeperthan 0.5 kV and the correspondingeffective ionosphericelectric fields E;. The ILAT rangeis 65-74: (a)
numberof orbital crossingsin eachradial bin, (b) depthin kilovolts and radial distanceof eachpotentialminimum, (c) effective ionosphericelectric field
associatedvith eachpotentialminimum with lower limit 100 mV/m, (d) occurrencedrequeng of E; beinglarger than100 mV/m (numberof pointsin panel
c divided by panela), (e) occurrencerequeng of E; beinglarger than500 mV/m.

The effective electric fields (panel ¢ Figure 2) have
highervaluesat low altitudes.

There is a dip in the occurrencefrequengy of the
effective electric fields around3.75 Rg radial distance
(paneld and e Figure 2).

The high occurrencerequeng of electricfields in the
4-6 R radialdistancemainly comesfrom the midnight
MLT (Figure9 [20]). Thesehigh altitude electricfields
might be substormrelated.Thusin the other MLT sec-
tors the electric fields almostexclusively occursbelon
about3.75 RE.

Thereis a peakin occurrencefrequengy of potential
minima at about2.75 Rg , however a seasonahnd Kp
dependences alsofound which affectsthe peakaltitude
of the potentialminima somevhat. For caseswhenthe
ionospheridootpointis sunlit the maximumoccurrence
frequeng is around R = 2.75Rg while for casesof
darknessconditionsthere is a downward shift of 0.5
REg (paneld and e Figure 2).

Most potentialminima occurin the dusk and midnight
MLT sectorsand their occurrencefrequeng increases
with increasingKp index (Figure 9 and 10 [20]).

When all nightside,Kp valuesand ionosphericillumi-
nation conditionsare put togetherto form the baseline
casethe maximumandminimum occurrencdrequengy
of potentialminimaarefoundat R = 2.25 and3.75Rg
(Figure 6, [20]).

The mentionedlocal minimum in the occurrencefre-
gueng of potentialminimaat aboutR = 3.75 is visible

separatelyn all MLT sectorsall Kp andboth sunlitand
darknesdonospheres.

B. Upgoingion beams

In [21] we studythe occurrencerequeng of upgoingion
beamsas a function of altitude in different MLT sectors
as well asinvariant latitudes (ILAT), Kp, seasonsand solar
cycle conditions. To get the samealtitude coverage (5000-
30000km)as for the other parametersye usetwo different
ion instrumentsTIMAS and EICS from two satellitesPolar
and DE-1.

In Figure 3, we show resultsfor all datacollectedin the
nightsideMLT sectorsl8-06for conditionswherethe satellite
ionosphericfootpoint is sunlit (left column)andin darkness
(right column).Thetop panelof Figure3 shavs all ion beams
betweer0.5and10 keV asa function of radial distanceR and
beampeakenegy. In the middle panelswe shav the number
of hoursspentby theinstrumentn eachradialbin. By dividing
the numberof pointsin eachbin by the numberof samples
coming from the bin we get the occurrencdrequeng of the
ion beamsin the bottom panels.

We summarisanformation from Figure 3 aswell asfrom
Figuresin [21].

1) At low altitude (R < 2.5Rg) and high Kp, ion beams
are mainly an evening sector phenomenonwhile at
high altitude (R > 4Rg) and low Kp they are more
a midnight sectorphenomenor{Figure 4 in [21]). This
suggeststhat some high altitude ion beamsin the
midnight sectordo not come from the ionospherebut
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Fig. 3. Polar/TIMAS and DE-1/EICSion beamsin all the nightsideMLT sectorsas a function of radial distanceR for sunlit (left column) and darkness
conditions(right column). The ILAT rangeis 65-74.Top panel:lon beamevents (one event correspondgo 12 s sample)as function of radial distanceand
peakenegy. Middle panel:Hours spentby the instrumentin eachradial bin. Bottom panel: Occurrencerequeng of ion beams(numberof pointsin each
bin divided by the numberof samplescoming from the bin). SmallKp (< 2) shavn by blue andfilled circles, large Kp (> 2) by red andtriangles.Black

line is both Kp’s put together

originate as wave-patrticle interactionsenegising cold
plasmaat someintermediatealtitude.

2) In the evening sector a peak is also presentin the
invariant enegy and particle fluxes carried by upward
ion beamswhere“invariant” meanghat both quantities
are projectedto the ionosphericplane (Figure 10 [21]).

3) ConcerningILAT, the peakis most visible in the 68-
71 ILAT bin, probablybecausehat correspondgo the
averageauroraloval latitude (Figure 6 in [21]).

