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ABSTRACT

We have studied dynamomodels with realistic assumptionsfor the induction effects and comparethe
resultingmagneticfields with observations.We makeuseof recentresultsof helioseismologyto infer the
differential rotationandadoptmixing length approachto get the form of the ct-effect, which is in general
anisotropic. Dynamomodelsare computednumericallyusing an eigenva.luemethod. Finally, we discuss
the resultingLorentzforce, which is relevantfor explainingobservedflows suchas the torsionalwaves,as
a backreactionof thedynamomagneticfields. Comparisonis madein particularwith Mt.Wilson/Kitt
Peakmagnetogramsandsynopticchartsshowingthemagneticflux, torsionaloscillation pattern,andthe
distribution of ephemeralregions,coronalactivity, andpolar faculae.

INTRODUCTION

The first solar a~l-dynamomodels by SteenbeckandKrause /1/ showedmanyobservedfeaturesof the
solaractivity cycle, for exampletheperiodicmigrationof sunspotbeltstowardstheequator,Hale’spolarity
rule for bipolar spotson N- andS-hemisphere,andthephaserelation betweenpoloidalandtoroidal field
components/2,3/. Nevertheless,manyproblemsof dynamotheoryhavebeenpointed out during the last
decade.In particularthe intermittent structureof magneticfieldsin theconvectionzoneleadsto buoyancy
effects, which can transportthemagneticflux to thesurfaceon atime scalemuch shorterthan the solar
cycle. Other problemsconcernthestrengthof thecoefficientsfor thea-effect andfor turbulentdiffusion,
andthequestionof calculatedperiods,which aremuchshorterthan thesolarcycle. This hasled to the
impressionthat dynamotheoryfails altogetherto explain thesolar activity cycle /15/. However, well
developedalternativetheoriesdo not exist.
In thekinematic (linear) meanfield approach,differential rotationanda-effectare assumedto be known.
This gaverise to avarietyof quite differentmodelsin thepast.Dueto recentlyimproveddeterminationsof
thesolarinternal angularvelocity from helioseismology,it is necessaryto reconsiderthecsf~-dynamos.The
goalof thepresentpaperis to presentmorerealistic modelsbasedon thesenew observationalconstraints.

KINEMATIC DYNAMO THEORY

We assumethat themeanmagneticfield B of the Sun is generatedby ana~l-dynamomechanism,whichis
describedby theinductionequation:

~=curl(uxB+e—T1curlB), (1)

where~ is themolecularmagneticdiffusivity. Turbulentmotionsin thesolarconvectionzonegive riseto an
additionalelectromotiveforcee =< u’ xB’> (e.g. a-effect).ThedifferentialrotationQ(r, 9), whichenters
into Eq.(1) via u = r x f~l,is important for generatingtoroidal field from a poloidal one. The function
~l(r, 9) is observedto someextentby meansof helioseismology.In Fig.1 we havecombineddataobtained
from different authors.
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Figure 1: The internal solar angularvelocity at the equator1l~(r)and the poles1l~(r),inferred from resultsof
helioseismology.The referencesare: (a) Brown et al. /6/, (b) Duvall and Harvey/7/ (their Fig.4a), (c) Hill /8/ (his

Fig.2), (d) Hill et al. /9/ (their Fig.2). The dashedline (e) at 475 nHz denotestheangularvelocity of very young
sunspots/17/.

An expressionfor e in thepresenceof weaklyinhomogeneousturbulencehasbeenderivedin theframe-work
of first order smoothing/4,5/:

E=—i
5curlB—~xB+fxcurlB+aj(~)B+a4{(B)~+(B.~)i’]+..., (2)

wheresj~,~y,~, a1, anda4 arecertainfunctionsof radiusr. In thefollowing weshall employ roughestimations
in termsof correlationtime r andturbulent r.m.s. velocity V (see /4,5,10,11/).For theturbulentmagnetic
diffusivity s~,andtheisotropic a-effect oneobtains:

(3)

a1 _..f~p_2..~(p2r2V2) (4)

The diamagneticeffect is given by -y = ~dsic/drandfor the so-called~1x J-effect we take~3 ~~lr
2V2 and

finally a
4 = —aj/4 (see /5/). In themixing length approachoneassumesusually r = C,.~/V,where £ is

themixing length and C,. a factor of orderunity. However,this expressionbecomessingularat thebottom
of theconvectionzone (V —~ 0) andwe shall thereforereplaceit by a linear extrapolationfor r < 0.85R. C,.
will bespecifiedlater. In Fig.2 we have plotted ~ anda1 using V and£ from a solarmixing length model.

0.8_ 200

0.6 -___

I (m (109m2/$) ~1 ( a~ (m/s)

0.7 0.8 0.9 1 0.7 0.8 0.9 1
Figure2: m and c51 using Vand £ from a solarmixing length model (C,. = 1).

