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Abstract. Thedissipationrangeof interplanetarymagneticfield (IMF) fluctuationsis perhapstheleast-studiedaspect
of theIMF. This is undoubtedlydue,at leastin part, to the largevolumeof datarequiredto performthoroughstudies
of thehigh-frequency spectrum.We examinethepropertiesof thedissipationrangeat 1 AU asobservedby theWIND
spacecraft,which include: (1) a generalsteepeningof thepower spectrumat spacecraft-framefrequenciescomparable
to, but greaterthan, the protoncyclotron frequency; (2) magneticfluctuationsthat are largely transverseto the mean
magneticfield, but lesstransversethanis seenin thehigh-frequency extentof theinertial range;(3) significant,but not
maximalhelicity andpolarizationsignaturesthat indicatethat ion-resonantdissipationis contributing to the magnetic
spectrum;(4) adominantfractionof thetotalmagneticenergy is associatedwith wavevectorsat largeanglesto themean
magneticfield; and(5) strongplasmaβ effectsin theabove results.In addition,wepresentacomparisonof theobserved
onsetof dissipationwith a theorybasedonKinetic Alfvén waves.

INTRODUCTION

This paper is a distillation of 3 previous papersof
ours(1, 2, 3) on variousaspectsof thedissipationrange
of interplanetaryfluctuations. Seealso the preceding
Leamonet al. paperin this volume. Thesepapersuse
for observationsa collection of 83 hour-long intervals
of WIND magneticfield and thermalplasmadata: 33
of theseeventsarein the quiet solarwind; the other50
eventsarecontiguousthroughthe January1997coronal
massejection.An examplepowerspectrumfor IMF fluc-
tuationsat 1 AU canbeseenin Figure1. At 0.24Hz the
spectrumsharplybreaksfrom a Kolmogoroff-predicted
f
� 5

�
3 spectrumto asteeperf

� 3 spectrum;thissteepened
spectralform is identifiedasthedissipationrange.

The ambientfield and plasmaparametersfor the 1-
hour interval whosespectrumshown in Figure1 areall
typical valuesfor thoseparametersin the solarwind at
1 AU. This is, in part, why we usethis one particular
interval asanexample.

Note that the spectralbreak frequency is compara-
ble to, but greaterthantheprotongyrofrequency Ωp � 2π.
Thisassociationis seenfor all theintervalswehavestud-
ied (1, Figure 3). Togetherwith the observation of an
apparentdepletionof outward-propagatingAlfvén waves
at frequenciesabove theprotongyrofrequency, this sug-
gestscyclotron-resonantdampingof Alfvén wavesasthe
leadingcandidatefor explainingtheonsetof thedissipa-
tion range.

If dissipationsetsin at somewavevectork, we may
Dopplershift thatwavevectorinto aspacecraft-framefre-
quency νsc:

νsc � k � VSW

2π � ω
2π � (1)

whereVSW is thesolarwind velocityandω thewave fre-
quency. ThatVSW � vA, the Alfvén speed,implies that
thefirst termontheRHSof equation1 is greaterthanthe
second,at that in theplasmaframedissipationsetsin at
or abovethecyclotronfrequency.

The main conclusionof (1) was that the onset of
the dissipationrangecould not be predictedusingsim-
ple resonanttheories for parallel-propagatingAlfvén
waves.This failureis independentof whetherweassume
that dissipationoccurseitherat somecylotron-resonant
wavenumber, or at a wavenumberwhereγ � ω (ω and γ
arethe real and imaginarypartsof the wave frequency,
respectively) reachessomecritical value. Seethe pre-
cedingLeamonet al. paperin this volume for a more
involved reasoningand explanationof the inability of
parallel-propagatingAlfvén wavesto predicttheonsetof
thedissipationrange.

The other evidenceoutlined in (1) againstparallel-
propagatingwavesis atestdevelopedby Bieberet al. (4).
Bieberassumesatwo-componentmodelwhereinall fluc-
tuationsareeither“slab” (k � B̂) or “2-D” (k 	 B̂). The
existenceof a significant2-D componentwas first put
forwardby Matthaeuset al. (5). Theminimum-variance
directionis field-alignedfor bothcomponents.Theratio
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FIGURE 1. Traceof power spectraldensitymatrix for hour
22UT, January11, 1997, providing an example of a dissi-
pation rangepower spectrumat 1 AU. For this period, B 
6 � 27nT, βp  0 � 480, ΘBV  38� 1� , VSW  517km s� 1, and
Ωp  0 � 605rads� 1 (0.096Hz). The spectralbreakfrequency
is computedto be0.235Hz. Spacecraft-generatedspintonesare
seenat harmonicsof 0.33 Hz anda noisesignalexists above� 1 Hz.

of the spectralpower betweencomponentsin the field-
alignedcoordinatesystem� ŷ ��� x̂ � ẑ� � � B̂ � R̂ � B̂ ��� B̂ �
R̂ � � B̂ � , whereR̂ is radiallyoutwards,is relatedto thefrac-
tion of energy presentin “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
modes,while in thedissipationrange(at leastin thefirst
decadeof frequency, beforethesignalbecomesobscured
by noise),this valuefalls to 54%. This resultmaybeex-
plainedby thepreferentialdissipationof obliquemodes.