4) The solar cycle doesnot have much influenceon the
ion beamoccurrencefrequengy exceptthroughthe Kp
parameteFigure5 in [21]).

5) In the eveningsector a simple Monte Carlo simulation
demonstrateshat an O-shapedpotential structurewith
somewave enegisationcan explain the altitude profile
of the ion beam occurrencefrequeng, enegy flux,
particle flux and meanenepgy (Figure 10 in [21]).

C. Densitydepletions

Density depletions (auroral cavities) are studied in [23]
by thresholdingthe Polar/EFIspacecrafpotential during the
years1996-2000(5000-30000km altitude). The altitude de-
pendenceof the cavities is studiedduring varying conditions
of MLT, ILAT, Kp and seasonln this review we only shov
the Kp and seasonatonditions.

The density depletionsare shavn with three thresholds-
11, -18, -25V, the correspondinglensitiesare 0.3, 0.1, 0.06
cm—3,

In Figure 4 we show the occurrencdrequencief auroral
cavities for the caseswhere the ionosphericfootpoint is in

darknesgqleft subplot)or sun-illuminated(right subplot). All
nightsideMLT (18-06) sectorsare put togetherandthe ILAT
rangeis 65-74. The first panel shavs the orbital coverage
and the following panelsshown the occurrencefrequeng for
the auroral cavities when three different spacecraffpotential
thresholdsare used (-11 V, -18 V and -25 V) representing
shallov, medium-deepand deepcavities, respectiely. Small
Kp index values(0 < Kp < 2) are shovn by blue line with
filled circles,large Kp index values(Kp > 2) by redline with
opentriangles,and all Kp’s put togetherby black lines. We
list the resultsbelow.

1) Thereis a peakin cavity occurrencdrequeng at about
3.25 Rg for darknessconditions and the region of
cavities endsat about4.25 Rg. In sunlit conditionsthe
peakin occurrencefrequenciess at 3.75 Rg and the
region of cavities extendsup to 5.25 Rg (Figure4).

2) The peakin occurrencefrequenciesof auroral cavities
is clearestfor deepestavities, correspondingo plasma
densitiessmallerthan~ 0.6 cm™2 (Figure 4).

3) The Kp index doesnot have a clear effect on the peak
altitude (Figure 4).

4) For low ILAT, cavities occurmainly only for large Kp,
probably becausehe auroral oval extendsequatorvard
during disturbedconditions. For other ILAT, however,
cavities aremore commonfor low Kp thanfor high Kp
(Figure5 and 6 [23)).

5) Cavities shav an auroral zone dependeny, which in-
dicatesthat most of them are associatedwvith auroral
processegFigure 3 [23]).

6) In the midnight sectorthere are cavities also in the 4-
6 Rpg radial distancerangefor both low and high Kp.
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Occurrencefrequenyg of nightside auroral cavities for radial distancesbetweenl.5to 6 Rg. Left subplotshav the occurrencefrequenciesfor

conditionswhenthe ionospheridootpointis in darknessandthe right subplotfor sun-illuminatedconditions.Top panelsithe orbital coveragein hours.Panels
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They alsooccurin the morningsector but only for high
Kp. This holds for ILAT range 68-74. Thesecavities
may be relatedto substormgFigure5 and 6 [23]).

D. Electostatic wavebursts

In [31] we studythe occurrencerequeng of the 1-10 Hz
electric wave componentin the auroral zone (65-74 ILAT)
using obsenationsfrom the Polar/EFlinstrument.We inves-
tigate the altitude dependenceof the occurrencefrequeny
during varying Kp, MLT, ILAT and seasonatonditions.We
especiallydiscusswaves with significant parallel component
(B < 04E, and E; > 1 mV/m). In this review we only
shav the seasonabnd Kp dependencéseeFigure 5).

In Figure 5 we investigatethe occurrencefrequeng of
parallel-dominateavavesdecomposeihto sunlitanddarkness
conditionsrespectiely. In the first panelthe orbital coverage
in hoursis shavn and in the bottom panel the occurrence
frequeng for the parallel dominatedwaves is seenfor the
radial distancesl.5-6 Rg. Redlines correspondo conditions
whereKp > 2 and blue lines represen) < Kp < 2. Black
lines correspondo caseswhenall Kp’s are put together We
list the resultsseenin Figure5.

1) The preferred radial distance of parallel-dominated
waves is 3.25 Rr when the ionosphericfootpoint of
the satelliteis in sunlight,but movesto 2.75 Rg when
it is in darknesqFigure5).

