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ABSTRACT

Progressmade on recent theoriesfor the 2 - 3 kHz radio emissionsin the outer heliosphereis summarized.
The theoriesinvolve radiationproducednearf~,and/or2f~,by nonlinearprocessesinvolving Langmuir waves,
when solar wind density enhancementsentertheforeshock region sunwardsof the termination shock. Two
classesof eventshavebeendetectedby Voyager:transientdrifting emissionsand a relatively continuous2 kHz
component.Foreshocktheoriesfor both typesof emissionsarepresentedand discussed,with emphasisplaced
on the role of density inhomogeneities.Our conclusionsare as follows. (1) The levels and characteristicsof
the transienteventsareconsistentwith theexpectationsof theforeshocktheory. The sourcemaybe located
outside50 AU. (2) The higher foreshock wavelevels and enhanceddensity regionsassociatedwith stream-
streaminteractionsin theouterheliosphereproviderationalesfor McNutt’s trigger hypothesis.(3) A foreshock
theory cannoteasily accountfor the 2 kHz component’salmost constantfrequencyrange. Explanationsin
termsof steadydensity enhancementsor an alternativesourceregion and/oremissionmechanismshould be
sought.

INTRODUCTION

In 1984 Kurth et al. /1/ presentedVoyager 1 and 2 data showing new radio emissionsfrom 2 - 3.5 kHz
at heliocentricdistancesgreaterthan 11 AU. The radiation is at most 10 dB abovetheVoyager detection
threshold /1,2/ but is highly nonthermal/3,4/. After consideringemissionsfrom Jupiter, the otherouter
planetsand pulsarsKurth et al. suggestedthat the radiation is producedat multiplesof f,, (by nonlinear
processesinvolving Langmuir waves. e.g. /5/) in the heliosheathregion downstreamfrom the termination
shock. Fahret a!. /6/ later suggestedtheheliopauseasa sourcefor theradiation. Interestin the radiationis
thereforeprimarily driven by its possibleusein remotelylocating theseheliosphericboundaries.

The radiation is now interpretedin termsof two distinct classesof emissionthat are only weakly correlated
/2,7/ (Figure1): “transient events”andthe“2 kHz component”.The 2 kHz componentapparentlyshowslittle
variability in amplitudeand frequency.The transienteventsoccur sporadically,drift continuouslyupwardin
frequencyat ‘~ 1 kHz/yr, and have starting frequenciesthat vary significantly in the range2.0 - 3.5 kHz.
Thereis a clear absenceof signals in the 1.4 - 1.8 kHz rangebelowthe2 kllz componentand aboveabout3.5
kHz (wherethe transienteventsdisappear).

Cairns et a!. /2/ proposethat the transient emissionsare generatednear f~,and/or 2f
5 when solar wind

densityenhancementsentertheforeshockregionsunwardof theterminationshock (Figure 2). This foreshock
region/3/, containinghigh levelsof Langmuir wavesdriven by electronsstreamingfrom theshock,is expected
theoreticallyand empirically by analogywith the standardmodel for planetaryforeshocks/8,9/. Note that
the sunward (upstream)side of thetermination shock will be the high speed,low density, low magneticfield
side,so that electronaccelerationandbeamproductionareexpectedon theupstreamsideof theshockandnot
in theheliosheathregiondownstreamfromthe termination shock/2,3,4/. Similarly, electronaccelerationand
beamproduction,and nonthermalLangmuir waves,arenot familiar phenomenaat planetarymagnetopauses.
Thus, theoreticalmodelsin which the2-3 kHz radiationis producedat multiplesof f~,by nonlinearinteractions
involving Langmuir wavesin a sourceregion downstreamfromthe shock/1,10/ or neartheheliopause/6/ are
not justifiable basedon presentknowledge/4/. Suchradiationcanonly plausiblybe producedin anupstream
foreshocksource/2,4/, unless appealsare madeto transientshocks in the downstreamregion /11/. Below
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SCHEMATIC OF THE VOYAGER DATA
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Fig. 1. Schematicillustration of the Voyagerradio wavedata/2/: transienteventsA - G, the 2 kllz
component,and theinterferencebandnear2.4 kHz dueto thespacecraftpowersupply.
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Fig. 2. Theforeshockmodel for thetransientemissions/2/: theradiationis generatednearf~,and/or
2f,, when solarwind density inhomogeneitiesentertheforeshocksunwardof theterminationshock. The
densityenhancementspermit generationof radiationat theobservedfrequenciesthatcan propagateinto
theinner heliospherefrom asourceoutside50 AU.

we summarizethestrengthsof Cairnset al.’s /2/ foreshocktheoryfor the transientemissions,showingthat
it can accountqualitatively andsemi-quantitativelyfor all theemissioncharacteristics,beforediscussingthe
eventtriggers/10,12/in new detail.

