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ABSTRACT

Ourtwo-dimensional,time-dependentmodelcalculationsindicatethataninterplaybetweenvelocityandspatialdiffusion maybe
responsiblefor theaccelerationofimplantedheavyions in thecometarypreshockregion. Velocitydiffusion(secondorderFermi
acceleration)acceleratesthepickupions to moderateenergiesthuscreatingaseedpopulationfor themoreefficientdiffusive-
compressiveshockacceleration.Solarwind convectionlimits thetime availablefordiffusive-compressiveacceleration,therefore
theresultingenergyspectnunabove100 keVis apowerlaw with aspectralindexof 5-6, avaluewhichis in reasonablygood
agreementwith observations.

INTRODUCTION

Theinteractionof thesolarwind with acometresults in avarietyofphenomenawhichhavebeenobservedin fly-bys of the
cometsGiacobini-ZinnerandHalley. Ofconsiderableinterestis theaccelerationofrecentlyionizedcometaryparticleswhichare
pickedupby the solarwind andwhichform asuperthermalparticlepopulationwhichcanbe acceleratedby processesoccurring
in thecometaryupstreamregion. Thisproblemhasbeenfirst examinedin apioneeringpaperby AmataandFormisano/1/,
publishedwell beforetheGiacobini-Zinnerencounter.In asubsequentpaperwrittenshortlybeforetheHalley encountersIp and
Axford /2/consideredfivepotentialmechanismswhichcanact to acceleratetheimplantedions. They arguethat,becausethe
shockin thevicinity of thecometwassoweak(M-2), dueto thecontinuousmassloadingof thesolarwind, thefirst-order
Fenniaccelerationattheshockwould bevery slow.Theyconcludedthatin cometary environmentsthesecond-orderFermi
accelerationwouldbethedominantmechanism.

It hasrecentlybeenrecognizedthat thesecond-orderFermimechanismmay havedifficulties inexplaining the observed
accelerationofimplantedheavycometaryions to energiesexceeding-250keV/3,4/. It shouldbe notedthat eventhough the
second-orderFermi accelerationis probablyimportant atcometHalley wherethe largegasproductionrate(_1030moleculm/s
at the timeof the encounters)resultedin a very extendedupstreampick-up legion with significantlevelsof waveactivity, in the
caseofcometGiacobini-Zinner thesignificantly smallergasproductionratewasprobablyinsufficientfor this stochastic
accelerationto operateeffectively.

In an earlier paper wesuggestedthatacombinationof second-orderFermi accelerationanddiffusive-compressiveacceleration
mayberesponsiblefor theaccelerationofenergeticparticles in cometaryenvironments/S/.This paperpresentsthe resultsof a
two-dimensional(onespatial and onevelocity space)time-dependentcalculation and demonstratesthat under quite reasonable
circumstances,the entire fomeshockregion (wherethesolar windslowsdown fromaspeedof roughly 500km/s to a coupleof
hundredkilometerspersecond)can serveasa regionof adiffusive-compressiveaccelerationofenergeticions. This meansthat
onehas effectivelyastrong shock(M-13) to energizeparticles and not only aweaksubshock(M-2) aswas consideredby Ip
andAxfonl 121. Therequirement for this to occuris that the diffusion coefficientbe,on the one handlarge enough sothat the
entire foreshockregion is seenasa“shock,buton theotherhand,that it be small enoughthattheaccelerationtimescalesare
shortenoughto be relevant. We feelthattheseconditionscanbe satisfiedfor implantedions in theforeshockregion ofstrong
shocks(suchastheonesseenatcometsHalley and (3iacobini-Zinner), and suggestthatin the cometaryforeshockregionfirst-
orderFermi accelerationmaybe an importantenergizationmechanismof pick-up ions. At thesametime it is also shownthat
second-orderFermi accelerationoperatesefficiently in the upstream regionof cometHalley (theregionwhere thereis enough
massloading to generateMHD wavesbuttheplasmaflow doesnotshowsignificant deceleration,yet) assuggestedby Ip and
Axford /2,!.

MOD~

Massloadingof theupstreamsolarwind flow starts at very large distancesfrom an activecomet For instancein the caseof
cometHalley the firstsignaturesof implantedionsweredetectedmore than10 million kilometersbeforeclosestapproach/6/. On
the other hand no significantdecreaseof theflow Mach number was observedtill abouttwomillion kilometers. Model
calculationsusingparametervaluescharacterizingcometHalley conditionsduring thespacecraftencounters/3/indicatethatalong
the subsolarflow line theMach numberstartsto decreasefrom itsupstreamvalueof—l3 around106km andreachestheM=2
valueat around 3.5x105 km. At this distancethedevelopmentof aweakshockis predicted17/and the flow becomessubsonic.
In thepresentpaperthecometaryforeshockis defined astheregionwheretheflow velociçy rapidlydecreases,i.e. between
x1’~l

06and x~—3.5xl05kilometers. The characteristiclengthofthis foreshockis L—5x10’ km. Forthesakeofmathematical
simplicity aparulleishockgeorn assumed(se Fig. 1.) andperpefldk lardiffusion iS neglected.
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Fig. I. Schematicrepresentationofthe subsolarcometaryupstreamregion. The plasma flow decelerationstarts at about
106km,andaweakshock(5x106kmwide) is formedat 3.5x105kmfrom thecomet.

