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Abstract. Over thenext threeyearstheterminationshockis
expectedto reachits minimumdistancefrom theSunbefore
moving outward againin responseto increasedsolar wind
dynamicpressureduring thenew solarcycle. Five different
methodsof inferring the distanceto the shockleadto esti-
matesthatclusterin therangeof 90� 10AU. In August2001
Voyager1 will be at 82 AU andmoving outwardat 3.6 AU
peryear, suggestingthepossibilityof encounteringthetermi-
nationshockby 2005beforeit startsmoving outwardagain.

1 Introduction

The sizeof the heliosphereis determinedby the balanceof
the dynamicpressureof the outward expansionof the so-
lar wind and the pressureof the local interstellarmedium.
Becausethe relevant propertiesof the interstellarmedium
are uncertain,the distanceto the heliopauseis also uncer-
tain. Thedistancealsovariesover thesolarcyclebecauseof
changesin thedynamicpressureof thesolarwind, with the
maximumdistancepredictedto occur nearsolar minimum
(see,e.g.,WhangandBurlaga(2000)).

As the supersonicsolarwind approachesthe heliopause,
thetransitionto subsonicflow likely occursin a termination
shock.TheVoyager1 encounterwith theterminationshock
will providebothanindicationof thesizeof theheliosphere
andthe opportunityto studythe accelerationof anomalous
cosmicraysby theterminationshockandthemodulationof
galacticcosmicraysin theheliosheathbeyond.

2 Recent Estimates

Althoughthedistancesto theterminationshockandthehe-
liopauseareuncertain,therearefive methodsfor estimating
thesedistances:pressurebalance,timing of episodesof low
frequency radio emissions,backscatteringof solarultravio-
let radiationfrom interstellarhydrogen,intensity gradients
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in anomalouscosmicray fluxes,andthetiming andduration
of transientsin galacticcosmicray fluxes.Someof themost
recentestimatesaresummarizedin Table1 anddiscussedbe-
low.

Basedon the radial and temporaldependenceof the so-
lar wind dynamicpressureobservedin theouterheliosphere
by Voyager2, Belcheret al. (1993)calculatedthat the av-
eragelocationof theterminationshockwasbetween78 and
105 AU in the period between1990 and 1993. This esti-
mateassumesthat the interstellarpressurewasdueto a 0.5
nT magneticfield. Sincewith thisassumptionthedistanceto
theshockscalesinverselywith themagneticfield magnitude,
which Belcheret al. point out is very uncertain,theestimate
is correspondinglyuncertain.

TheISSI Workshopon the Heliospherein the Interstellar
Medium(von Steigeret al., 1996)led to refinedestimatesof
the local interstellarpressure(privatecommunication,A. C.
Cummingset al., ISSI Working Group7). Theseestimates
of the magneticfield (0.15����� �� ��� 	

nT) and the H+ (0.07����� ��
� ��� ��

cm� 
 ), H (0.14� 0.04cm� 
 ), andHe+(0.015����� ��	��� ��� ����
��

cm� 
 )
densitiesresultin anaverageshockdistanceof 88� 22AU.

Using Ulyssesobservations of interstellar pickup ions,
Gloeckleret al. (1997)derived the thermalpressureof the
local interstellarcloud.By imposingalowerlimit from EUV
radiationmodelsof 0.17for the ionizedfraction of H, they
placean upperlimit to the shockdistanceof � 85 AU. Ac-
cordingto theirFigure3a,thelimit would increaseto 90AU
if theionizedfractionis only 0.13.

Ulyssesobservationsof thelatitudedependenceof theso-
lar wind dynamicpressureat solarminimumhave alsobeen
incorporatedinto MHD andsemi-analyticalmodels. Using
a threedimensionalMHD modelthat includesa latitudede-
pendentsolar wind but not the effects of charge exchange
with interstellarneutrals,PaulsandZank(1996)foundthatin
theupwinddirectiontheshockwasat 88 (subsonicVLISM)
or 135AU (supersonicVLISM). Includingtheeffectsof in-
terstellarneutralsin the modelwith the supersonicVLISM
movedtheshockin to 95 AU (PaulsandZank,1997).Linde
et al. (1998)alsoincludedtheeffectsof interstellarneutrals
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Table 1. Estimatesof theTerminationShockLocation�

DynamicPressureBalance R� (AU) Observationperiod
Belcheret al. (1993) 78-105 1990-93
ISSI WorkingGroup7 (1995) 88� 22 1977-93average
Gloeckleret al. (1997) � 85 1996
PaulsandZank(1996,1997) 88,95 1992-94
Lindeet al. (1998) 80� 10 1992
ExarhosandMoussas(2000) 88,103 1992-94

RadioEmissions
GurnettandKurth (1996) 80-115 1983,1992
Zanket al. (2001) � 90 1983,1992

HydrogenLy- � Backscattering
Hall etal. (1993) 70-105 1989-1992

AnomalousCosmicRayGradients
StoneandCummings(1999) 84� 5 1980-1990

CosmicRayTransients
McDonaldet al. (2000) 88.5� 7 1992
Webberet al. (2001) 83� 1 1999

� Notethatthequoteduncertaintiesdo not includethosearisingfrom modelapproximations

in a threedimensionalmodelhaving a supersonicVLISM,
finding 80� 10 AU. Using a semianalyticapproachExarhos
andMoussas(2000)find 88 and103 AU dependingon the
assumedinterstellarpressure.