2) The occurrencefrequeny of parallel-dominatedvaves
is usually larger for high Kp than for low Kp index
(Figure5).

3) Constantoccurrencdrequeng contoursof the parallel-
dominatedvavesqualitatively follow the averageauroral

oval (in the ILAT-MLT plane),(Figure 7, [31]).

4) The occurrencefrequeny of perpendiculaxdominated
waves decreasesmoothlywith altitude (Figure 4, right
subplot,[31]).

E. Anisotiopy

Oftenthe electrondistribution in auroralfield lines consists
of at leasttwo quasi-Maxwellianpopulations,eachwith pos-
sibly differentparalleland perpendiculatemperaturedj; and
T, . Especiallycaseswvherethe hot populationis isotropicbut
the cold populationshas 7} > T, asymmetryare common
and are studiedin [22].

The anisotroly of electrons is studied with the Po-
larfHYDRA instrumentduring the years 1996-2000(5000-
30000 km altitude). The altitude dependenceof especially
the middle-enegy electrons(100-1000keV) is studiedwith
varying MLT, ILAT andKp.

In Figures6 and7 shaw the basicstatisticalresultsof 7} >
T middle-enegy (100-1000eV) electronanisotropies.The
major findings are asfollows.

1) Themiddle-enegy anisotropieg100-1000eV) obey the
MLT-ILAT dependencef the averageauroraloval. The
distributionsof thelow andhigh-enegy anisotropiesare
moreirregular (Figure 6).

The altitude profile of the anisotropiess smoothasone
would expect since electronshave high mobility along
the magneticfield (Figure 7).

Thereis oftenanisotropicelectrondistribution at higher
enepgies simultaneouslywith the anisotroyy (Figure 2
and4 [22]).

2)

3)
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4) The anisotropiesare often up/davn symmetric(Figure
2 and4 [22]).

5) The middle-enegy anisotropiesappearat lower ILAT
in all MLT sectorswhenthe Kp index increasesas is
expectedfor an auroral oval related process(Figure 8
[22]).

F. lon shells

By ion shellwe meana 3-D sphericalalmosthollow shellin
velocity space.Suchdistributions canbe formedby a variety
of mechanismsjncluding various time of flight effects and
enegy-dependenperpendiculaion drifts, andthey potentially

containa lot of free enegy. An exampleof a half-consumed
ion shellis givenin Figure 8, wherealsothe simultaneously

occurring electron middle-enegy anisotropy is shovn (right
subplot).Our interpretationis that below the spacecraftpart
of the free enegy hasgoneto wavesthat have enegisedthe
electronsso that only the downgoingpartis a pureion shell.

Statistically in Polardataion shelldistributionsoccureither
closeto the polar cap boundaryor at low latitudes(Figure 9
left subplot). The low latitude onesare the mostcommon.In
the radial direction, there is some preferencefor ion shells
to occur at 3-4 Rg radial distance,although quantitatve
conclusionscannotbe dravn becauseof incomplete orbital
coverage(Figure9, right subplot).

lon shells occur less frequently in the auroral zone than
aroundit (Figure 9 left subplot, white areain middle and
bottom panels).There are two possibleexplanations:(1) the
mechanismgroducingthe shelldoesnot operatdn theauroral
zone, (2) the mechanismoperatealso there, but the auroral
zoneshellsarequickly consumedy wave-particleinteractions
and thus erodedaway. To find out which is the more correct
explanation one would need ion shell distribution data at
higher altitude.

V. SUMMARY OF OBSERVATIONS

We review the latest results on the altitude dependence

of auroral potential structures,upgoing ion beams,density
depletionselectronmiddle-enegy anisotropies{¢50-500eV),
electrostaticwave bursts and ion shell distributions. These
parametersare all probably related to the auroral electron
acceleratiorprocessandthusfinding out their altitude depen-

dencegives valuableinformation about auroral acceleration.

We have also discussedhow the altitude profiles of the
mentionedparameterslependon Kp, ILAT, MLT andthesolar
illumination condition of the ionosphericfootpoint.

Below we list the major resultsfrom the studies.

1) In all parameters(potential structures, upgoing ion
beams,cavities and waves with a large parallel com-
ponent)thereis peakin occurrencefrequeny at ~ 3
Rpg radial distance.
Peakamplitudeandaltitudedependn solarillumination
condition (season)Kp index, ILAT and MLT, in the
sameway for potential structures,ion beams,cavities
andwaves.

