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Estimate of the location of the solar wind termination shock
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Abstract. Overthenext threeyearstheterminationshockis
expectedto reachits minimum distancefrom the Sunbefore
moving outward againin responseo increasedsolarwind

dynamicpressureduringthe new solarcycle. Five different
methodsof inferring the distanceto the shockleadto esti-
mateghatclusterin therangeof 90+10AU. In August2001
Voyagerl will be at 82 AU andmoving outwardat 3.6 AU

peryear, suggestinghepossibilityof encounteringhetermi-
nationshockby 2005beforeit startsmoving outwardagain.

1 Introduction

The size of the heliospherds determinedoy the balanceof
the dynamic pressureof the outward expansionof the so-
lar wind and the pressureof the local interstellarmedium.
Becausethe relevant propertiesof the interstellarmedium
are uncertain,the distanceto the heliopauses also uncer
tain. Thedistancealsovariesoverthe solarcycle becausef
changesn the dynamicpressureof the solarwind, with the
maximumdistancepredictedto occur nearsolar minimum
(seee.g.,WhangandBurlaga(2000)).

As the supersonicolarwind approacheshe heliopause,
thetransitionto subsonidlow likely occursin atermination
shock. The Voyagerl encountemwith the terminationshock
will provide bothanindicationof the sizeof the heliosphere
andthe opportunityto studythe acceleratiorof anomalous
cosmicraysby theterminationshockandthe modulationof
galacticcosmicraysin the heliosheatheyond.

2 Recent Estimates

Althoughthe distancego the terminationshockandthe he-
liopauseare uncertain therearefive methodsfor estimating
thesedistancespressuréalancetiming of episodesf low
frequeng radio emissionspackscatteringf solarultravio-
let radiationfrom interstellarhydrogen,intensity gradients
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in anomalougosmicray fluxes,andthetiming andduration
of transientsn galacticcosmicray fluxes. Someof the most
recentestimateg@resummarizedn Table1 anddiscussetbe-
low.

Basedon the radial and temporaldependencef the so-
lar wind dynamicpressurebsenedin the outerheliosphere
by Voyager?2, Belcheret al. (1993) calculatedthat the av-
eragelocationof the terminationshockwasbetween78 and
105 AU in the period between1990 and 1993. This esti-
mateassumeshat the interstellarpressurevasdueto a 0.5
nT magnetidield. Sincewith thisassumptiorthedistanceo
theshockscalesnverselywith themagnetidield magnitude,
which Belcheretal. pointoutis very uncertainthe estimate
is correspondinglyincertain.

The ISSI Workshopon the Heliospheren the Interstellar
Medium(von Steigeretal., 1996)led to refinedestimateof
thelocal interstellarpressurdprivatecommunicationA. C.
Cummingset al., ISSI Working Group 7). Theseestimates
of the magneticfield (0.15793 nT) andthe H+ (0.07+0:0%
cm—3), H (0.14+£0.04cm~3), andHe+ (0.0159 953, cm™3)
densitiegesultin anaverageshockdistanceof 88+22 AU.

Using Ulyssesobsenations of interstellar pickup ions,
Gloeckleret al. (1997) derived the thermal pressureof the
localinterstellarcloud. By imposingalower limit from EUV
radiationmodelsof 0.17for the ionizedfraction of H, they
placean upperlimit to the shockdistanceof ~85 AU. Ac-
cordingto their Figure3a,thelimit wouldincreaseo 90 AU
if theionizedfractionis only 0.13.

Ulyssesobsenationsof thelatitudedependencef the so-
lar wind dynamicpressuret solarminimumhave alsobeen
incorporatednto MHD and semi-analyticamodels. Using
athreedimensionaMHD modelthatincludesa latitudede-
pendentsolar wind but not the effects of chage exchange
with interstellameutrals PaulsandZank(1996)foundthatin
theupwinddirectionthe shockwasat 88 (subsonic/LISM)
or 135AU (supersoni¢/LISM). Includingthe effectsof in-
terstellarneutralsin the modelwith the supersonid/LISM
movedthe shockin to 95 AU (PaulsandZank,1997).Linde
etal. (1998)alsoincludedthe effectsof interstellarneutrals
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Table 1. Estimatesf the TerminationShockLocatior

DynamicPressurdéalance Rs (AU) Obsenationperiod
Belcheretal. (1993) 78-105  1990-93
ISSIWorking Group7 (1995) 88+22 1977-93average
Gloeckleretal. (1997) <85 1996
PaulsandZank(1996,1997) 88,95 1992-94
Lindeetal. (1998) 80+10 1992
ExarhosandMoussag2000) 88,103  1992-94

RadioEmissions
GurnettandKurth (1996) 80-115 1983,1992
Zanketal. (2001) <90 1983,1992

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

AnomalousCosmicRay Gradients
StoneandCummings(1999) 8445 1980-1990

CosmicRay Transients
McDonaldetal. (2000) 88.5+-7 1992
Webberetal. (2001) 83+1 1999

* Notethatthe quoteduncertaintieglo notincludethosearisingfrom modelapproximations

in a threedimensionalmodel having a supersoni¢VLISM,
finding 804+10 AU. Using a semianalyticapproachExarhos
and Moussaq2000)find 88 and 103 AU dependingon the
assumednterstellarpressure.