Cairns et al. /2/ also proposeda foreshocktheoryfor the 2 kllz componentand describedthis theory’s
strengthsand weaknesses.Below we discussthis theory, including requirementson theplasmadensityin the
sourceregionif thetheoryis to beviable,aswell asalternativetheories.Kaiseret al.’s /13/ recentrefurbishing
of oneof Kurth et al.’s /1/ discardedmodels,that continuumradiationleakingfrom theJoviantail forms the
2-3 kHz radiation, is not discussedbelow. However,as Kaiser et a!. point out, theobservationalarguments
for andagainstthis possibilityneedto be reconsidered.Theoreticalproblemsareapparentin obtainingthe
observedlevels andfrequencyspectraof radiationfrom leakage.However, we do mentionJoviancontinuum
radiationbelowas apossibleexplanationfor the2 kHz component.

FORESHOCKTHEORY FOR THE TRANSIENT EMISSIONS

Cairnset a!. /2/ haveshownsemi-quantitativelythat the radial thicknessof the foreshock(~0.1 — 1 AU)
and thelevelsof Langmuirwavesexpected,both theoreticallyandempirically (by extrapolatingthe levels
in planetaryforeshocksto theouter heliosphere/3,4/), should be adequateto explain theobservedlevelsof
radiation.The theoryrelies heavilyon regionsof enhancedsolarwind densitymoving throughtheforeshock
to accountfor thedetailedpropertiesof the radiation/2/. In particular, densityenhancementsby factors

4 — 10 (the observedrange)canexplain generationof radiationwith theobservedfrequenciesfrom
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sourcesoutside50 AU that can propagatein to heliocentricdistancesR -..~10 AU (where first observed).The
widely varying starting frequenciesand sporadicnatureof theeventsare consistentwith theexpectedrarity

andvariability of transientdensityenhancements.Reflectionof the radiationby thesedensity enhancements
and theheliosphericcavity wall can also Fermi-upshift the radiation /14/, therebyproducing the observed
frequencydrifts. The sporadicnatureof transienteventsimpliesthatunusualsourceconditionsarerequiredto
generateobservableradiation: theabsenceof eventsstarting belowabout 1.8 kHz implies that theseunusual
sourceconditionsare associatedwith largedensityenhancementsbeingpresent.

The possibletriggersfor theobservedeventsincludea fastsolarwind stream/12/ and groupsof ram pressure
enhancementsthat collide in the outer heliosphere/10/. Working from a theoreticalperspective,Cairnset
al. /2/ consideredthreemechanismsfor unusualsourceconditions: stream-streaminteractions,forward and
reverseshockpairs resulting from pressurepulsesinteractingwith theterminationshock,and instabilitiesof a
cosmic ray-modifiedshock. McNutt’s /12/ and Crzedzielskiand Lazarus’/10/ suggestionsboth fall into the
first category. Interactionsbetweenfast and slow solar wind streamslead to associatedregions of enhanced
solar wind density, forward and reverseshockpairs, and mildly energizedelectrons. Accelerationof these

electronsat theterminationshockshould lead to enhancedelectronfluxes in theforeshock,and so enhanced
Langmuir wave levels in a largerregion of theforeshock. Cairnset al.’s first mechanismcan thereforeuse
the triggersidentified observationallyto produceboth densityenhancementsand plasmaconditionslikely to
producehigher levels of f

5/2f5 radiation in theforeshock.