Increasein occurrenceof potential structuresand cavi-
tiesabore R = 4R takesplacein midnightMLT sector

2)

3)

(22-02). This is likely due to some midnight-specific
high altitude processwhich is different from ordinary
auroralarcs;it may be relatedto substorms.
Increasein occurrencefrequeng of ion beamsabove
R = 4Rpg takes place probably due to wave heating.
This is a processwhich is peculiarto ion beamsand
thusit hasno counterparin the other parameters.
Thereis indirect event-basedand simulation evidence
that Bernsteinwavesdriven unstableby ion shell distri-
butions enegisethe electronsin the parallel directions,
thusforming 7}, > 7', electronanisotropies.

4)

5)

V. SIMULATIONS

We use2-D electrostatichybrid and kinetic simulationsto
model the developmentof auroral potential structures.The
hybrid code shavs how a potential structure arises from
wave-particle interactions,and the kinetic simulation shavs
a possibility how such waves may be formed: free enegy
associatedvith a hot ion shell distribution.

A. Electrostatic hybrid simulation

The2-D hybrid simulationcodeof [19] hasparticleionsand
guasineutrafluid electronsobeying the Boltzmannresponselt
employs a new type of ion pusher(*“monopolesolver”) which
malkesit possibleto usetimestepsaslong asv;/Az instead
of the usualv;/Az, wherew; is the maximumion velocity
andAw,, is thegrid spacingn the parallelandperpendicular
directions respectiely. The simulationbox s alignedwith the
dipole magneticfield andis 20 km wide in theionosphereand
38000km long alongthe magneticfield. The enegy sourceis
provided by wave-particleinteractionswith the electrons.The
waves are assumedo be localisedin ILAT and thus define
the boundariesf the auroralarc that forms.

Figure 10 shaws theionospheridon densityandthe poten-
tial in the hybrid simulationafterthe wave-particleinteractions
have beenon for 10 minutes.A density cavity, upgoingion
beamanda closedpotentialstructurehave formed.

We summariseghe main resultsfrom the hybrid simulation:

1) With wave-particleinteractiongurnedon, the simulation
producesa self-consistenfO-shapedpotential structure
(Figure 10, right subplot) with an associateddensity
cavity (Figure 10, left subplot).If a shearflow topside
boundaryconditionis usedwithout wave-particleinter-
actions,a U-shapedpotentialis produced.
Strongcorvergentperpendiculaelectricfields are con-
fined in arelatively narrav altitude range(about5000-
11000km, Figure 7 [19]).

Upward electric fields of about1 mV/m exist at the
bottomof the potentialstructurewhile at higheraltitude
thereare wealer downward fields (Figure 8 [19]).

4) When the driver is turned off, the potential structure
disappearsn the electrontime scale(~ 1 s) and the
densitydepletionin theion time scale(~10min) (Figure
9 [19)]).

The arc becomesstrongerif the anisotropy is increased.
The potential structurebottom altitude becomeslower
if the ionosphericsourceplasmadensity is decreased
(Tablesl and 2 [19)).

2)

3)

5)
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B. 2-D electostatic PIC simulation with the assumptiorthat the shell distribution provides
the free enegy for wave-inducedparallelelectronener
gisation(Figure 2 [24]).

The perpendiculare-folding distanceof the ion Bern-
stein waves in questionis of the order of the auroral
arc width (a few kilometres)or smallerwhen projected
to the ionosphergTable 1 [24]). The parallel e-folding
distanceis a few hundredkilometres,which is smaller

The 2-D electrostatickinetic simulationis a conventional
explicit particle-in-cellcodewith realistic electronmass[24]. 3)
Thebox sizeparallelandperpendiculato the magnetidield is
800and10 km, respectiely (Figurel1l). Initially thereis free
enepy in the plasmain the form of a hotion shelldistribution.
Thefreeenepgy drivesunstabldon Bernsteinwaves. Themain

resultsare: than the field-alignedextent of the enegisationregion.
1) A hot ion shell distribution may contain enoughfree Thesepropertiesof the Bernsteinwaves are consistent
enepy to power the aurora(Figure 2 panelj [24]). with the physicalsize of the region wherethey exist.

2) lon shelldistributionsdo occuron auroralfield lines. We 4) Electronsare heatedin the parallel direction by the
have found caseswhere the dataare clearly consistent Bernsteinwaves at a rate ~ 80 eV/s (Figure 13 [24]).
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Fig. 10.
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Left subplot: density of ionosphericions after auroralarc hasformed in the hybrid simulation. Horizontal axis is ILAT and vertical is altitude

measuredalong dipolar magneticfield. Right subplot: correspondingpotential structure with maximumdepth2.52 kV.
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Fig. 11. Time developmentof Bernsteinwave electricpotentialin thekinetic
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Cold ionsreceie only 10% of the heating(their heating
is perpendicular).

