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Abstract. We describea simpleanalyticmodel for the mag-
netic field in the solarcoronaandinterplanetaryspacewhich
is appropriateto solarminimum conditions.The modelcom-
binesan azimuthalcurrentsheetin the equatorialplanewith
anaxisymmetricmultipolefield representingtheinternalmag-
neticfield of theSun.Theradialcomponentof thefield filling
interplanetaryspaceis approximatelymonopolarat largehelio-
centricdistancesasobserved.Theseopenfield linesconnectto
thepolarregionsof theSunanddefinethepolarcoronalholes
whichareprevalentatsolarminimumandwhicharethesource
of thefastsolarwind.By includingbothdipoleandaquadrupole
termsat theorigin it is possibleto constructagoodrepresenta-
tion of thecoronalmagneticfield in suchconditions.We also
notethat the Parker spiral will be underwoundrelative to the
caseof themonopolebecausetheopenfield linesemanatefrom
solarlatitudesin excessof 60◦.
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1. Intr oduction

Immediatelyfollowing the Pioneer10 encounterwith Jupiter,
Gleeson& Axford (1974), (1976) constructeda very simple
magneticfield modelinvolving a dipoleandanazimuthalcur-
rentsheet.Themodeldescribesratherwell themagnetosphere
of arapidly-rotatingplanetcontainingcold,co-rotatingplasma
andis alsoapplicableto themagneticfield of thesolarcorona
andits extensioninto interplanetaryspace.Its simplicity arises
from the fact that it is possibleto chooseforms for the cur-
rent distribution which permit analytic expressionsto be de-
rived for the associatedmagneticfield. In particularonemay
choosetheratioof thedipolemomentsof thecurrentsheetand
of theinternalplanetaryfield to createathin disc-likeregionof
closedmagneticfield linesequivalentto the“coronalstreamer
belt”. Thisregionextendsto infinity aroundtheequatorialplane
andis containedaboveandbelow by oppositely-directedfields
whichare‘monopolar’atlargedistancesfromtheplanet.Sucha
“dipolepluscurrentsheet”(DCS)modelconfigurationisshown
in Fig. 1, which alsoshows the trajectoryof a proposedsolar
probemission[Axford etal. (1995)].
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Sincethe solarmagneticfield observed during eclipsesin
sunspotminimumconditionsissimilarin formtosucharotating
magnetosphere[Gold (1958)]andwe know that the interplan-
etarymagneticfield is dominatedby a single,near-equatorial
currentsheetatsuchtimes,it seemsappropriateto usetheDCS
magneticfield model also in thesecircumstances[Axford &
McKenzie(1997)].Themonopolarbehaviour of themagnitude
of theradialcomponentof thefieldobservedatlargeheliocentric
distances(i.e.r2Br ∼ const, [Forsythetal. (1996)])confirms
thisview andindeedisunsurprising(e.g.Schatten(1971)).Fur-
thermore,sincetheopenmagneticfield regions,togetherwith
their associatedfast solarwind, appearto connectto the po-
lar coronalholeswhich persistfor many yearsaroundsunspot
minimum,it is obviousthatthemagneticfield strengthin these
coronalholescan be determinedby magneticflux conserva-
tion.Thustheaverageradialfield of ∼ 3.1 ·10−5 gaussat1 a.u.
measuredby Ulysses[Forsythet al. (1995)]correspondsto an
averagemagneticfield strengthof ∼ 10 gaussat thebaseof the
coronaassumingtheboundaryof thepolarcoronalholestobeat
60 degreessolarlatitude(e.g.Axford (1976);Gabriel(1976)).
(In makingthisestimatethemagneticflux containedin theslow
wind belt nearthe equatorialplaneis excludedasthis should
not connectto thepolarcoronalholes.)