Grzedzielski and Lazarus /10/ (hereafter GL92) assumedthat the radiation is producednear 2f~,in the
downstreamregionand useda ballistic propagation,inelasticcollision modelto estimatetheplasmadensityin
the sourceregion. Theyobtainedsourcedensitiesconsistentwith theproductionof ¶2f~,radiationnear2-3 kHz.
However, the simpledownstreamsourcemodel is not viabledue to the theoreticalabsenceof Langmuir waves
/4/. (Langmuir wavesassociatedwith transientshocksin thedownstreamregion /11/, althoughunimportant
at Earth, might be attractiveonce the transientis severalAU into the heliosheathand should be considered
in detail.) In contrast,we now show that CL92’s trigger model can be synthesizedwith theforeshocktheory
with little trouble. In particular,CL92 ignoretheforward and reverseshocksand otherdensityenhancements
familar from studyof corotatinginteraction regions. It is clear, however,that thedensityjumps acrosssuch
strong forward and/or reverseshockswill counteractthe factor of 2 decreasein radiation frequencyproduced

by switching the sourceto the foreshockfrom the downstreamregion. The resulting estimatesfor theshock
locationare then identical to thosefor CL92’s model. Proper MilD simulationsshould be performedwith
CL92’s datato betterdescribethedensityenhancementspredictedin theouterheliosphere,andto comparethe
foreshocktheorywith theradio wavedata. In summary,GL92’s triggerwork can be qualitatively incorporated

into theforeshocktheorywith little effort and without changingthe estimatedshock locations.

FORESHOCKTHEORY FORTHE 2 KHZ COMPONENT?

A foreshocktheory for the 2 kllz component,essentiallyidentical to that for the transient emissions,can
be written down /2/. The theory can accountfor generationof theobservedradiation levels and,if density
variations with enhancementfactors of 4 — 10 are available, can explain the observedemissionfrequencies
in termsof an outer heliosphericsource(R � 50 AU) /2/. However, the relatively continuouspresenceand
constantfrequencyrangeof the 2 kHz componentcontrastwith thetransientemissions.A foreshocktheory
involving transient density enhancementsthen encountersserious theoreticaldifficulties (cf. last section).
Alternativedensity enhancementsareapparentlyneeded.The aboveproblemscould be resolvedif a slowly
varying(~1 yeartimescale),largespatialscale(� 0.1 AU in the radial direction) regionwith f,, -..~ 1 — 2 kHz
existsin part of theforeshock. With enoughfaith in thecorrectnessof theforeshocktheory,theserequirements

couldbe viewedas predictionsof the theory. However, no theoreticalor empirical argumentsfor sucha region
haveyet beenproposed. Most probably, therefore,theserequirementsshould be viewed as seriousarguments
againsta foreshocktheory for the 2 kilz component.Researchinto different sourceregions and/or emission

mechanismsfor this componentshould thereforebe pursued.

The slow time variationsof the 2 kHz componentsuggestthat alternativetheoriesshould involve a source
region that hasslowly varying plasmaparametersand that is relatively insulated(but perhapsnot entirely)
from solar wind transientsand other variations. Three possibilities include: continuumradiation generated
neartheheliopause,synchrotronemissionfrom thevicinity of theterminationshock,andcontinuumradiation
leakingfrom Jupiter’smagnetotail.Continuumradiation is generatedneartheupperhybrid frequency,so that
the radiation providesa measureof f~,and/or the electrongyrofrequencyf~,.Radiation generatednearthe
heliopauseshould propagateeasily into theheliosphericcavity (cf. Figure 2) and dependonly on large-scale
solar wind variations due to the largedistanceexpectedbetweenthe heliopauseand the termination shock.
The origin of upper hybrid wavesnearthe heliopauseneedsstudy, as do the theoreticalconstraintson the
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emissionmechanismand sourceplasma.Synchrotronemission,generatedat high harmonicsof f~,dependson
the spectrumof relativistic electronsso that the 2 kHz componentmight furnish a remote probe of electron
accelerationat theterminationshock. Calculationsusingthespectraof Jovianelectronsre-acceleratedat the
terminationshockarerequiredto seeif this model is viable. Lastly, theJoviancontinuumradiationhypothesis
/1,13/ should be reconsideredsincehigh levelsof theradiationare known to exist at low frequenciesand the
radiation’s spectrumvariesrelatively little. The leakageand subsequentdampingof radiation from Jupiter’s
tail must be investigatedin detail.
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