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Abstract.

Thedissipatiorrangeof interplanetarymagnetidield (IMF) fluctuationds perhapgheleast-studie@dspect

of the IMF. Thisis undoubtedlydue,at leastin part,to the large volumeof datarequiredto performthoroughstudies
of the high-frequeng spectrum.We examinethe propertiesof the dissipationrangeat 1 AU asobsenred by the WIND
spacecraftwhich include: (1) a generalsteepeningf the powver spectrumat spacecraft-framé&equenciecomparable
to, but greaterthan, the proton cyclotron frequeng; (2) magneticfluctuationsthat are largely trans\erseto the mean
magneticfield, but lesstrans\ersethanis seenin the high-frequeng extentof theinertial range;(3) significant,but not
maximalhelicity and polarizationsignatureghat indicatethat ion-resonantissipationis contrituting to the magnetic
spectrum{4) adominantfractionof thetotal magnetiaenepy is associateavith wavevectorsatlargeangleso themean
magnetidield; and(5) strongplasmaf effectsin theabove results.In addition,we presenta comparisorof theobsered
onsetof dissipationwith atheorybasedn Kinetic Alfvén waves.

INTRODUCTION

This paperis a distillation of 3 previous papersof
ours(1, 2, 3) onvariousaspect®f the dissipationrange
of interplanetaryfluctuations. Seealso the preceding
Leamonet al. paperin this volume. Thesepapersuse
for obsenationsa collection of 83 hourlong intervals
of WIND magneticfield and thermal plasmadata: 33
of theseeventsarein the quiet solarwind; the other50
eventsare contiguougthroughthe January1 997 coronal
massejection.An examplepower spectrunfor IMF fluc-
tuationsat 1 AU canbeseenin Figurel. At 0.24Hz the
spectrumsharply breaksfrom a Kolmogorof-predicted
f—5/3 spectrunto asteepeif 3 spectrumthis steepened
spectraform is identifiedasthedissipatiorrange.

The ambientfield and plasmaparameterdor the 1-
hour interval whosespectrumshowvn in Figure 1 areall
typical valuesfor thoseparametersn the solarwind at
1 AU. Thisis, in part, why we usethis one particular
interval asanexample.

Note that the spectralbreak frequeny is compara-
ble to, but greaterthanthe protongyrofrequenyg Qp /21
Thisassociatioris seerfor all theintervalswe have stud-
ied (1, Figure 3). Togetherwith the obsenation of an
apparentlepletionof outward-propagatinglfvén waves
at frequenciesbove the protongyrofrequeny, this sug-
gestscyclotron-resonandampingof Alfvén wavesasthe
leadingcandidatdor explainingthe onsetof the dissipa-
tion range.

If dissipationsetsin at somewavevectork, we may
Dopplershift thatwavevectorinto aspacecraft-framere-
queny V!

k- Vay W
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whereVgy is the solarwind velocity andw the wave fre-
queng. ThatVgy > va, the Alfvén speed,mplies that
thefirsttermonthe RHS of equationl is greatetthanthe
secondat thatin the plasmaframedissipationsetsin at
or aborethecyclotronfrequeng.

The main conclusionof (1) was that the onset of
the dissipationrangecould not be predictedusing sim-
ple resonanttheoriesfor parallel-propagatingAlfvén
waves. Thisfailureis independenof whetherwe assume
that dissipationoccurseither at somecylotron-resonant
wavenumber or at a wavenumbemwherey/w (w andy
arethe real andimaginarypartsof the wave frequeng,
respectiely) reachessomecritical value. Seethe pre-
cedingLeamonet al. paperin this volume for a more
involved reasoningand explanationof the inability of
parallel-propagatinglfvén wavesto predictthe onsetof
thedissipatiorrange.

The other evidenceoutlined in (1) againstparallel-
propagatingvavesis atestdevelopedby Bieberet al. (4).
Bieberassumeatwo-componenmodelwhereinall fluc-
tuationsare either“slab” (k|| B) or “2-D” (k L B). The
existenceof a significant2-D componentwas first put
forward by Matthaeust al. (5). The minimum-variance
directionis field-alignedfor bothcomponentsTheratio
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FIGURE 1. Traceof power spectraldensity matrix for hour
22UT, Januaryl1, 1997, providing an example of a dissi-
pation range power spectrumat 1 AU. For this period, B =
6.27nT, Bp = 0.480, Opy = 381°, Vgy = 517km s~1, and
Qp= 0.605rads ™1 (0.096Hz). The spectralbreakfrequeng
is computedo be0.235Hz. Spacecraft-generatsgintonesre
seenat harmonicsof 0.33 Hz and a noisesignal exists above
~ 1Hz.

of the spectralpower betweencomponentsn the field-
alignedcoordinatesystem(§, —%,2) = (B x R, B x (B x
R),B), whereR isradiallyoutwards s relatecto thefrac-
tion of enegy presenin “slab” modes.

