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During the 1998 Solar Minimum Period
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Abstract

We presentfull-drift solutionsof the two-dimensionalcosmicray transportequationin anongoingstudy
to explainACRobservationsmadein theouterheliosphere.Calculatedspectraarecomparedto 1998ACRH,
He,O,N, andNeobservationsfrom Voyager1 and2. It is foundthatthemodulationis dominatedby diffusion
at the spacecraftpositionsandthat the spectraof all the above speciescanbe reasonablyexplainedusinga
singlesetof modulationparameters.Theseincludediffusionmeanfreepathswith a magnitudesignificantly
smallerat theshockthanat thespacecraftpositions.

1 Introduction:
TheVoyager1 and2 deepspaceprobescontinueto provide differentialenergy spectraof anomalousand

galacticcosmicraysof differentspecies.The extremeradialdistances(70 AU and55 AU in 1998,respec-
tively) at which theseobservationsweremadeprovide anopportunityto probethestructureandmodulation
conditionsin theouterheliosphere.

Theexperimentaleffort must,however, bematchedby atheoreticaleffort to extractthemaximumscientific
benefitfrom theobservations.In this contribution we will make useof numericalsolutionsof thecosmicray
transportequation(TPE)to look for asetof modulationparametersthatcanexplain theobservations.

2 Observations
We make useof theH, He, O, N, andNe spectrafor thewholeof 1998thatarediscussedin moredetail

in a companionarticleby Stoneet al. (1999). In this period,V1 wasat anaveragepositionof 70 AU, 34
�

N,
while V2 wasat55AU, -19

�
S(heliographiccoordinates).

The observationsclearly show the dominanceof ACRsat low energiesandGCRsat high energies. In
thecasesof H, He, andO, theACR spectralpeaksareclearly resolvedat � 32, � 5.5,and � 1.2 MeV/nuc,
respectively, while theN andNedatadonotextendto low enoughenergiesto resolve thepeaks.

A prominentfeatureof this solarminimum periodis the very small ACR radial gradientsof ��� %/AU,
calculatedby assumingalatitudinalgradientof 1.5%/AU. Morerefinedcalculationsof the1998gradientswill
beshown in theresultssection.

3 The Model
The Steenkamp(1995)modulationmodelsolves the cosmicray transportequationin an axisymmetric

sphericalheliospherewith a simulatedneutralsheet,tilted by 10
�

in this case. A Jokipii & Kóta (1989)
modifiedParker spiralmagneticfield, with a magnitudeof �����
	 nT at earthwasspecified.Shockspectra
areself-consistentlygeneratedat a discontinuous,strong(compressionratio ����
 ) shockplacedat ���������
AU, while a modulationboundarywasplacedat ������� � � AU. A polar ( � ) grid interval of 3

�
wasused,

assuminglatitudinalsymmetryaroundtheequatorialplane.A radial ( � ) grid of 140intervalswasused,with
theinterval varyingbetweenaminimumof 0.01AU at theshock,andamaximumof 4 AU for theinterval just
insidetheboundary, ��� .

A rigidity grid of 264 logarithmically-spaced intervals wasusedfor all 5 singly chargedspecies.Since
therigidity rangescoveredby theobservationsvarybetweenspecies,slightly differentupperandlower limits
wereusedfor their respective rigidity grids. In thecaseof H, therangeis ����� �"!$#%!&
 GV; for theother
speciestherangeis ���'�(�)!*#�!+�,� GV. A sourceof particlesof arbitrarymagnitudewasinjectedat � � at a
rigidity of 0.1GV in thecaseof H, and0.2GV for theotherspecies.Themagnitudeof thesourcecontrolsthe
verticalnormalizationof eachsolution,or theparticleabundanceof thespecies.
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Figure1: ObservedACR andGCR(points)andcalculatedsingly charged(lines)Voyager1 and2 He, H, O,
andN spectra.Opensquares(N,O)arefrom LECP, otherpointsarefrom CRS.Theshockspectrumat � � �x���
AU at thelatitudeof V1 is alsoshown for eachspecies.TheVoyager1 andshockspectraareshiftedupward
by a factorof 10.



Steenberg (1998)andMoraalet al. (1998)determinedthat thepeakenergy of modulatedACR spectrais
primarilyy determinedby theenergy of thecutoff from a power law form of theacceleratedshockspectrum.
This cutoff occursat theenergy where z|{}{�~ ���[������� � �,�R� � � � , with � � thesolarwind speedat theshock,andz {}{�~ �f�(�}�a�,� theradialdiffusioncoefficientat theshock.In thisstudyweusedasolarwind speedof 400km.s���
in theecliptic, increasingto 800km.s��� over thepoles.

Fitting the radialgradientsbetween55 AU and70 AU requiredthe magnitudeof � {}{ ���sz {}{(��� , with �
denotingparticlespeed,to be 1.6 AU at 1 GV. If this valuewasusedat the shock,however, it resultedin
acceleratedspectrawith acutoff atenergiesbelow whatis requiredto fit thedata.
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Figure 2: ACR Ne observations and calculated
spectrain thesameformatasFigure1.