Therearehowever somedrawbacksof the DCS modelas
described.If it isassumedthatplasmaonclosedfieldlinesforms
thenear-Suncoronalstreamerbelt andthattheopenfield lines
containlower-density, fastsolarwind (apartfrom discretepolar
plumes)thentheshapeof thefield linesin thepolarregionsdoes
not appearto becorrect.Coronagraphobservations[Habbalet
al. ,1995]; [Schwenn,private communication,1996] suggest
that the polar plumes,and thereforethe magneticfield lines
in the polar corona,arealmoststraightbeyond about1.5RS .
Furthermore,the high-latitudeboundaryof the streamerbelt
doesnot appearto bulge nearlyasmuchabove the equatorial
planeasdoesthelastclosedfield line shown in Fig.1.TheDCS
modelsuggeststhatthe view fromtheEarthof the(low density)
polarcoronabelow about3RS heliocentricdistanceis likely to
beobscuredby higherdensityregionsassociatedwith coronal
streamersin theline-of-sightfrom theEarth,which is certainly
not alwaysso (e.g.Loucif & Koutchmy(1989);L. Strachan,
privatecommunication(1996)).We canadjustthe strengthof
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Fig. 1. Themagneticfield linesfor theDCSmodelwith thelastclosed
field line intersectingthesurfaceof theSunat60degreeslatitude.The
parabolaindicatesthepossibletrajectoryof aSolarProbemissionwith
aperiheliondistanceof 4 ·RS . Themagneticfield linesareessentially
monopolarbeyondabout10 · RS exceptin thestreamerbelt.Closeto
the Sunthe field lines aresufficiently non-radialto causea potential
plasmaviewing problemfor themission.

thecurrentsheetto correctthesedeficienciesto someextentbut
it appearsto bemoreappropriateto modify thesolarfield.

2. The dipole plus quadrupole plus curr ent sheet(DQCS)
model

The DCS model can be improved by the inclusion of a
quadrupolecomponentof the internalfield of theSun,assug-
gestedfor exampleby Brueckneretal. (1996).Thecorrespond-
ing componentsof the magneticfield in this case(the DQCS
model)aregiven analytically(in gauss)in cylindrical polarco-
ordinates(ρ, z in solarradii) asfollows:
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wherer2 = ρ2 + z2 andQ = 0 correspondsto theDCSmodel.
In ordertomakethelastclosedfield line(whichextendsto large
distances)intersecttheSunat 60 degreeslatitude,andto have
Br ∼ 3.1 · nT at 1 a.u., it is necessaryto chooseK = 1.0,
M = 1.789 anda1 = 1.538 in thelimiting caseQ = 1.5 where
all field lines still connectwith the Sun.(As beforewe make
anallowancefor themagneticflux containedin theslow wind
belt.)Theevolutionof thefield configurationasQ is increased

Fig. 2. Theevolutionof themagneticfield configurationfor theDQCS
model with increasingvaluesof Q. The caseQ = 0 is the DCS
modelshown in Fig. 1. The effectsof the quadrupolebecomemore
pronouncedasQ increasesuntil Q = 1.5 whenthereis a direct link
from the solarequatorto infinity alongthe equatorialplaneandcur-
rent sheet.For Q > 1.5 thereis a neutralpoint closeto the Sunin
theequatorialplanewith detachedfield linesat largerdistances;this
is unphysicalalthoughsuggestive of whatcouldhappenasa resultof
reconnectionin thecorona.Notethattheclosespacingof thefield lines
shown, especiallyin thequadrupoleloops,doesnot representthefield
strengthbut is simply intendedto providebetterdetailwhereneeded.

from zeroto > 1.5 is shown in Fig. 2 andanexpandedversion
of thecaseQ = 1.5 in Fig.3.It shouldbenotedthatfor Q > 1.5
therearefield linessurroundingthecurrentsheetwhichdonot
connectwith theSunandwhich, understeadyconditions,are
unphysicalalthoughthey may be suggestive of what happens
whenthefield changesor reconnects.