The resultsof this test are that, averagingover all
the quiet solar wind intervals studied, 89% of the en-
ergy in the inertial rangeis containedin highly oblique
modeswhile in the dissipatiorrange(at leastin thefirst
decadef frequeng, beforethe signalbecome®bscured
by noise),this valuefalls to 54%. This resultmaybe ex-
plainedby the preferentiadissipationof obliquemodes.

Therearethreelow-frequeng, obliquely propagating
electromagnetiavave modes. We discountthe slow-
modewave andthe fastmagnetosonievave asthey are
bothheavily dampedn ahigh{3 plasmathroughoueven
theinertialrange(6). However, thesheaAlfvén wave be-
comesthe Kinetic Alfvén wave (KAW) whenk, R ~ 1,
whereR_ is the Larmorradius,andit developsa parallel
electricfield componentwhich causeslectron-Landau
dampingto becomeimportant. lon cyclotron damping
canalso play a significantrole if w~ Qp. Dissipation
shouldoccut, thereforewhenk R ~ 1 ofr kva/Qp ~ 1;
thusthedissipatiorscaldengthassociatewith the KAW
is quiteconsistenwith theobsenedpropertiesof thedis-
sipationrange.

In therestof this paperwe considerthe obliquefluc-
tuationsto be KAWSs, andtestto seeif thesewavescan
explainthe obsenedpropertief the dissipatiorrange.
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FIGURE 2. Demonstratinghatelectronresonanceffectscon-
trol the shapeof the |y/w| = 3 x 10-2 contour All threecon-
tourshave Bp = 0.5; from theoutsidein, thevaluesof Be for the
threecontoursare10-8, 0.5and2.5.

SYNTHETIC KAW SPECTRA

We have asetof KAW solutionscalculatedria thelin-
earizedVlasos-Maxwell equations.Basedon theseso-
lutions we constructa sample3-D spectrumE(k) and
testif the power law indices and abruptbreak can be
preseredwhenthe 3-D form is reducedo a spacecraft-
framefrequeng spectrum(f). In thisway we obtaina
3-D spectrunthatis consistentvith theobsenations but
notunique.

Thedetailsof this calculationareexplainedin (3), but
we shallsummariseghemhere. We take the whole setof
KAW solutionsfor 3 = 0.5 (recallthat 3, = 0.48 for the
interval in Figure 1), andassumehatdissipationsetsin
atsomecontourof constant//w. We acknavledgethatat
first glancethis appeardo be anad hoc assumptionbut
doesmake senseon a numberof timescale-basedrgu-
ments(3). For valuesof k “inside” this contourthe spec-
trumfalls ask—1%/3, andoutsidethe contourthe spectrum
fallsask, sothatthereducedL-D power spectrunwill
have spectraindicesof —5/3 and—3 if thespectrunre-
ducescorrectly The spectrumis azimuthallysymmetric
aboutBy; theonly anisotroly presents thatwhicharises
from thedissipationcontour

Samplecontourdfor the KAW dispersiorrelationsare
shavn in Figure 2 asfunctionsof k; andk,. Thereis
a distinctive two-lobed structurewith a strong cusp at
Bks ~ 20°. Increasing3e changeghe obliquelobe much
morethanthe parallellobe. We infer, therefore thation-
cyclotron resonancelominatesdissipationfor small an-
gles, but electron-Landawampingdominatesabove the
cusp.

Having constructedur synthetic3-D spectrumi (k),
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FIGURE 3. Synthetigpower spectrunof Kinetic Alfvén waves
(left-hand scale)and heatingrate dF(f)/dt as a function of
frequeny. The total heating rate, which is the sum over
all of the 250 logarithmically-spacedrequeng bins used,is
6.36x 10717 3571 m3. Underthe heatingrate cure arethe
electronandprotoncontritutions, at slightly lower and higher
frequenciestespectiely.

wenow reducet to aDopplershiftedfrequeng spectrum
accordingo

F(f)=/E(k)6<%T(k-V3N+w(k)) - f> dk ()

wherew(k) is thereal partof the wave frequeny deter
minedfrom thelinear Vlasos-Maxwell solutions,d(...)
is the Dirac deltafunction, f is the spacecraft-framé&e-
gueng, andfor Vgy we take the obsenedsolarwind ve-
locity for theinterval in question.The resultsof this re-
duction canbe seenon the left-handscaleof Figure 3.
The spectrumdoesindeedcorrectlyreduceto —5/3 and
—3 power laws, and given a judicious choice of con-
tour, the breakin the spectrumis almostexactly repro-
duced. The breakcontourusedin computingFigure 3
is y/w = 3 x 1073, which is why this contourvaluewas
usedto illustrateFigure2.

Thepealedtracesandright-handscaleof Figure3 cor
respondo the rateat which dampingof Kinetic Alfvén
wavesheatghe backgroundlasma.The heatingrate(in
JsIm™d)is

Q~2 [ERvdk. 3)

By including a Dirac delta function similar to that in

equation2, we canseehow this heatingis distributedin

frequeng. Thebulk of the heatingoccursat dissipation
rangefrequenciespeakingat ~ 1 Hz. However, thereis

someheatingin the inertial rangeof the spectrum,and
thisis dueto the heatingof electrons.