For this reasona radial form of � {}{ wasusedwhich,
at 1 GV, hadthevalue1.60AU for �£!ÂÁ�� AU, and0.40
AU for Á���ÃÄ�Å!Æ��� AU. Theradialindependenceof � {}{
for �ÇÃ&Á�� AU is motivatedby recenttheoreticalresults
of Zanket al. (1998). They showedthat for severaldif-
ferentdiffusionmodels,� {}{ shouldincreaseslowly with� in theouterheliosphere.Theseresultsalsoindicatethat
themagnitudeof � {�{ maybesubstantiallylarger than1
AU at a rigidity of 445MV. Thedecreasein � {}{ nearthe
shockcould be the resultof increasedturbulencein the
upstreamregioncloseto theshock,althoughthishasnot
beenobserved.

The value of �|ÈÉÈ was set equal to � {}{ everywhere,
with bothof theseparametersgivena latitudinaldepen-
denceidenticalto thatof thesolarwind. A modeltimeof
4.8years,dividedin 8000equalstepswasused,resulting
in a saturatedtime-asymptoticsolution.Therigidity de-
pendenceof the diffusion parametersare � {}{}Ê ÈÉÈ�ËÌ#Å�ÉÍ Î
for #Ï!&���2
 GV, � {�{}Ê ÈÉÈÐË
#:Ñ�Í Ò for ���2
"Ã�#�! � ��� GV,
and � {}{}Ê ÈÉÈÓËÔ# Ñ for #$Õ � ��� GV. Theconstraintonthese
rigidity dependencesis thespeciesscaling,or relativeen-
ergiesof themodulatedACRspectralpeaks(seealsoSteenberg & Moraal,1997).Themagnitudeandrigidity
dependenceof � {�{ at differentrigidities areconsistentwith resultsobtainedby Cummings& Stone(1999)
with thesamedata,usinga force-fieldmodel,speciesscaling,andanisotropy measurements.

Usingtheabovediffusionparameters,thesolutionof theTPEis dominatedby diffusion,with � {}{}Ê ÈÉÈ always
largerthanthedrift elementof thediffusiontensor, �]Ö×�Ô# � �oØ , with # particlerigidity, � themagneticfield,
and Ø thespeedof light. Drift effectsarelargestat theshock,in theecliptic plane,andover thepoles,where
drift speedsarelarge.

4 Results
ACR spectracalculatedusingthemodelandparametersabove arepresentedin Figures1 (He, H, O, and

N) and2 (Ne). To first order, thecalculatedspectraprovide a gooddescriptionof theACR observations.At
sufficiently high energies the contribution of GCRsbecomesnoticeable,increasingthe observed intensities
significantlyabove thecalculatedACR spectra,asis expected.Thebiggestdifferencebetweenthecalculated
andobserved spectracanbe found in ACR O (panelC of Figure1), wherethe calculatedspectraareup to
50%below theLECPdatapointsat thespectralpeaks.

Taking ACR O (panelC, Figure1) asan example,we find that the latitudinalgradientsbetween0
�

and
30

�
at 70 AU is 2.0%/deg (1.6%/AU) and0.64%/deg (0.67%/AU) at 55 AU for 10 MeV/nucparticles.That

is, for energiesabove the ACR O spectralpeak,the latitudinalgradientis positive in the outerheliosphere,



asexpectedin thecurrentpositive drift cycle, andbecomessmallerfrom the outerto the innerheliosphere.
The radial gradientin the ACR O solutionfor 10 MeV/nuc between55 AU and70 AU is 1.6%/AU in the
ecliptic and2.2%/AU at 30

�
latitude. Between55 AU and90 AU (theshock)thesegradientsare0.45%/AU

and2.3%/AU respectively. Thesmallerradialgradientsneartheeclipticarepredictedby standarddrift theory
for thepositive drift cycle.

Thesecalculatedgradientsaregenerallyin agreementwith valuescalculatedby Cummingset al. (1995)
usingV1/2, Pioneer10,SAMPEX,andUlysses,namelyradialandlatitudinalgradientsof ���Ù�WÚÛ���2
 %/deg at
30AU, and � � � ÚÜ���ÙÁ %/AU between1 AU and58AU for 10MeV/nucO in 1993.Anotherrecentcalculation
usingdatafrom thesethreespacecraftresultedin averagegradientsof Ý$���ÙÁ %/deg and ÝÞ� %/AU for 10– 22
MeV/nucHeduringthefirst half of 1996(Cummings& Stone,1998).

5 Conclusions
Weobtainedreasonablefits to observedV1 andV2 ACRspectrafor fivedifferentparticlespeciesin 1998.

In orderto fit both the intensitygradientsbetweenV1/V2 andthespectralshapesof theobserved spectra,it
wasneccessaryto useavaluefor � {}{ thatis four timessmallerat theshockthanat thepositionof V1.

We find that even thoughthe model solutionsarediffusion dominated,drift effects are responsiblefor
suppressingecliptic radialgradientsin theouterheliosphereandcausinglatitudinalgradientsto bepositive.
This conclusionis similar to earlieronesmadeusingthesamemodel(Steenberg, 1998,Steenberg & Moraal,
1999).

Weemphasizethattheparametersusedto obtainthemodelsolutionsmaybeonlyonepossiblecombination
thatcanexplain theobservations. In particular, thedistanceto the terminationshock,thecompressionratio
of the shock,andthe ratio of latitudinal diffusion to radial diffusion werenot optimizedin obtainingthese
results,eventhoughthey mayinfluencethesolutions.

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