Themodelcaneasilybecomparedwith observations.First,
it predictsthemonopolarbehaviour of theradialcomponentof
thefieldatlargedistancesobservedbyUlysses.Second,ultravi-
oletimagesof thepolarcorona(SUMERandEIT onSOHO)and
coronagraphobservations(LASCO C1 andUVCS on SOHO)
provide informationonthedirectionof thefield linesin thepo-
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Fig. 3. An enlargedversionof theDQCSmodelfor the limiting case
Q = 1.5. On comparingwith Fig. 1 it is evident that the potential
plasmaviewingproblemfor aSolarProbemissionhasdiminishedsince
the field lines areessentiallystraightalthoughnot radial everywhere
alongthetrajectory. Thedashedlinesindicatesurfacesof constantfield
strength.

lar regionswhich canbe compareddirectly with the models.
In particular, theshortwispsof emissionobservedat the limb
by SUMERandEIT give thefield directionsat thebaseof the
corona:we have measuredtheanglesrelative to the radial di-
rectionusingSUMER images(Fig. 4) andfind that the case
Q = 1.5 fits ratherwell whereasQ = 0 is certainlyexcluded.
Furthermore,theessentiallystraightfield linesobserved beyond
∼ 1.5RS areeasilyreproducedin thecaseQ = 1.5, although
it is importantto note that thesefield lines arenot radial but
convergenearthepoles.Thereareimmediateandusefulimpli-
cationsof theabovefor solarwindmodelling.Thefastwindcan
beassumedto flow alongthefield linesandthefield strength
thereforecontrolsitsdivergence.In particular, alongthestraight
polarfield line,
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Onecanimmediatelyseefrom this resultthatthecurrentsheet
determinesthe monopolarform of the field at large distances
from theSun.Thefield strengthat thebaseof thepolarcoronal
hole is dominatedby the dipole andquadrupolecomponents,
being11.8gaussat thepoleandfalling to 7.8gaussat theedge
at60degreeslatitude(seeFig.5).Similarly thelocalexpansion
factorf , whichwedefineastheratioof thefield strengthat the
baseof the coronato that of a monopolewith the samefield
at large distances(MK/a1 = 1.29), is ∼ 10 at the pole and
∼ 6.7 at theedge.(Notethattheform of theexpansion,which
is determinedby B, is rapidandnot uniform acrossthepolar

Fig. 4. Thedirectionof themagneticfield at thelimb in polarcoronal
holesdeterminedby measuringtheanglebetweentheradialdirection
andwispsof UV emissionwhicharepresumedto indicatethedirection
of thefield. Themeasurementsarenotconsistentwith theDCSmodel
(Q = 0) and if anything are bestrepresentedby the limiting case
Q = 1.5.

Fig. 5. Thevariationof surfacefieldstrengthB andBr, andthelocalex-
pansionfactorf within thepolarcoronalhole(latitudes> 60 degrees)
for variousvaluesof Q.

cap.Furthermore,thedirectionof thefield in thephotosphere
is notnecessarilythesameasat thebaseof thecorona.)

The fact that the inclusion of the quadrupoleterm weak-
ensthe solarmagneticfield aroundthe equatoris interesting
from thepoint of view of theorigin of theslow solarwind. In
the limiting caseQ = 1.5, thereis a direct connectionfrom
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the Sun to infinity along the equatorialplanewhereB = 0
everywhere.LASCOC1observationsof persistentbut fluctuat-
ing denseplasmaemissionfrom theequatorialregionssuggest
that this might indeedbe the sourceregion of the slow wind
[Schwenn,privatecommunication(1996)].It haslongbeenun-
derstoodthat, in contrastwith the fastwind, the slow wind is
essentiallytransientandfilamentaryandnotin equilibriumwith
its coronalbase[Axford (1977)]sothat this region is in many
respectswell-suitedto producethenecessaryenvironmentfor
the sourceof the slow wind. We emphasisehowever that our
modelis a simpleone,primarily designedto provide a simple
field descriptionfor polar coronalholes,andit shouldnot be
over-interpreted.

