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Abstract

We presenffull-drift solutionsof the two-dimensionatosmicray transportequationin an ongoingstudy
to explain ACR obserationsmadein theouterheliosphereCalculatedspectraarecomparedo 1998ACRH,
He, O, N, andNe obserationsfrom Voyagerl and2. It is foundthatthe modulationis dominatedy diffusion
at the spacecrafpositionsandthatthe spectraof all the abore speciescanbe reasonablyexplainedusinga
singlesetof modulationparametersTheseincludediffusion meanfree pathswith a magnitudesignificantly
smalleratthe shockthanatthe spacecrafpositions.

1 Introduction:

The Voyagerl and?2 deepspaceprobescontinueto provide differentialenegy spectreof anomalousand
galacticcosmicraysof differentspecies.The extremeradial distanceg70 AU and55 AU in 1998, respec-
tively) at which theseobserationsweremadeprovide an opportunityto probethe structureandmodulation
conditionsin theouterheliosphere.

Theexperimentakffort must,howvever, bematchedy atheoreticakffort to extractthe maximumscientific
benefitfrom the obserations. In this contritution we will make useof numericalsolutionsof the cosmicray
transporequation(TPE)to look for a setof modulationparametershatcanexplainthe obserations.

2 Observations

We male useof theH, He, O, N, andNe spectrafor thewhole of 1998thatarediscussedn moredetail
in acompaniorarticle by Stoneetal. (1999). In this period,V1 wasat anaveragepositionof 70 AU, 34° N,
while V2 wasat55 AU, -19° S (heliographiccoordinates).

The obsenrationsclearly shav the dominanceof ACRsat low enegies and GCRsat high enegies. In
the casef H, He,andO, the ACR spectralpeaksareclearlyresohedat =~ 32, ~ 5.5,and~ 1.2 MeV/nuc,
respectiely, while theN andNe datado not extendto low enoughenegiesto resole the peaks.

A prominentfeatureof this solarminimum periodis the very small ACR radial gradientsof ~ 2%/AU,
calculatedy assuming latitudinalgradientof 1.5%/AU. Morerefinedcalculationsf the 1998gradientswill
beshavn in theresultssection.

3 TheModd

The Steenkamg1995) modulationmodel solves the cosmicray transportequationin an axisymmetric
sphericalheliospherewith a simulatedneutralsheet,tilted by 10° in this case. A Jokipii & Kota (1989)
modified Parker spiral magneticfield, with a magnitudeof B, = 5 nT at earthwasspecified.Shockspectra
areself-consistentlygeneratedt a discontinuousstrong(compressiomatio s = 4) shockplacedatr; = 90
AU, while a modulationboundarywas placedat r, = 120 AU. A polar (8) grid intenal of 3° wasused,
assumindatitudinal symmetryaroundthe equatorialplane. A radial (r) grid of 140intervals wasused with
theintenal varyingbetweeraminimumof 0.01AU attheshock,anda maximumof 4 AU for theintenal just
insidetheboundaryry,.

A rigidity grid of 264 logarithmically-spaak intervals was usedfor all 5 singly chaged species.Since
therigidity rangesoveredby the obserationsvary betweerspeciesslightly differentupperandlower limits
wereusedfor their respecire rigidity grids. In the caseof H, therangeis 0.09 < P < 4 GV, for the other
speciegherangeis 0.19 < P < 10 GV. A sourceof particlesof arbitrarymagnitudewvasinjectedatr,; ata
rigidity of 0.1 GV in thecaseof H, and0.2 GV for theotherspeciesThemagnitudeof the sourcecontrolsthe
verticalnormalizationof eachsolution,or the particleabundanceof the species.
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Figurel: Obsered ACR andGCR (points)andcalculatedsingly chaged (lines) Voyagerl and2 He, H, O,
andN spectraOpensquaregN,O) arefrom LECP, otherpointsarefrom CRS.Theshockspectrumatr; = 90
AU atthelatitudeof V1 is alsoshavn for eachspecies.The Voyagerl andshockspectraareshiftedupward
by afactorof 10.



Steenbeay (1998)andMoraalet al. (1998)determinedhatthe peakenegy of modulatedACR spectras
primarily determinedy the enegy of the cutof from a power law form of the accelerate@dhockspectrum.
This cutof occursatthe enegy wherer,, (spock) & 10Vsrs, With Vs the solarwind speedat the shock,and
Krr(shock) theradialdiffusioncoeficientattheshock.In this studywe useda solarwind speedf 400 km.s™!
in theecliptic,increasingo 800km.s™! overthepoles.

Fitting the radial gradientsbetweens5 AU and 70 AU requiredthe magnitudeof A,, = 3k, /v, with v
denotingparticle speedto be 1.6 AU at 1 GV. If this value was usedat the shock,however, it resultedin
acceleratedpectrawith a cutof atenegiesbelonr whatis requiredto fit thedata.