Therearethreelow-frequency, obliquelypropagating
electromagneticwave modes. We discount the slow-
modewave andthe fastmagnetosonicwave asthey are
bothheavily dampedin ahigh-β plasma,throughouteven
theinertialrange(6). However, theshearAlfvén wavebe-
comestheKinetic Alfvén wave (KAW) whenk � RL � 1,
whereRL is theLarmorradius,andit developsa parallel
electricfield component,which causeselectron-Landau
dampingto becomeimportant. Ion cyclotron damping
can alsoplay a significantrole if ω � Ωp. Dissipation
shouldoccur, therefore,whenk � RL � 1 or kvA � Ωp � 1;
thusthedissipationscalelengthassociatedwith theKAW
is quiteconsistentwith theobservedpropertiesof thedis-
sipationrange.

In therestof this paperwe considertheobliquefluc-
tuationsto be KAWs, andtest to seeif thesewavescan
explain theobservedpropertiesof thedissipationrange.
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FIGURE 2. Demonstratingthatelectronresonanceeffectscon-
trol the shapeof the � γ � ω �  3 ! 10� 3 contour. All threecon-
tourshaveβp  0 � 5; from theoutsidein, thevaluesof βe for the
threecontoursare10� 6, 0.5and2.5.

SYNTHETIC KAW SPECTRA

Wehaveasetof KAW solutionscalculatedvia thelin-
earizedVlasov-Maxwell equations.Basedon theseso-
lutions we constructa sample3-D spectrumE � k � and
test if the power law indices and abrupt breakcan be
preservedwhenthe3-D form is reducedto a spacecraft-
framefrequency spectrumF � f � . In this way we obtaina
3-D spectrumthatis consistentwith theobservations,but
notunique.

Thedetailsof thiscalculationareexplainedin (3), but
we shallsummarisethemhere.We take thewholesetof
KAW solutionsfor β � 0 " 5 (recall thatβp � 0 " 48 for the
interval in Figure1), andassumethatdissipationsetsin
atsomecontourof constantγ � ω. Weacknowledgethatat
first glancethis appearsto beanad hoc assumption,but
doesmake senseon a numberof timescale-basedargu-
ments(3). For valuesof k “inside” this contourthespec-
trumfallsask

� 11
�
3, andoutsidethecontourthespectrum

fallsask
� 5, sothatthereduced1-D powerspectrumwill

havespectralindicesof � 5� 3 and � 3 if thespectrumre-
ducescorrectly. Thespectrumis azimuthallysymmetric
aboutB0; theonly anisotropy presentis thatwhicharises
from thedissipationcontour.

Samplecontoursfor theKAW dispersionrelationsare
shown in Figure2 as functionsof k # andk � . Thereis
a distinctive two-lobed structurewith a strongcuspat
θkB � 20$ . Increasingβe changestheobliquelobemuch
morethantheparallellobe. We infer, therefore,thation-
cyclotron resonancedominatesdissipationfor small an-
gles,but electron-Landaudampingdominatesabove the
cusp.

Having constructedour synthetic3-D spectrumE � k � ,
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FIGURE 3. Syntheticpowerspectrumof Kinetic Alfvén waves
(left-handscale)and heatingrate dF % f &'� dt as a function of
frequency. The total heating rate, which is the sum over
all of the 250 logarithmically-spacedfrequency bins used,is
6 � 36 ! 10� 17 J s� 1 m� 3. Underthe heatingratecurve arethe
electronandprotoncontributions,at slightly lower andhigher
frequencies,respectively.

wenow reduceit toaDoppler-shiftedfrequency spectrum
accordingto

F � f � � (
E � k � δ ) 1

2π * k � VSW � ω � k �,+ � f - dk (2)

whereω � k � is therealpartof thewave frequency deter-
minedfrom the linearVlasov-Maxwell solutions,δ ��"�"."'�
is theDirac deltafunction, f is thespacecraft-framefre-
quency, andfor VSW we take theobservedsolarwind ve-
locity for the interval in question.Theresultsof this re-
ductioncanbe seenon the left-handscaleof Figure 3.
Thespectrumdoesindeedcorrectlyreduceto � 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 γ � ω � 3 � 10

� 3, which is why this contourvaluewas
usedto illustrateFigure2.

Thepeakedtracesandright-handscaleof Figure3 cor-
respondto the rateat which dampingof Kinetic Alfvén
wavesheatsthebackgroundplasma.Theheatingrate(in
Js

� 1 m
� 3) is

Q̇ � 2
(

E � k � γ � k � dk " (3)

By including a Dirac delta function similar to that in
equation2, we canseehow this heatingis distributedin
frequency. Thebulk of theheatingoccursat dissipation
rangefrequencies,peakingat / 1 Hz. However, thereis
someheatingin the inertial rangeof the spectrum,and
this is dueto theheatingof electrons.

