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Abstract. Three-dimensional simulations of a thermally stablglynamically rapidly rotating limit, a localized magnetic laye
stratified gas with a localized layer of toroidal magnetic field awgith a toroidal field in the overshoot region at the base of t
carried out. The magneticfield gives rise to a magnetic buoyarmynvection zone. The upper parts of the layer, where the mé
instability. Due to the presence of rotation the resulting fluidetic field decreases rapidly enough with height, are unstak
motions are helical and lead to areffect, i.e. to a component due to magnetic buoyancy. In this buoyancy instability pote
of the electromotive force in the direction of the mean magnetial energy of extra mass supported against gravity is released
field. The value oty is estimated during the exponential growtldownward transport of mass and upward transport of magne
phase of the instability. The mean vertical transport velocity @tix. Because of rotation the instability takes the form of magn
the magnetic field is also calculated. Itis found thabries with  tostrophic waves where the Coriolis force and the Lorentz for¢
latitude and its value is positive in the northern hemisphere. are in approximate balance with each other. These waves

helical; their growth in amplitude causes a phase shift betwe
Key words: Sun: magnetic fields — magnetohydrodynamicsthe magnetic field and velocity perturbations, which leads
dynamo — instabilities a component of the electromotive force parallel or antiparall
to the background toroidal field. This dynamieeffect oper-
ates in strong fields which resist distortion by convective flow:
) In Schmitt’s linear asymptotic analysis there are always t
1. Introduction magnetostrophic modes with the same growth rate but wit

The concept of an-effect invoked to explain the origin of largeN0th- and a southward component of phase velocity, resps
scale magnetic fields in rotating astrophysical bodies has a lofYe!y- Superposition of the most unstable modes leads to
standing history since the seminal papers by Parker (1955) &%p-menotonic latitudinal dependence, withegative near the
Steenbeck, Krause &&ller (1966). The original idea was thafduator and positive near the pole in the northern hemisphe
cyclonic or helical background fluid motions could distort However,c: remains always antisymmetric with respect to th
the magnetic field3 such that the resulting average electrom&auator. o _

tive force,(u x B), has a componeni(B) in the direction of Related investigations have recently been carried out

the mean magnetic fieldB). The coefficienty represents the Thelen (1997). Am-effect has also been derived from an in
a-effect (Moffatt 1978, Krause & Rdler 1980). stability of thin magnetic flux tubes (Ferriz-Mas et al. 1994, s¢

There is now increasing evidence that, once the field HS0 Hanasz & Lesch 1997). An application to the solar dyna
reached appreciable strength, the relevant fluid motions nf@n be found in Schmitt et al. (1996). Estimates for turbule
result from the magnetic field itself or, more specifically, froragnetic diffusion due to the Parker instability have been givg
magnetic instabilities. Thus, the velocity field that provides tHy Hasler et al. (1995), who used two-dimensional simulatio
a-effect is directly dependent on the magnetic field. Of maj¥fithout rotation.
interest recently has been the Balbus-Hawley (1991) instabjl- [N this Letter we present some exploratory threg
ity, relevant to explain turbulence in accretion discs. The thredimensional simulations of an-effect due to magnetic buoy-
dimensional simulations of Brandenburg et al. (1995, hereaffécy Using the code and setup described in Brandenburg et
referred to as BNST) have shown that large scale magnetic figig@96. hereafter referred to as BINRST). The governing eq

can be generated from the fluid motions associated with this {2ns are the continuity equation, the momentum equation wi
stability. vertical gravity, Coriolis, Lorentz and viscous forces, the energ

In the context of the solar dynamo the dominant instabffduation and the induction equation. For the full set of equatio
ity could be a magnetic buoyancy instability. This possibilitftnd details of the model we refer to BINRST. Unlike Schmitt
was first proposed by Moffatt (1978) and explored in detafriginal work we d_o no_t adopt_the anelastic apprOX|m§\tlon, Nn(
by Schmitt (1984, 1985). He considered, in the magnetohydlqﬁ we neglect the inertia term in the momentum equation. Ho
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ever, it would be computationally expensive to approach thérere Hg = 0.3 is the scale height of the magnetic field.
limiting magnetostrophic regime of Schmitt (1985), who cor-or most of our runs we takeag/cso = 0.3, SOTA/Tac =
sidered the ordering (vao/cso) ™t ~ 3. This corresponds to a Lundquist number,

vaoH, , of 820.
Tac K T K TA K Tms (1) 0 pO/n

of acoustic, rotational, Alfén and magnetostrophic time scale 2. Calculation of alpha

respectively. The magnetostrophic time scale is givenRy= ) ) )
P v 9 e g - -r\(é/e restrict ourselves to estimating only those transport coef-

ficients that involve the initial toroidal magnetic fieldi3, ).
Tac ~ T < TA < Tms- (2) We assume that we can represent the mean electromotive force,

. L , ) &€ = (u x b), whereu andb are fluctuations, in the form
Our main objective is to establish the existence ofiagffect,

as well as its sign and latitudinal dependence. £~ a(B) ++% x (B) — iV x (B), )

2. The model wheren; is turbulent magnetic diffusion ang measures the
magnitude and direction of an average transport velocity of
the mean magnetic field (sometimes called theffect, see
We use the code of BJNRST in a rectangular domajn< Krause & Radler 1980). We take averages,), over the en-
L./2,|y| < Ly,/2 and|z| < L./2, wherex points north,y tire box. Since we use periodic and zero horizontal field bound-
east, anct increases downwards. The linear analysis by Schiréiity conditions in the horizontal and vertical directions, respec-
(1985) suggests that the most rapidly growing eigenmode shotilely, all derivatives of averages vanish. In particular we have
be well accommodated if the box aspect ratios satisfy< WV x (B) = 0. Therefore€ depends in our case only enand
L, <L, Wethustakd, = 0.5, L, = 5, L, = 1 forallour ~. Since the main contribution tgB) comes from the toroidal
models usin@1 x 31 x 64 meshpoints. componentof B), we havex ~ &, /(B,) andy ~ —&, /(B,).