5) An inversecascadeprocessfor the Bernsteinwaves is

in operationwhich transfersenegy from shortto long
wavelengthsby nonlinearmechanismgFigure 11).

VI. THEORY AND A SMALL SIMULATION

The obsenations reviewed above give rise to important
consequencesoncerningthe physicsof auroral electronac-
celeration.Exactly what theseconsequenceare is not quite
straightforvard. We now presentthe model which we have

arrived at studyingthe dataand which we find also theoreti-
cally pleasing Afterwardswe discusgo whatextentthe model
is unique,i.e. could our obsenations be explained by other
models.

A. The Coopeative Model

A central conceptin the model is a closed (O-shaped)
negative potential structure.The structureis formed by the
following steps:

1)

2)

3)

4)

Broadbandplasmawaves (maybeion Bernsteinmodes,
[24]) get unstableby a presenceof somefree enegy
source.Thefree enepy is probablyin the hotion distri-
bution, possiblyin the form of anion shell distribution
[24].

The wavesenepiseelectronsin parallelandto a lesser
extent ions in perpendiculardirection. In caseof ion
Bernsteinwaves driven unstableby an ion shell dis-
tribution, the particle-in-cell simulation producedthe
rate of enepgisation 80 eV/s [24]. The result is an
anisotropic(7} > T, ) electrondistribution [16], [22]. If
the electronenegisationcomesfrom Landauresonance,
the anisotroly may be limited in enegy [22].
Theelectronanisotroy causesheelectronmirror points
to move downwardsincethe pitchanglesdecreaseSince
the flux tube becomesnarrowver at lower altitude, the
numberof electronsper volume tendsto increase.As
the ions do not act similarly, the resultis a tendeng to
form a negative chage cloud whosedensity increases
downward.

Since the electron Debye length is only ~ 100 m,
guasineutralitymust be maintained. Thus the chage
cloudneveractuallyforms, but a downwardelectricfield
is setup which restoreqquasineutrality This happenso
fastthations do not have time to react.
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Fig.12. Sketchof our proposednodelfor auroralaccelerationWith the help
of wave-particleinteractions glectronsare enegisedin the paralleldirections
and are thus able to climb the potential hill in the enegisation region.
Thereafterthey undego electrostaticacceleration,which producespealed
enegy spectraat low altitude. The engineis the wave-particle interaction,
while the “gears and wheels” (geometryand transfer betweenkinetic and
potentialenepy) is provided by the potentialstructure The potentialstructure
is formed by spacechages producedby the wave-particleinteractionsand
mirror force. The systemis maintainedself-consistentlyas long as thereis
free enegy for the wavesto consume.

5) The ionosphereand magnetospherare maintainedin
approximatelyzero potential. Thus the potential con-
tours must close by forming a closed potential struc-
ture. Another way to seethis is to note that parallel
electricfield cannotexist in plasmawhich containscold
electrons,and at low enoughaltitude cold electronsof
ionosphericorigin always exist.

Oncethe O-shapedotential structurehasformed with the

help of wavesandanisotropieqd22], it givesrise to a number
of additionalobsenational consequences:

1) Strongperpendicularlectric fields are confinedto the
altitude wherethe potential structureexists [20].

2) Since the bottom of the structurecontainsan upward
parallel electric field, inverted-V electron spectraare
producedat low altitude [15].

3) Upgoing ion beamsgain enegy at the bottom of the
potentialstructureandloseit againin the upperpart of
it [21].

4) O-shapedpotential structureis a density depletion: it
repelselectrons,andions speedup inside it [23]. Thus
the structureremainsstable[19].

5) 1-10 Hz plasmawaves with significant parallel com-
ponentexist at the samealtitude where the topside of
the potentialstructureprobablyresideg[31]. The waves
might be anotherbyproductof the potential structure,
e.g.ion acoustiovavesgeneratedby rapid movementsof
the potentialstructure. The exact natureof the parallel-
dominatedwaves hasnot beenconfirmedyet, however.

The enepy flows throughthe systemin the following way:

1) lon shelldistribution givesenegy to plasmawaves[24].
2) Plasmawaves enegise electronsin parallel direction,

andasa byproductthey alsocontributeto perpendicular
ion heating[24].

