SOLAR MAGNLETIC FIELDS AND DYNAMO PROCESS
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ABSTRACT: We have computed kineamtic dynamo models for the Sun making realistic assumptions
about the different induction eflects. Recent results of helivseismology are used to infer the differential
rotation. By changing the value of the angular velocity at the bottom of the convection zoue in the
models we find more or fess agreement with the observations.

1 INTRODUCTION

The spatial distribution of flares on the Sun is presumably closcly related to the structure of the
mecen magnelic field (Baid, 1988). Their field geometry can be understood in terms of dynamo theory
(Steenbeck and Krause, 1969). During the last 20 years many dynamo models hiave been investigated
and applied to the Sun (sce e.g. Roberts and Stix, 1972). The differential rotation, entering into
such models as a “free parameter’, has been often treated quite crudely, by assuming certain analytic
functions for the rotation prolile. More realistic models using results of helioseismology for the
iternal angular velocity in the Sun have been considered by Makarov ¢t al. (1988). ‘T'hey used
@ WKDB method for solving the dynamo equations. Recently Brandenburg and Tuominen (1988)
reported on similar results obtained by solving the full cigenvadue problem for the sphiere numerically.
Detailed agreenent with the observations is found. In this poster paper we reconsider these models
and extend the investigations also to models with artit = " madified rotational profiles.

20 THE SOLAR INTERNAL ANGULAR VELOCITY

The diflerential rotation Q(r,0) is important for generating toraidal field from poloidal. The function
Q(r,0) is observed to some extent by mcans of helioscismology. In Table I we have combined data for
Q(r, #) obtained by means of helioseismology which have been publishied by a nummber of authors. We
have also included angular velocities measured with various tracers such as sunspots and maguetic
ficld patterns.

Table 1 shows that the variation of Q. in the radial direction is about 7 %. [Furthermore Q. is
decrcasing inwards for 0.858 < » < 2 (101, 1987) aund lor 0.65R < r < 0.758 (Brown ¢ al.,
1988). These results do not scem to it together at » = 0.8£. 1f the absolute scale measured in
hoth regions is correct, we must conclude that Q. is incrcasing inwards somewhere aronnd + = 0.8
This is supported by the fact that youngest sunspots used as tracers rotate with an angular velocity
exceeding the surface vadue by -1 = 5% (‘Tuowminen and Virtanen, 1988). Also long-lived magnetic
[eatures rotate 2 — 3% times faster than the surface (Stenflo, 1988). The general interpretation is
tiat young sunspots and magnetic features carry information {rom somewlhere deep in the convection
zone. Ol course this is not the ouly possibility. For example the magnetic features observed at the
swrlace and also the active longitudes (e.g. Tuominen, 1962), where sunspots are preferentially born,
nmay be a ‘non-axisymmetric dynamo mode’, which cin propagate around the Sun with an angular
velocity slightly larger than the angular velocity at some depth (see c.g. Brandenburg ot al.) 1988c).

3. A KINEMATIC DYAMO MODEL FOR THE SUN

We hiave computed dynamo models using for ./, the data given in the previous section. The
profile for the a-effect is derived from a mixing length: model using first order smoothing approach
(Steenbeck et al., 1966). However, we have scaled the a-profile by a factor 1/200 in order to achieve
a nirginal solution. This scaling problem is discussed in more detail by Brandenburg et ol (1988¢).
In Figure 1 we have plotted generalized butterfly diagrans for the maguetic field showing contours
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Pabile I /Uhe internad wolar angular velocity at the cquator Q, () and the poles (7)), wlerred from
reonlt, of helioseistacddoey. 1ds the solar riddius. The references are: () Brown et al., 1988; (b)
Phovadl and arvey, 1Os1 (hedr Pig g (o) WU, 1987 (bis 1Fig.2); (d) Hill el o, 1988 (their Fig.2).
Comparizon b made with angular velocitios measured with other tracers like sunspots (¢, Tuominen
and Victanen, 1958, mapuctic patterns (I, Snoddgrass, 19535 ¢, Stenflo, 1988), and the A Wilson
photospheric Doppler velocity (L Snodgrass, 1983).

method r/ROQ ) /2r Que) /2w
heliosesin. (a) 0.65 110 355
heliosetsn, (i) 0.72 455 350
hehoscisin, (1) 0.75 160

hielioscisn. (boe) .85 425

Liclioscrsur. (d) 0.91 130

hehosesim. () 0.96 410

youngest spats () ATH 169
oldest spots () 462 393
tiagnetic (1) 162 336
magnetic (g) 166 13
Doppler (h) 455 321

ol comstant radial magnetic fiekl strength (4 -component, upper panel) and of coustant toroidal lield

(D component. lower panel).
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Prone I Generabied buteerdty diagrain for the I e-component (upper panel) and for the Bg-component at
sone relercnve depth e = QORI and ro=2 08D R respectively, "The horizontal was is thne (7 corresponds to the
Eoyvenwr eyele) and the vertical axis s Laitude o hoth cases acweighted radial average is displia od using a
Contssians with o widtle o 0180 The dashied Tines refer to negative polarities (taken fron Brandenburg qoid
Fnotinen, 1O8R).

Note i particular @ poleward migrating brancl in the B-component. The contour 3, = 0 reachies
the pole somewhat atter the maxinun of the toroidal field component "suapot maximum’). This is
i aecordance with the observations (see e.en Makarov of el 1953). For @ more detailed comparison
~ee Brandenbury, and Tuominen | TOSR),
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11OV BIG IS @ AL THLE BOTTOM OF T C4?

The value of Q. at the bottom of the convection zone (CZ) is still not well determined. It is possible
that the value for Qp at r = 0.758 (b, in Table 1) is slightly lower than the real value, although
the observations of youugest sunspots indicate that the angular veloeity at some deeper layer must
still exceed the surface value. The following two pictures show butterlly diagrams obtained from a
dynamo model with two dillerent values for £2, at the bottom of the CZ.

wt (in units of ) wt (in unity of )

Figure 20 Same as Figare |, but with different €2, at the bottonm of the CZ. (o) Q. =FUntlz (at r=0.75). The
resulling butterfly dingram looks quite unrealistic: the toroidal flux is concentrated at high Tatitudes and uo
cquatorward migration appears. (b) Q,=180nHz (at r=0.75). Au equatorward migration of {lux is present,
but the slope of the wings is too tlat. There is no polar branch. In contrast, the value Q,=46001ly, which has

been used for the model in Figure 1, seeins to be consistent with obscrvatious.
5. CONCLUSIONS

We conclude that, taking the results of heliosvismology and mixing length concept fully into account,
it is possible to construct more realistic dynamo models which show good agreement with the observed
mean solar magnetic field. Models with Targer or sinaller Q, at the hottom of the €7 seem to be
incompatible with the observations. For further investigations, it would be of interest to sce whether
this agreement persists when the nonlinear feed-hack is taken into account and when the cquation
for the mean motion and the induction equation are solved scit-consistently. Also the stability of
these solutions and the existence of ‘mixed parities’ (Brandenburg of al, 1988a,b,d) remuins to be
nvestigated for solur type models.
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