. . . 103_EIIIIIII| | IIIIIII| LLL
For this reasona radialform of A\, wasusedwhich, =
at1 GV, hadthevaluel.60AU for » < 80 AU, and0.40 @ = 1998 Ne
AU for 80 < r < 90 AU. Theradialindependencef A, 1 E_ R
for r < 80 AU is motivatedby recenttheoreticakesults = ®
of Zanketal. (1998). They shawvedthatfor several dif- 1015_
ferentdiffusionmodels )., shouldincreaseslonly with -
r in theouterheliosphereTheseaesultsalsoindicatethat 100
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the magnitudeof )., may be substantialljarger thanl

AU atarigidity of 445MV. Thedecreasén )., nearthe
shockcould be the resultof increasedurhulencein the
upstreanregion closeto the shock,althoughthis hasnot
beenobsered.

The value of \gy was setequalto A, everywhere,
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with both of theseparametergjiven a latitudinal depen-
dencddenticalto thatof thesolarwind. A modeltime of | | |
4 8yearsdividedin 8000equalstepsvasused resulting 1oL
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in a saturatedime-asymptoticsolution. Therigidity de- Kinetic Energy (MeV/nuc)

pendencef the diffusion parametersire A, g9 o« P'6
for P < 0.4 GV, Ay g9 o PS5 for 0.4 < P < 2.0 GV,
and\,, gg o PO for P > 2.0 GV. Theconstrainbnthese
rigidity dependencesthespeciescaling,or relative en-
emgiesof themodulatedACR spectrabeakqseealsoSteenbay & Moraal,1997). Themagnitudeandrigidity
dependencef )\, at differentrigidities are consistentwith resultsobtainedby Cummings& Stone(1999)
with the samedata,usinga force-fieldmodel,speciescaling,andanisotroy measurements.

Usingtheabove diffusionparameterghesolutionof the TPEis dominatedy diffusion,with A, 59 always
largerthanthedrift elemenbf thediffusiontensor A\ = P/Bc, with P particlerigidity, B themagnetidield,
andc the speedof light. Drift effectsarelargestatthe shock,in the ecliptic plane,andover the poles,where
drift speedsrelarge.

4 Results

ACR spectracalculatedusingthe modeland parametersbove arepresentedn Figuresl (He, H, O, and
N) and2 (Ne). To first order the calculatedspectraprovide a gooddescriptionof the ACR obserations. At
sufiiciently high enegiesthe contrilution of GCRsbecomesoticeablejncreasingthe obsered intensities
significantlyabove the calculatedACR spectraasis expected.The biggestdifferencebetweerthe calculated
andobsenred spectracanbe foundin ACR O (panelC of Figure 1), wherethe calculatedspectraare up to
50%belon the LECP datapointsatthe spectrapeaks.

Taking ACR O (panelC, Figure 1) asan example,we find thatthe latitudinal gradientsbetween0° and
30° at 70 AU is 2.0%/dg (1.6%/AJ) and0.64%/dg (0.67%/AJ) at 55 AU for 10 MeV/nucparticles. That
is, for enegiesabove the ACR O spectralpeak,the latitudinal gradientis positive in the outerheliosphere,

Figure 2: ACR Ne obsenrations and calculated
spectrdn thesameformatasFigurel.



asexpectedin the currentpositive drift cycle, andbecomesmallerfrom the outerto the inner heliosphere.
The radial gradientin the ACR O solutionfor 10 MeV/nuc between55 AU and 70 AU is 1.6%/AU in the
eclipticand2.2%/AUJ at 3(° latitude. Between55 AU and90 AU (the shock)thesegradientsare 0.45%/AJ
and2.3%/AU respectiely. Thesmallerradialgradientsearthe ecliptic arepredictedoy standardirift theory
for the positie drift cycle.

Thesecalculatedgradientsaregenerallyin agreementvith valuescalculatedoy Cummingsetal. (1995)
usingV1/2, Pioneerl0, SAMPEX, andUlyssesnhamelyradialandlatitudinalgradientsof 1.3 + 0.4%/dey at
30AU, and2.2 4+ 0.8%/AU betweenl AU and58 AU for 10 MeV/nucO in 1993. Anotherrecentcalculation
usingdatafrom thesethreespacecraftesultedn averagegradientof ~ 1.8%/deg and~ 3%/AU for 10— 22
MeV/nucHe duringthefirst half of 1996(Cummings& Stone,1998).

5 Conclusions

We obtainedreasonabléits to obsered V1 andV2 ACR spectrdor five differentparticlespeciesn 1998.
In orderto fit boththe intensitygradientbetweenVv1/V2 andthe spectralshapef the obsered spectrajt
wasneccessarto useavaluefor )., thatis four timessmalleratthe shockthanatthe positionof V1.

We find that even thoughthe model solutionsare diffusion dominated drift effects are responsiblgor
suppressingcliptic radial gradientsin the outerheliosphereand causinglatitudinal gradientgto be positive.
This conclusionis similar to earlieronesmadeusingthe samemodel(Steenbey, 1998,Steenbeay & Moraal,
1999).

Weemphasizéhattheparameterssedo obtainthemodelsolutionsmaybeonly onepossiblecombination
thatcanexplain the obserations. In particular the distanceto the terminationshock,the compressiomatio
of the shock,andthe ratio of latitudinal diffusion to radial diffusion were not optimizedin obtainingthese
results,eventhoughthey mayinfluencethe solutions.

In the future, this study will be extendedto include calculationsof GCRsand also spectrafrom more
particlespecies.
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