It is assumedthat energeticparticlesof cometaryoriginareprimarily implantedO~ions. The velocity distribution of theseions
is assumedtobe near isotropicin thedeceleratingsolarwind framebecauseofthe rapidpitch-anglescatteringbymagnetic field
turbulence.In this diffusion limit the particle distributionfunction,F,satisfiesthefollowing cosmicmy transport equation(cL
/3,80:

~ ~“3(u-v)
& ax 3dxav — ~2aV(~av) ~ ax) 16~t2A~v2r2 (1)

Heret is time,x is distancealong theflow line (x increasestowardsthecomet),r is cometocentricdistance,v is implantedion
velocity in theplasmaframe, u is plasmabulk velocity,D is velocity diffusion coefficient. K is spatial diffusioncoefficient.Q~is
cometarygasproduction rate, and A~,is the ionization scalelengthof cometaryoxygen. F(x,v,t) is thepitch angle averaged
phase-spacedensityof oxygenions having random velocitymagnitudev at time t and positionx. Introducinga modified
distribution function, f=4xv2F,equation (1)canbe expressedin thefollowing form:

af_Da2f+(’vdu ~ tt1c+~ii+(k ‘(~fQ~e~6(u-v)
~ ~2 (~3dx V av)~ 1\v2 v av 3 Clx) ax2 1,ax - uj~~ 4~~2 (2)

A simple expressionfor D was introducedearlier by Fisk i9/,who assumeda second-orderFermi accelerationprocesscausedby

interactionwith propagating Alfven waves:

D=~~-V~ (3)

whereA is thescatteringmeanfreepath,while the Alfven velocity, VA, canbe expressedas

~B2

A 4xp (4)

whereB is the magneticfield magnitude and p~is the total ion massdensity. A similarlysimple expressioncanbe obtainedfor

thespatialdiffusion coefficient (cf. /81)

(5)
The scatteringmeanfree path is parametrizedin terms ofthe 0~ion gyroradius,A=r~r~,whereT~is assumedto be independentof

v and x. An alternative expressionfor A is

A~~rnvc (6)

where mis themassof theoxygen ion and eis theelectroncharge. Substituting (6) into expressions(3)and(5) yields



Fermi Accelerationat Comets (3)339

D
D=-~ (7)

K=Ko[~_J11 (8)

where

D - ~ e B3o~j~ (9)
mcv~

(10)

Equation(2) wasnumericallysolved usinganalternatingdirection fully implicit numericalscheme. It canbe shown/10/that the
secondorder accuratetwo-dimensionaloperator,SLv(2~t),which integratesequation(2) from time t to t+2&, can be split into
thefollowing sequenceofone-dimensionaloperators:

S~,~(2~t)= S~(&)S~(i~t)S~(~t)S~(~t) (11)

where S,~and S., representsecondorder accurateone-dimensionaltimestepoperators.

RESULTSAND DISCUSSION

The modeldescribesimplanted heavyparticle propagation upstreamof the shockwherep~
0~m,~,nt,.m.p andm.d, beingtheproton

massand undisturbedsolarwind numberdensity. Adopting B= lOnT andn0=l0cnr
3 for the undisturbed interplanetary

magneticfield and solarwind numberdensityvalues,weobtain D
0=2.14x10

12cm2/s3. Also, a referencevelocityof v
0=1340

km/s leads to ~=io’~cm
2/s. Most simple spatial diffusion modelsusevelocity independentdiffusion coefficients,therefore we

adoptedan “average” spatialdiffusion coefficientvalueof K = ic
0i~.The resultspresentedin this paper wereobtained with an T~

valueof 25,which is consistentwith observations/3,4/. In thecalculationsa Q0=105°molecules/sgasproduction rate anda
~=2x106 km ionization scalelength wasused.

The spatial variation ofthe plasmaflow velocitywasadoptedfrom earlier self-consistentcalculations /3,11/. The solarwind
velocitywasassumedto be 500km/sfor cometocentricdistanceslarger than7xl05km (preshockregion), it linearly decreasedto
330km/sbetween7xl05km and 3.8xl05km (foreshock). The shockitself waslocated between3.8xl0

5km and3x105km,
wherethe flow velocity linearly decreasedfrom 330kin/s to 145km/s. For cometocentricdistanceslessthan 3xl05km a
linearlydecreasingplasmabulk velocitywasassumed(assumingzeroflow velocityat 2x106km).

The calculationwas carnedout on a meshof200spatialpoints by 140 velocity spacepoints. The spatialgrid coveredthe
subsolarregionfrom O.22x106km (downstreamof theshock) to 4.22xl06km with a stepsizeof 2xl06km. The velocitygrid
extendedfrom0 to 3500km/s(corresponding to an 0~energyof about 1000keV) with a stepsizeof 25 km/s. The boundary
conditionsweref(v=0)=0, f(VVm~)=Owith freeoutflow boundariesat x=x

0andx=x~.The initial condition was
f(x,v,t=0)=0.