Perhapssurprisingly the heatingrate of the protons
aloneis only 57.5%0f thetotal. Recallthatthedominant
modeof dampingat high ©gy is electron-Landaalamp-
ing. An even more significantimplication of the calcu-
lated heatingrateresultis thatit is about3 timeslarger
than that sufficient to matchthe in situ heatingrate re-
quiredby the non-adiabaticadial temperaturerofile of
thesolarwind (7). Again,see(3) for moredetails.

PREDICTION OF SPECTRAL BREAK
FREQUENCY

We canseefrom Figure 3 how well our model of a
3-D spectrumof Kinetic Alfvén wavesdoesat predict-
ing the spectrabreakfrequeng, givenajudiciouschoice
of y/w for the contour Whatremainsto be seenis how
well the modelworksfor all the intervals we have stud-
ied. Themethodusedto produceFigure3 thatconsistof
first calculatinga k—6 contourfor eachinterval (with the
obsered ;) andeachvalueof y/w, andconstructinga
fully 3-D E(k) to bereducedo a frequeng spectrums
ratherlaborintensie. Insteadwe usea “maximumpro-
jection” agumentwherebywe determinghewavevector
lying on a contourof constanty/w for which k - Vg is
maximum, and this wavevectoris then Dopplershifted
into the spacecrafframeto be the KAW-predictedfre-
gueng. This simpleshortcuthasbeentestedagainstthe
more detailedanalyseof the previous sectionand veri-
fied (3).

The contourof constanty/w is varied by trial-and-
error until the best-fit straightline throughthe datahas
unit slope.Theleft-handpanelof Figure4 shavsthisre-
sultfor y/w = 0.01. Althoughthe best-fitstraightline is
plotted, we do not believe that this line truly represents
the data. The January1997 magneticcloud data(open
circles)clearlyform a separatgopulationfrom the solar
wind data,andthesepointsaffectthe slopeandintercept
of the best-fitstraightline. The best-fitline throughall
the datais clearly not the bestfit to the solarwind data
points.

Werejectthevalidity of theleft-handpanelof Figure4
for asecondeasontheanglebetweerthemearfield and
the wavevectork for which k - Vgy is maximumis con-
sistentlyin the range60-80. (Thereareonly 4 events
whicharebestmodelledby “slab” waves,i.e., Byg < 10°.)
Aswehaveshavn abore,attheseangleslectronLandau
dampingandthus3e dominateghe shapeof the contour
It would make sensethenif we usefe ratherthan, to
predictthe onsetof the dissipationrange. This is pre-
cisely what is doneto producethe right-handpanel of
Figure4. Thereis far lessscatterof the pointsaround
the new best-fitstraightline, which also correspondso
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FIGURE 4. Plotsof KAW-predictedspectrabreakfrequeng againsiobsered breakfrequeng. Left panel: Best-fitvalueof y/w =
0.01. Quietsolarwind obserationsare shawn astriangles,andJanuaryl997 obserationsarecircles. Opencirclescorrespondo
obserationsinsidethe magneticcloud andfilled circlescorrespondo solarwind obserationsbeforeandafterthe CME. The solid
line is best-fitstraightline. Right panel:usinge insteadof Bp producesnuchtighterresults.Thesolidline is the best-fitstraightline
throughthe data,excluding the magneticcloud obserationsandthe dashedine representequality The best-fitstraightline again
correspond$o the contoury/w= 0.01. Therearefewer datapointson this panelbecauselectronplasmadatais not availablefor all

thetheintenalsstudied.

the contoury/w = 0.01. Again, the angle6yg for which
k - Vgy is maximumis consistentlyin therange60-80.

The geometryof magneticfluctuationsis muchmore
two-dimensionalin a magneticcloud (2), so we must
guestionthevalidity of our modelof obliquely propagat-
ing Kinetic Alfvén wavesinsidemagneticclouds.

SUMMARY

Themainconclusionf this paperareasfollows:

1) Parallel-propagatingslab” Alfvén waves cannot
explainthe onsetof the IMF dissipatiorrange.

2) Up to 90% of the total magneticfluctuationenegy
residesin wavevectorsat large anglesto the meanmag-
neticfield.

3) Reducing a 3-D spectrum of Kinetic Alfvén
waves not only correctly predictsthe onsetof the IMF
dissipationrange, but the total enegy dissipatedby
2 [E(k)y(k)dk is within afactorof 3 of thatrequiredby
the (non-adiabaticjadialtemperaturgrofile.

4) Electron effects are important: 3¢ and electron-
Landauresonancecontrolsthe onsetof the IMF dissi-
pationrangeat spatialscalescomparablégo the ion gy-
roradius. This is consistenwith the obsenationthat at
thesescalesthe waves becomemore compressie and
have greateffluctuationsn |B| (1, Figures3 and4). Also,
Be controlstheheatingrateof bothprotonsandelectrons,
with abouthalf the total enegy dissipatedjoing to heat
thermalelectrons.
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