3. Modification of the Parker spiral

In ourDQCSmodelof themagneticfield theParkerspiralangle
is modifiedto reflectthe fact that theopenfield linesemanate
from solar latitudesθS ≥ 60◦, with the result that the field
observed at large distanceswill appearunderwound because
therotationratedecreaseswith solarlatitude.We canquantify
thiseffectasfollows.Therotationrateof thephotosphereΩ(θS)
is given approximatelyby [Howard& Harvey (1970)]
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The relationbetweenθS andthe latitudeθ to which the field
line is asymptoticmaybeobtainedfrom thefield line equation
which is given by theφ componentof thevectorpotentialAφ,
namely
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ρ = r cos θ, z = r sin θ.
As r → ∞, ρAφ → (K1/a1)(1 − | sin θ|). Thereforethe
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Fig. 6 shows θS as a function θ for various valuesof the
quadrupolemomentQ. Thisfanningoutof thefield linesis to a
goodapproximationdescribedbyθS−60◦ ≈ θ/3.Wehaveused
thisto constructFig.7 whichshowstheratioof therotationrate
asfunctionof θ to therotationrateof a monopole.This shows
thattheParkerspiralcanbeasmuchas20%underwoundatthe
equatorialcurrentsheet,10% underwoundat θ = 60◦ andof
course“correctly” wound over thepoles.Ulyssesobservations
of the heliosphericmagneticfield [Forsythet al., 1996]appear

Fig. 6. Solar latitudeθS asa function of “asymptotic” latitudeθ for
variousvaluesof thequadrupolemomentQ.

Fig. 7. Theratioof therotationrateasfunctionof θ to therotationrate
of amonopole.

to supportthis trendof underwinding.Furtherevidenceof this
effect is providedby Smithetal. (1997)whoplot Ulyssesmea-
surementsof theratio< rV BT > /Ω0 < r2Br > asafunction
of thesine of thecolatitude.HereΩ0 is theequatorialrotation
rate,V is thesolarwind speedandBT andBr arerespectively
theazimuthalandradialcomponentsof themagneticfieldgiven
by [e.g.Parker (1963)],
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Fig. 8. The solid curve (Ω/Ω0) sin φ is in goodagreementwith the
Ulyssesobservations(squares)andtheirbestfit line[Smithetal.,1997].
(Thedash-dotline correspondsto solidbodyrotation.)

whereφ is theco-latitude(φ = π/2 − θ). Hencewehave

rV BT

Ω0r2Br
=

Ω

Ω0

sinφ. (8)

UsingEq. (4)for therotationrateandtheapproximaterelation
θS = θ/3+π/3 whichdescribeshow thefield linesfanoutfrom
solar latitudesin excessof 60◦ we have plotted(Ω/Ω0) sinφ
as a function of sinφ. It will be observed from Fig. (8) that
this curve providesa remarkablygoodfit to the observations,
indicatedby thesquares,andthebestline (thedottedline), in
both hemispheres.Note that this result is independentof the
inclusionof aquadrupolemomentwhosemaininfluenceis felt
closeto theSun.However sincetheobservedparametersplotted
in Fig. 8 aremeanvaluesof an asymmetricdistributions(see
Smithet al. (1997)for futherdiscussion)andalsobecausewe
haveneglectedthesmalltilt of thedipole,physicalconclusions
basedontheagreementwith themodelwith theseobservations
shouldbetreatedwith somecaution.

4. Conclusions

TheDQCSsolarmagneticfieldmodeldescribedhereappearsto
provide a soundandusefulbasisfor furtherstudies,especially
of theflow of thefastsolarwindwhichdominatesinterplanetary
spaceduringsolarminimumconditions.Sinceit involvesonly
anaxisymmetricdipoleandquadrupoleandspecificformsfor
the currentsheet,it is of coursenot a substitutefor morede-
tailedmodelswith morecomplex surfaceconditionsandforce-
free fields, wheretheseare needed.In particular, the current
sheetmayberegardedasbeingonly a proxy for theeffectsof
plasmapressurein theclosedfield region andalsoof rotation
sinceit doesnot describethe physicsinvolved. Nevertheless
themodelmustprovide a goodrepresentationof thestructure
of the magneticfield in a well- developedpolar coronalhole
andindeedappearsto fit observationsof thefield directionsim-
plied by wispsof UV emissionat the limb andby rayswhich
extendto severalsolarradii in thepolar regions.We alsonote
thatsincetheopenfield linesin ourDQCSmodelemanatefrom
solarlatitudesgreaterthan60degreestheParkerspiralat large
distanceswill appearunderwoundrelativeto thatexpectedfrom
amonopole.
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