3) When enegising the electrons,the waves must work
againstthe downward electric field in the enepisation
region (Figure 12). This meanghatthe enepy extracted
from the wavesis soontranslatedrom kinetic to poten-
tial enepgy. In caseof Landauresonancethis may help
keepthe electronsin the resonantvelocity rangefor a
longer than would be the casewithout the downward
electricfield. Thusthe presenceof the downward field
may increasethe total power that is extractedfrom the
waves[15].

4) When an electron reachesthe centre of the potential
structure, it experiencesa “free fall” accelerationto-
wards the ionosphereexactly as in the traditional U-
potential model. This releasesdts potential enegy and
turnsit into kinetic enegy. The obsenational manifes-
tation is the appearanceof inverted-V electron spec-
tra at low altitude. The auroral electron beamshave
mary secondanphenomenassociatedvith thembelow
the acceleratiorregion (optical auroralarcs, secondary
wave-particleinteractions etc.).

We call the model as a whole the “Cooperatve Model”
(CM), becausein it, the plasmawaves and the potential
structurebothcontributeto electronacceleratiorin anessential
way. One characterisationf the CM is thatthe plasmawaves
are the engine and the potential structureis the “gears and
wheels”. The enepy is provided by the plasmawaves, but
mary of the importantobsenationalcharacteristicsvould not
exist without the potentialstructure.Indeedi,it is meaningless
to ask how electron accelerationwould look like without
a potential structure, since the emegence of the potential
structureis an inescapableeonsequencef the action of the
waves.

B. Is Coopeative Model unique?

Although we have pointedout above that mary aspectsof
theCM arein accordancevith obsenationsandthatthemodel
is also compatiblewith test particle and plasmasimulations,
one can askif the obsenationscould be explained by other
models:

1) Theobsenationthat strongperpendiculaelectricfields
are confinedbelov ~ 4Rg radial distance(Figure 3
[20]) could perhapsalsobe explainedby a widening of
a U-shapedpotentialstructureasin the potentialfinger
model of [28].

2) The fact that auroral density depletionsalso have a
preferredaltitude range (Figure 4) could be explained
if there is anotherlayer of upward electric fields at
high altitude [9]. The auroral cavity would then be
sandwichedetweentwo layersof upward fields.

3) Theelectronanisotropieg22] could correspondo iono-
sphericreturn current regions (upward beams)instead
of being producedin the magnetospherf25]. The fact
thatthe anisotropiesreoften up-davn symmetricmight
be due to insuficient instrumenttime resolutionor by
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symmetricreturncurrentregionsworkingin the opposite
hemisphere.

4) The fact that ion beamshave a dip at ~ 4Rg radial
distance(Figure 3) is hardto explain in the U-potential
model,i.e. without downward electric fields.

Thusit seemdn principle possibleto explain the behaiour
of all mentionedparametersexcept the ion beambehaiour
without necessarilynvoking a closedpotentialstructure How
compatiblethesealternatve explanationswould be with low-
altitude obsenations is another matter For example, if a
U-shapedpotential structurewidens, the correspondingow-
altitude inverted-V regions should also be wide, not narraw,
since the electronsundego potential drop accelerationre-
gardlessof the altitude of the potentialdrop. The multitude
of perpendicularscalesizespresentin the auroral arcs may
leave room for both types of models[30]. If it is so, then
the O-shapedmodel probably corresponddo narrov auroral
arcs(few kilometre width in the ionosphere)We remarkthat
a closure of the potential before the opposite hemisphere
(which in our terminology is an O-shapedpotential) was

independentlysuggestedby Hallinan and Stenbaek-Nielsen

[12] from studyingthe degree of conjugagy of auroralarcs
in the two hemispheres.

C. How anisotiopy producespotential structue

We now comebackto item 3 in subsectiotVI.A (The Coop-
eratve Model) above, i.e.thequestiorhow a7, > T, electron
anisotroy producesa downward electricfield. Considera bi-
Maxwellian equatorialplanedistribution function fo (v, v1),

mv?
) @

m

ng 3/2 muj
Jo(w,v1) = 7 ’_T||(27r) eXP< o7

where m is the electronmass,ng the electrondensity and
T), T the paralleland perpendiculatemperaturesn enegy
units, respectiely. At otherpointson thefield line, Liouville’s
theorem statesthat f(v,v1) = fo(v],v]) where v}
are the equatorialplane valuesof the particle velocity. The
connectionbetweeny),v . andvﬁ,v‘i canbe worked out from
the conseration of total enegy E = (1/2)m(vjf +v}) + ¢V
and the magneticmomenty = (1/2)mv? /B. The electron
densityat point s (s = 0 correspondgo equatorialplane)is
given by