Perhapssurprisingly, the heatingrate of the protons
aloneis only 57.5%of thetotal. Recallthatthedominant
modeof dampingat high ΘBV is electron-Landaudamp-
ing. An even moresignificantimplication of the calcu-
latedheatingrateresult is that it is about3 timeslarger
than that sufficient to matchthe in situ heatingrate re-
quiredby thenon-adiabaticradial temperatureprofile of
thesolarwind (7). Again,see(3) for moredetails.

PREDICTION OF SPECTRAL BREAK
FREQUENCY

We can seefrom Figure3 how well our model of a
3-D spectrumof Kinetic Alfvén wavesdoesat predict-
ing thespectralbreakfrequency, givena judiciouschoice
of γ � ω for thecontour. What remainsto beseenis how
well themodelworks for all the intervalswe have stud-
ied. Themethodusedto produceFigure3 thatconsistsof
first calculatinga k–θ contourfor eachinterval (with the
observedβp) andeachvalueof γ � ω, andconstructinga
fully 3-D E � k � to bereducedto a frequency spectrumis
ratherlabor-intensive. Instead,we usea “maximumpro-
jection” argumentwherebywedeterminethewavevector
lying on a contourof constantγ � ω for which k � VSW is
maximum,and this wavevector is then Doppler-shifted
into the spacecraftframe to be the KAW-predictedfre-
quency. This simpleshortcuthasbeentestedagainstthe
moredetailedanalysesof the previoussectionandveri-
fied(3).

The contourof constantγ � ω is varied by trial-and-
error until the best-fit straightline throughthe datahas
unit slope.Theleft-handpanelof Figure4 showsthis re-
sult for γ � ω � 0 " 01. Althoughthebest-fitstraightline is
plotted,we do not believe that this line truly represents
the data. The January1997magneticcloud data(open
circles)clearlyform a separatepopulationfrom thesolar
wind data,andthesepointsaffecttheslopeandintercept
of the best-fitstraightline. The best-fit line throughall
the datais clearly not the bestfit to the solarwind data
points.

Werejectthevalidity of theleft-handpanelof Figure4
for asecondreason:theanglebetweenthemeanfield and
the wavevectork for which k � VSW is maximumis con-
sistentlyin the range60–80$ . (Thereareonly 4 events
whicharebestmodelledby “slab” waves,i.e., θkB 01 10$ .)
As wehaveshownabove,at theseangleselectronLandau
dampingandthusβe dominatestheshapeof thecontour.
It would make sensethenif we useβe ratherthanβp to
predict the onsetof the dissipationrange. This is pre-
cisely what is doneto producethe right-handpanelof
Figure4. Thereis far lessscatterof the points around
the new best-fitstraightline, which alsocorrespondsto
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FIGURE 4. Plotsof KAW-predictedspectralbreakfrequency againstobservedbreakfrequency. Left panel:Best-fitvalueof γ � ω 
0 � 01. Quietsolarwind observationsareshown astriangles,andJanuary1997observationsarecircles. Opencirclescorrespondto
observationsinsidethemagneticcloudandfilled circlescorrespondto solarwind observationsbeforeandafter theCME. Thesolid
line is best-fitstraightline. Rightpanel:usingβe insteadof βp producesmuchtighterresults.Thesolid line is thebest-fitstraightline
throughthedata,excludingthemagneticcloudobservationsandthedashedline representsequality. Thebest-fitstraightline again
correspondsto thecontourγ � ω  0 � 01. Therearefewerdatapointson this panelbecauseelectronplasmadatais not availablefor all
thetheintervalsstudied.

thecontourγ � ω � 0 " 01. Again, theangleθkB for which
k � VSW is maximumis consistentlyin therange60–80$ .

Thegeometryof magneticfluctuationsis muchmore
two-dimensionalin a magneticcloud (2), so we must
questionthevalidity of ourmodelof obliquelypropagat-
ing Kinetic Alfvén wavesinsidemagneticclouds.

SUMMARY

Themainconclusionsof thispaperareasfollows:
1) Parallel-propagating“slab” Alfvén waves cannot

explain theonsetof theIMF dissipationrange.
2) Up to 90%of thetotal magneticfluctuationenergy

residesin wavevectorsat largeanglesto the meanmag-
neticfield.

3) Reducing a 3-D spectrum of Kinetic Alfvén
waves not only correctlypredictsthe onsetof the IMF
dissipation range, but the total energy dissipatedby
2 7 E � k � γ � k � dk is within a factorof 3 of thatrequiredby
the(non-adiabatic)radialtemperatureprofile.

4) Electron effects are important: βe and electron-
Landauresonancecontrols the onsetof the IMF dissi-
pationrangeat spatialscalescomparableto the ion gy-
roradius. This is consistentwith the observation that at
thesescalesthe waves becomemore compressive and
havegreaterfluctuationsin 8B 8 (1, Figures3 and4). Also,
βe controlstheheatingrateof bothprotonsandelectrons,
with abouthalf the total energy dissipatedgoing to heat
thermalelectrons.
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