Fig. 2. showsthe temporalevolutionof thephase-spacedistribution function, F. Inspectionof Fig. 2. revealsthat velocity
spacediffusion very rapidly broadensthe deltafunction like source. The massaddition alwaystakesplaceat v=u, thiseffectcan
be easilyseenat early times. At around 100secondstheadiabaticaccelerationstartsto be noticeableat the shock. The
characteristictimeofthe adiabaticaccelerationis

1 du
tadiabatic (12)

With our numerical values~ atthe shockand 2000sin theforeshockregion. Asa resultof the combinedeffectof
velocity diffusionand adiabaticaccelerationthevelocitydistributionbecomesverybroad by about 2000seconds.The plasma
convectiontimethroughour regionis approximately l0~seconds,therefore thephase-spacedistribution functionreachessteady-
state by about 2xl06seconds.For comparisonit is interestingto calculatethecharacteristictimescalesof first and secondorder
Fermi accelerations.The timescalefor changein velocitydue to first order Fermi accelerationis /12/

— 4KtFl~i (13)

Fromequations(3) and (5) one cancalculateacomparabletimescalefor thesecondorder Fermi process/2,9/

4K‘tF2 — (14)

Substituting our numericalvaluesoneobtainstFl=4Xl0
3secondsandr~=2xl05seconds.However, it shouldalsobenoted

thattypicalplasma transport time throughtheforeshockregion (wherethe first order Fermi accelerationmechanismoperates)is
only about l0~seconds,while thereare millionsof kilometersavailable (with a typicaltransittime of severaltimes 106s) for the
secondorderFermi accelerationin thefar upstreamregion.
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Fig. 2. Temporalevolutionof thephasespacedistributionfunction, F.

Fig. 3. comparestherelative importanceof thevariousaccelerationmechanisms. Fig. 3.a.showsthesteady-statephasespace
densityfunction,F,obtainedby taking into accountmassloading,convectionand adiabaticcompression(D=0, icO). Fig 3.b.
presentsthesamefunctionobtainedby solving thetransport equationdescribingmassloading,convection,adiabatic
compressionandvelocityspacediffusion(ic=0),while Fig. 3.c.showsthephasespacedistribution function obtainedwith mass
loading,convection,adiabaticcompressionand spatial diffusion (D=0). Finally, Fig.3.d representsthedistributionfimction
whenall oftheseprocessesoperatetogether, ie.massloading,convection,adiabatic compression,velocity and spatial diffusion.
InspectionofFig. 3. revealsthatadiabaticcompressionaloneis notadequateto produceenergeticparticlesabove—1000kin/s
(250key). On thehand adiabaticcompressioncombinedwith either first or secondorder Fermi accelerationprocessmay result
in a sizable energeticparticlepopulation.

Detailed analysesof thesolutions showthat adiabaticcompressioncombinedwith secondorder Fermi acceleration(Fig.3.b)
tesultsin exponentialenergyspectranear100 key rangewith c-folding temperaturesof about tenkeV. This resultis in good
agreementwith previousmodelcalculations12,3/.Ontheotherhandadiabaticcompressioncombinedwith first order Fermi
acceleration(Fig. 3.c.)resultsin powerlaw typeenergyspectrawith spectral indices between12 and15. Thesespectraare
considerablysteeperthantheonesobservedat cometsHalley/13/orGiacobini-Zinner/14/.

Log F

: ~

Fig. 3. Steady-statephasespacedistribution functionsobtainedwith variousaccelerationprocesses.
a.)Adiabaticacceleration;b.)Adiabaticaccelerationandvelocitydiffusion;
c.) Adiabatic accelerationandspatialdiffusion; d.) Adiabatic acceleration,velocityandspatialdiffusion.
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Finally,whenbothfirst andsecondorder Fermi accelerationwereoperating(Fig. 3.d.) thesteady-statedistributionfunction
reproducedthemajorobservedfeaturesof the energeticparticlepopulation.Nearthe100 keVrangetheenergyspectrumwas
reasonablywell approximatedby anexponentialwith c-foldingtemperaturesin the10 keV rangeTheenergyspectraof the
energeticparticlepopulation(>100key)canreasonablywell approximatedby powerlawspectrawith spectralindicesbetween
5.5 and6. To illustratethis pointFig. 4.showsatypical energyspectrumjust upstreamofthebowshock(4x106km fromthe
comet). It canbeseenthat thehighenergypartof thespectrumfollows apowerlawwith anexponentof -5.5. Fig. 5.shows
thespatialvariationof theenergyspectralindexbetween3.5xl06kmandthebow shock. Thecalculatedvaluesarein a
reasonablygoodagreementwith theGiottoenergeticparticleobservations/13/.
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Fig.4. Steady-statecometaryionenergyspectrum Fig. 5. Steady-statecometocennicdistance
at acometocentricdistanceof 4x105kin, dependenceof theenergyspectralindex.
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