TL(S) = 27‘(/ d’U” / d’UL’Ulf(U”,UL) (2)
—00 0
which gives after doing the integrations
noexp (—qV(s)/T})
n(s) = 3)
-3+ B

where By is the equatoriaplanemagneticfield. Oftena useful
approximationis By = 0 in which casewe obtain

n(s) = g exp (—qvi(s)/7y) - (@)

= — [S)
TJ_ Nng €xXp
All particle populationsobey a similar relation. The quasineu-
trality gives the equationni®* = n!°* which binds together

11

differentpopulationslf thereis only oneion andoneelectron
population, this equationcan be solved analytically which
(73l
To'T,

yields
o TeLTzH
e i ety

in the limit By — 0. Alfv én and Falthammar[2] considered
a similar problem,but asthey useddeltafunction populations
insteadof Maxwellians,their formulasare not directly com-
parableto ours. If ions are isotropic (Ti” =T+ =T) and

T; < TV, T+, we obtain
7l
—Tlog (T—fl)

which givesthe magnitudeof the negative potentialthatarises
from a cigar—sh(:xpedT(,/|| > T:b) electronanisotroyy far away
from the equatorialplane.In caseof multiple ion andelectron
populationswhile still using By — 0 the equationfrom which
V (s) mustbe numericallysolved reads

Z aene exp(eV/TI = Z a;n; eXP(—eV/Tz'H) (7)

eV(s) = (6)

eVi(s) = (6)

where o = T)/T. is the temperatureanisotroy of each
populationandn; is the partial densityof the populationin the
equatorialplane.When Eq. (7) is solved with an anisotropic
populationpreseni{oneof thea'sis largerthanunity), V must
beadjustedsothattheequations satisfied.ThesolutionV" will
be of the orderof Tl of the coldestpopulationwhosepartial
density n exceeds(a — 1)n of the anisotropiccomponent.
Thus, if cold electronsare present,the potentialis small as
long asthe anisotropy is belon somethresholdwhich depends
on the partial densitiesand becomedarge if the thresholdis
exceededseealsoEgs.9 and 10 in referencg19]).

All the formulas of this subsectionignore the nonlinear
feedbackbetweenthe potential structure and the electrons,
sincethey assumehatthe electrondistribution is not affected
by the potential. Thereforeonly potentialswhich are of the
sameorder as the parallel temperatureof the electronscan
be produced Accordingto low-altitude satellite obsenations,
however, the potential is often ~ 3 times larger than the
thermalenegy [29], [30]. We shall now dealwith a possible
theoreticalexplanation.

D. Simplel-D PIC simulation

Thus far we have simulatedthe global formation of the
O-shapedpotential structurewhen a primary chage cloud
(more accurately:a tendenyg to form such a cloud) is put
in by hand [19], and on the other hand the wave-particle
interaction betweenion Bernsteinwaves and electronshas
beendirectly simulated[24]. Whatis still missingis a combi-
nation of the two, i.e. a particle-in-cell simulation with so
large simulation box that the whole potential structure fits
in it. While waiting for the computing power necessaryto
perform such a calculationto becomeavailable, we present
herea one-dimensionatlectrostatigarticle-in-cellsimulation.
The basic characteristicsof the simulation are as follows.
The ion dynamicsis ignored,thus the ions form a stationary
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TABLE |
POTENTIAL DROP DEPENDENCE ON STRENGTH OF WAV E-PARTICLE
INTERACTION w. STRENGTH OF AVERAGE AND MAXIMUM DOWNWARD
ELECTRIC FIELD IS ALSO GIVEN.

w (s°T) Potentialdrop (V)  AverageE (mV/m) Maximum E
0.5 620 0.03 0.08
1.0 1380 0.07 0.22
15 2100 0.1 0.21
2.0 2700 0.135 0.32

backgroundthaige density The equationgo be solved arethe
adiabaticelectron equationof motion containingthe mirror
force andthe electricforce terms,and Poissors equation.m-
plicit time integrationis usedto reduceunwantedoscillations
atthe plasmafrequeng [4]. The densityis artificially reduced
(electronDebyelength enlaged) to make the simulationrun
quickly. 200 grid cells and 300 electronsper cell are used
with quadraticspline weighting [4]. The magneticfield hasa
dipolar 1/r® dependenceThe Poissonequationis written as