SOLAR DYNAMO MODELS

We have computeddynamomodels usingthe functions fl~, a1, etc. describedin theprevioussection. As
is usual in the linear dynamotheory, one is interestedin the marginal solution, which is neither growing
nor decaying. This can be achievedby scaling a1,4 and fi with a factor C. Using C = 0.05 and C,. = 0.1
we found an oscillatory dynamosolution with a magneticperiod of 15 years. In Figure 3 we have plotted
thefield geometry for this axisymmetrix dipole type mode (AU, seeref./11/): The most striking feature in
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Figure3: Theevolutionof theaxisymmetrixdipole-typemodeof asolar dynamomodel. In theupperhalfareplotted
cross-sectionsshowingthefleidlinesof thepoloidal component,andin thelower one,lines of constanttoroidalfield.

Figure3 is theclearseparationbetweentwo differentlypropagatingdynamowaves,whichwasalreadyfound
by Makarov et at. /12/ for a muchsimplermodel usingaWKB approximation.During thetime interval

= 0.. .0.6ir (2ir/w = cycleperiod)newmagneticfield is generatedat 450 andisquickly amplified. From

wt = 1...1.67rpart of thefield migratesdown to theequatorwhile in theupperlayersthemain senseof
propagationis towardsthe poles. This becomesmoreevident from ageneralizedbutterfly diagram,shown
in Figure 4.
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Figure 4: Generalizedbutterfly diagramfor the Be-component(upperpanel)and for the B~-componentat some
referencedepthr = 0.9Rand r = 0.85R,respectively. In both casesaweightedradialaverageis displayedusing a
Gaussianwith awidth of 0.1R.The dashedlines referto negativepolarities.

COMPARISON WITH OBSERVATIONS

We first discussthe toroidalfield depictedin thelower panelof Figure4. Most of theflux is concentrated
at low latitudes with a maximumat about15°.This is in good agreementwith theform of the traditional
butterfly diagram,andalso with synoptic chartsof total magneticflux (seee.g. in /13/, Fig.Th). This
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feature of flux concentrationis partly due to the presenceof the /3 and ~ytermsin Eq.(2). Thereis also
a polewardmigrating branchof toroidal field, which is not only due to theeffect of latitudinal differential

rotation /23/, but alsobecausethereare two different radial gradientsin f~(see/12/). Martin andHarvey
/16/ found that active regionsoccuringat higher latitudes have much shorterlifetimes than thoseat lower
latitudes. Their result is in accordancewith Figure 3, showing that fields in higher latitudes are situated
closerto thesurfaceso that enhancedbuoyancyin theselayersmay be thecauseof their short lifetimes.
This so-calledpolar branch is even more pronouncedin the B,.-componentof the magnetic field (upper

panel). It is hard to seethis branch on the original Mt.Wilson/Kitt Peakmagnetograms.However,after
a “mode cleaning”, i.e. removing all odd modesand thosewith sphericalharmonic degreehigherthan 13,

Stenflo /18/ obtaineda generalizedbutterfly diagram showing this polar branchvery clearly (his Fig.4).
The separationinto two branchesstarts at about sunspotmaximum of the preceedingcycle. A similar
branchingcanbe seenin the synoptic chart of thecoronalgreenline /19/. Makarov at at. /12/ presented
a combinedbutterfly diagramshowingthe latitudinal variation of sunspotactivity andfaculae. Comparing

theseresultswith Stenflo’s Br-map, thereappearsa smallphaseshift: polar activity is first seenin faculae,
then in themagnetograms,andfinally in thecoronalgreenline. This maybe understoodas asimultaneous
verticalmigration of field, asis expectedfrom the dynamomodel (seeFig.3). A very important observation
for testingdynamomodels is the time of reversalof thepolar magneticfield. The polar field changesfrom
minus to plus slightly after sunspotmaximum, when B,

1, > 0 at lower latitudes (and from plus to minus,
when B~< 0) /14/. This is in good agreementwith our models,which display a polar field reversalfrom

minus to plus at ~it = 1.5ir, somewhatafter thepositive maximum of B~,.
Finally, we studiedthe time dependentpart of theresulting toroidal Lorentzforce (Fig.5), which is presum-

ably driving theso-calledtorsional oscillations /20,21/. Synoptic chartsof the torsional oscillation pattern
/13/ show two maxima along sloping lines connectingpole and equator,similar as in Fig.5. A high lati-

tude peak at60°appearedin 1970, i.e. at about sunspotmaximum. This time correspondsin our model to
wt = 1.37r. The nextpeakoccuredaround1977at about25°,slightly after sunspotminimum, corresponding
to wt 1.Sir in themodel.

c~.,t(in units of rr)

Figure 5: The latitudinal variation of the cyclic part of theLorentz force.

We concludethat, taking the resultsof helioseismologyand mixing length conceptfully into account,it is
possibleto construct more realistic dynamomodels which show good agreementwith the observedmean

solarmagneticfield. For further investigations,it would beof interest to seewhetherthis agreementpersists
when nonlinear feed-backis taken into accountandwhen the equationof mean motion andthe induction

equation are solved self-consistently. Also the stability of thesesolutions and the existanceof “mixed
parities” /22/ remainsto be investigatedfor solartype models.
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