Thedistanceo theheliopaus€andby scalingto thetermi-
nationshock)hasbeenestimatedrom thetiming of low fre-
guengy radioemissionghoughtto be excitedby theinterac-
tion of GlobalMergedinteractionRegions(GMIRs) with the
local interstellarmedium. By combiningthe obsened 420-
day delayedonsetof the radio emissionsvith MHD models
for the propagatiorof the GMIRs, GurnettandKurth (1996)
estimateda heliopausalistanceof 110-160AU, correspond-
ing to aterminationshockdistanceof 80-115AU. In arecent
MHD modelof the propagatiorof GMIRs thatincludesthe
presenceof interstellarneutralsand pickup ions in the he-
liosphere Zanketal. (2001)estimatethatthe 420-dayonset
indicatesa distanceo theterminationshockof lessthan85-
90 AU.

Comparisonsf modelsof theflow of neutralinterstellatH
into theheliospheravith theobsenedintensitiesof backscat-
teredsolarH Ly-a radiationobsened by Voyager(upwind)
andPioneerl0 (downwind) beyond ~25 AU imply the exis-
tenceof a terminationshockbetween70 and 105 AU (Hall
etal., 1993).

The spectraand gradientof anomalouscosmicrays can
be compareadvith modelsfor their acceleratiorandpropaga-
tion to estimatethedistancerom Voyagerto thetermination
shock.This methoddepend®n assumptionabouttheradial
dependencef the diffusion meanfree path andthe role of
drifts. Extrapolatinghegradientobsernedduringthe 1980s
inside 49 AU outward to the shocksourceled to a bestfit
shocklocationof 84+5 AU (StoneandCummings,1999).

Thefifth methodinvolvesthetiming of transientchanges
in theintensityof anomalousndgalacticcosmicraysassoci-
atedwith MergedInteractionRegions(MIRs). Model calcu-
lations(le RouxandFichtner 1999)indicatethattheduration
of anMIR associatedlecreaseeflectsthe transittime of the
MIR to the shock. Although local temporalvariationscan
perturbthe obsened recovery, Webberet al. (2001)identi-
fied onesucheventin 1999thatindicatedthe shockwasonly
10 AU beyondVoyagerl, correspondingo a shockat 83+1
AU. In arelatedapproachMcDonaldet al. (2000) usedthe
durationof atransieninwardflow of anomalougsosmicrays
in 1992to placetheshockat88.5+7 AU atthattime.

Eachof theseestimatess showvn in Figure 1 with uncer
taintiesthatarisefrom themodelfits or from uncertaintiesn
model parameters Although the assumptionsnd simplifi-
cationsin eachof the modelsintroducefurtheruncertainties
thataremoredifficult to quantify, the modelsandthe obser
vationsinvolved in the five methodsof estimationare suf-
ficiently differentthat theseadditionaluncertaintiesare un-
likely to becorrelatedamongthe methods.Thus,thecluster
ing of the estimatedetweerB0and100AU lendsadditional
weightto theindividual estimates.

3 FurureTermination Shock Encounters

Thelocation of the terminationshockwill vary asthe solar
wind dynamicpressurevariesover the solarcycle. Whang
and Burlaga (2000) have incorporatedthe temporalvaria-
tions obsened by Voyager?2 into an MHD model that in-
cludesinterstellarpickup ions, finding that the location of
the terminationshockvariesby about20 AU over the solar
cycle. Theminimumdistances predictedo occurnearsolar
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Fig. 1. Estimateof thelocationof the solarwind terminationshockasdescribedn thetext. Also shavn arethetrajectoriesof V1 andV2.

maximumasshawn in Figurel. They usedthe distancede-
rived from the anomalousosmicraysto definethe average
location of the terminationshock,andthenadjustedfor the
effect of anon-sphericashock(curve b of their Figure5s).

As shown in Figure 1, the shockis presentlymoving in-
ward. As Voyagerl approacheshe shockthe low enegy
anomalougosmicray spectrashouldrapidly increasewithin
a few AU of the shock. The spatialdependencshowvn in
Figure2 is anillustrative examplebasecdn extrapolatingob-
sened diffusion meanpathsto the shock. Althoughthe ac-
tualradialdependenceaydiffer, this examplesuggestshat
the expectedarge gradientsin the low enegy ACR intensi-
tiesneartheshockshouldprovide ameandor estimatinghe
remainingdistanceo the shock.

To illustratethe time periodover which shockencounters

may occur, Figurel shavsthe predictionsrom the previous
solar cyclesdelayedby 10, 20, and 30 years. Comparison
with the Voyagerl trajectorysuggestshe possibility of one
or moreencountersith the terminationshockby 2005. If
therehasbeenno encounterby then, the shockwill likely
againbe moving outward with the arrival of increasedgres-
sureandit may be two to five yearsmore beforeit moves
backwithin Voyagersrange.
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Fig. 2. lllustrative enegy spectraof ACR He at differentradial
positionsfor ashockat86 AU.
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