Thedistanceto theheliopause(andby scalingto thetermi-
nationshock)hasbeenestimatedfrom thetiming of low fre-
quency radioemissionsthoughtto beexcitedby theinterac-
tion of GlobalMergedInteractionRegions(GMIRs)with the
local interstellarmedium. By combiningthe observed420-
daydelayedonsetof theradioemissionswith MHD models
for thepropagationof theGMIRs,GurnettandKurth (1996)
estimateda heliopausedistanceof 110-160AU, correspond-
ing to aterminationshockdistanceof 80-115AU. In arecent
MHD modelof thepropagationof GMIRs that includesthe
presenceof interstellarneutralsandpickup ions in the he-
liosphere,Zanket al. (2001)estimatethat the420-dayonset
indicatesa distanceto theterminationshockof lessthan85-
90 AU.

Comparisonsof modelsof theflow of neutralinterstellarH
into theheliospherewith theobservedintensitiesof backscat-
teredsolarH Ly- � radiationobservedby Voyager(upwind)
andPioneer10 (downwind)beyond � 25 AU imply theexis-
tenceof a terminationshockbetween70 and105AU (Hall
et al., 1993).

The spectraand gradientof anomalouscosmicrays can
becomparedwith modelsfor theiraccelerationandpropaga-
tion to estimatethedistancefrom Voyagerto thetermination
shock.Thismethoddependsonassumptionsabouttheradial
dependenceof the diffusion meanfree pathandthe role of
drifts. Extrapolatingthegradientsobservedduringthe1980s
inside 49 AU outward to the shocksourceled to a bestfit
shocklocationof 84� 5 AU (StoneandCummings,1999).

Thefifth methodinvolvesthetiming of transientchanges
in theintensityof anomalousandgalacticcosmicraysassoci-
atedwith MergedInteractionRegions(MIRs). Model calcu-
lations(le RouxandFichtner, 1999)indicatethattheduration
of anMIR associateddecreasereflectsthetransittime of the
MIR to the shock. Although local temporalvariationscan
perturbthe observed recovery, Webberet al. (2001) identi-
fiedonesucheventin 1999thatindicatedtheshockwasonly
10 AU beyondVoyager1, correspondingto a shockat 83� 1
AU. In a relatedapproach,McDonaldet al. (2000)usedthe
durationof atransientinwardflow of anomalouscosmicrays
in 1992to placetheshockat88.5� 7 AU at thattime.

Eachof theseestimatesis shown in Figure1 with uncer-
taintiesthatarisefrom themodelfits or from uncertaintiesin
modelparameters.Although the assumptionsandsimplifi-
cationsin eachof themodelsintroducefurtheruncertainties
thataremoredifficult to quantify, themodelsandtheobser-
vationsinvolved in the five methodsof estimationaresuf-
ficiently differentthat theseadditionaluncertaintiesareun-
likely to becorrelatedamongthemethods.Thus,thecluster-
ing of theestimatesbetween80and100AU lendsadditional
weightto theindividualestimates.

3 Furure Termination Shock Encounters

The locationof the terminationshockwill vary asthe solar
wind dynamicpressurevariesover the solarcycle. Whang
and Burlaga (2000) have incorporatedthe temporalvaria-
tions observed by Voyager2 into an MHD model that in-
cludesinterstellarpickup ions, finding that the location of
the terminationshockvariesby about20 AU over the solar
cycle. Theminimumdistanceis predictedto occurnearsolar
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Fig. 1. Estimatesof thelocationof thesolarwind terminationshockasdescribedin thetext. Also shown arethetrajectoriesof V1 andV2.

maximumasshown in Figure1. They usedthedistancede-
rivedfrom theanomalouscosmicraysto definetheaverage
locationof the terminationshock,andthenadjustedfor the
effectof a non-sphericalshock(curveb of theirFigure5).

As shown in Figure1, the shockis presentlymoving in-
ward. As Voyager1 approachesthe shockthe low energy
anomalouscosmicrayspectrashouldrapidly increasewithin
a few AU of the shock. The spatialdependenceshown in
Figure2 is anillustrativeexamplebasedonextrapolatingob-
serveddiffusionmeanpathsto the shock. Although the ac-
tual radialdependencemaydiffer, thisexamplesuggeststhat
theexpectedlargegradientsin the low energy ACR intensi-
tiesneartheshockshouldprovideameansfor estimatingthe
remainingdistanceto theshock.

To illustratethetime periodover which shockencounters

mayoccur, Figure1 showsthepredictionsfrom theprevious
solarcyclesdelayedby 10, 20, and30 years. Comparison
with theVoyager1 trajectorysuggeststhepossibilityof one
or moreencounterswith the terminationshockby 2005. If
therehasbeenno encounterby then, the shockwill likely
againbemoving outwardwith thearrival of increasedpres-
sureand it may be two to five yearsmorebeforeit moves
backwithin Voyager’s range.

Acknowledgements. ThisworkwassupportedbyNASA undercon-
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Fig. 2. Illustrative energy spectraof ACR He at different radial
positionsfor a shockat86 AU.
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