10 (;00 e(n; —ne)

r3 Or (T 87’) B €0 ’ ®
which we justify by analogywith the sphericalcase(mag-
netic monopolecase)where the Laplacianwould be V2 =
(1/r%)(8/0r)(r?(8/0r)). Notice that argument cannot be
made rigorous as the dipole geometryis symmetric with
respecto only onecoordinate(the longitudeangle).However,
we have run the programboth usingthe monopoleanddipole
fields and the resultsare qualitatively very similar. Sincethe
dipole casels easierto comparewith obsenations,we useit in
the following. The radial distancerangeof the simulationbox
is 2-5.1 Rp (2-107 m). Theinitial electrontemperaturés 300
eV in both paralleland perpendiculadirections.Particlesare
mirrored at the bottom boundaryi.e. ionosphericlossesare
ignored.Whenanelectronreacheshetop boundanyits parallel
velocity is re-randomise@nddrawvn from 300 eV Maxwellian
distribution. This correspondgo neglecting the effect of the
oppositehemispherewhich is justified if a large volume of
the flux tube exists above the top boundary

Thewave-particleinteractionsaareaddedo the simulationas
follows. At eachtimestep,if the parallelenegy of anelectron
is in the range100-1000eV, its parallelvelocity is multiplied
by (1 + wAt), where At is the timestep (30 ms). Here w
is a parametercontrolling the strengthof the wave-particle
interactions.

Table 1 shows the potential drop dependenceon w. In
each casethe simulationis run for 30 s and the potential
dropis determinedrom the time-averagedelectricfield. The
potential dependsroughly linearly on r so that the time-
averageddownward electricfield E is roughly constant.The
averageandmaximumkF is alsogivenin Table1. For largew,
fluctuationsduring the run becomestronger The fluctuations
are slowly reducedif the number of particles per cell is
increased We verified that the resultspresentedn the table
do not changemuchif 3000 particlesper cell areusedinstead
of 300.

Although this simulationlacks mary importantfeatures,it
illustrateshow a downward electricfield canform becausef

wave-particleinteractionsand that dependingon the strength
of the wave-particleinteractionsthe strengthof the associated
potentialdrop canmuch exceed300 eV, which is the original
electronthermalenegy. This nonlineareffect occursbecause
the downward electric field enableselectronsto stay in the
resonantvelocity rangefor a longer time than what would
be otherwisepossible,which increaseghe total power drawvn
from the waves.If onevariesthe parameterge.g.theresonant
enegy range),the resultingnumbersdiffer, but the behaiiour
remainssimilar.

VIlI. CONCLUSIONS

Using statisticalanalysisof electricfield, ion, electronand
wave datafrom Polarsatellitetogetherwith differenttypesof
simulations,we have shavn that the dataand simulationsare
consistentwith a picture of auroralacceleratiorthat we call
the Cooperatie Model. The modeldescribeghe shapeof the
electricfield structureandhow enepy is transferredn several
stepsfrom the hot ion distribution finally to auroralelectrons.
The modeldoesnot yet explain the horizontalscaleof auroral
arcsor their multiplicity. Explainingtheseobsenationalchar
acteristicsmust wait for a more detailedstudy of the hot ion
distribution free enegy sourceand how thatis formeddeeper
in the magnetosphereAlso the return currentregion is not
yet a self-consistenpart of the model: whatis missingis the
mechanismfor generatingperpendicularelectric currentsin
the magnetosphererinally, the role of Alfvén wavesis still
unclear It has beenwidely known for decadeshat Alfvén
waves exist and probably play somerole in auroral electron
enegisation, but their relationshipto the potential structure
accelerationhas not yet been studied much. Our guessis
that Alfv énic power is responsiblefor the enegy neededin
deforming auroral arcs and maybe also for the associated
ionosphericJoule heating,but that the electronsforming the
arcs are mostly enegisedby the processeslescribedin this
paper

While we have found statistical studies very useful, to
finally judge what is the instantaneoushapeof the potential
structure one would need magneticconjunctionsof at least
three satellitesin different altitudesbelow, within and above
the potential structure. The occurrencefrequeng of three-
satelliteconjunctionsis currently almostzero. To obtainsuch
conjunctions a specificallydesignedmulti-satellitemissionis
required. Having three or more satellitesin circular orbits
whose periods are related to each other as small integers
would be ideal. Furthermore,choosingthe orbit periodsto
be integer fractionsof the siderealday would allow a ground-
basedobsenation of eachconjunction,which would increase
the benefitsof sucha missioneven more.
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