We use periodic boundary conditions in thendy direc- We note that Hasler et al. (1995) used horizontal averages
tions and stress-free boundary conditions inthigection. The and found bothy and»; from their two-dimensional calcula-
« andy components of the magnetic field are assumed to vanisins of the Parker instability. However, the inclusion of first and
atz = +L./2. At the top of the box{ = —L./2) the temper- higher derivatives of B) in Eq. (8) makes the analysis more
ature is such that the local pressure scale height at théfigp, susceptible to statistical errors. Brandenburg & Sokoloff (1998)
is equal to the height of the box. At the bottom+£ +L./2) have attempted a more complete analysis including the effects
the temperature gradient (proportional to the radiative flux) ¢ turbulent diffusion using simulations of accretion disc tur-
given. bulence. They found that estimatimgand~ in the way just

We assume a perfect gas with the ratio of specific healsscribed is in fact relatively robust and useful as a first orien-
being 5/3. The basic state is a polytrope with polytropic indeation. Hasler et al. (1995) and Brandenburg & Sokoloff (1998)
m = 3, corresponding to stable stratification in the absencefotind evidence for nonlocal behaviour, where a whole series of
a magpnetic field. The initial temperature profile is linear, butigher derivative terms becomes important. This is beyond the
the density profile is modified such that the initial state is iscope of the present paper. As a compromise we have therefore
hydrostatic equilibrium. We use nondimensional variables sugtiopted full volume averages, so that derivative terms iffEq. (5)
that H,o = g = p = po = ¢, = 1, wherep is the average are absent.
density of the gas in the box. (So time is measured in units of We are interested in the exponential growth phase of the
(Hpo/9)*/?, length in units ofH,, and the magnetic field in instability. Since€ depends on the product of two fluctuating
units of (uopH,09)'/2.) To characterize a particular simulatiorquantitiesr and~y will increase proportionally to thequareof
we use the nondimensional parameters of BJNRST. In practihe rms velocity,. Sincea andy have dimensions of velocity,
we fix the value of the rotational time scate, = (2€2) "' in and since the relevant velocity in the system s, we present
terms of the acoustic time scale, = H,o/cso = v/Hpo/g, the values of andy in units ofvag Al?, where Al= u /vaq is
wherecy is the isothermal sound speed at the top of the box. Ttie Alfvén number of the flow. In models involving flux tubes
ratior,./7q is related to Taylor, Rayleigh and Prandtl numbersne may relates; to the velocity of buoyant flux tubes which,

2.1. Basic setup and parameters

Ta, Ra and Pr, respectively, via in turn, is limited by turbulent drag forces, so Al should then be
9 ) a constant somewhat below unity (Parker 1979).

(T“) — (29 — 2 Pri'l'a. (3) We initialize the runs with a weak solenoidal velocity pertur-

70 9/Hpo 15 Ra bation consisting of localized eddies with typical initial Mach

Unless stated otherwise, the nondimensional parameterg"dfiPers ofl0™". We normally choose 20 randomly positioned
BINRST are Ra= —10°, Ta= 7.5 x 10%, and Pr= Pry; = 1. eddies, but the results changed somewhat when we took 100,

200, or 500 eddies. We calculate the values @ind-~ for dif-
ferent numbers of initial eddies and use the resulting scatter as
B, = vao exp[—(z/Hg)?], (4) anindication of the statistical error efand-y.

The initial magnetic field is given bjg = (0, B, 0) with
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Fig. 1. Grey scale images of arbitrarily chosen slice ofu,, (left) andyz slice ofu,, (right) of the solution for-30° latitude att = 20. The
top of the box is at = —0.5. (In the northern hemisphere, the structures in both panels would be tilted the other way around.)
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Fig. 2. Example of a plot ofv versusuy, for —30° latitude. The solid Fig. 3. The latitudinal dependence of the alpha-effect (normalized L
part of the curve refers to the range where the growth of the solutionvigyAl%). The stars refer to initial velocity perturbations using 20 ed
exponential. The inset gives the evolutioncoés a function of time.  dies. The plus signs and diamonds refer respectively to 200 and 5
eddies. The solid line represents thexdit= 0.035v40Al? cos 6. The
triangle refers to a run withao/cso = 0.1 instead of 0.3.
The dependence on initial conditions means that the simu-

lations have not yet settled on the fastest growing eigenfunction
before nonlinear effects become important. On the other habden obtained. The extremawtre found to be not necessaril
using weaker initial perturbations still does not remove fluctat the poles, but possibly at somewhat lower latitude.
ations due to hydrostatic adjustment. It is conceivable that we The value ofy is always negative, corresponding to &
could improve matters by rescaling the results before the sofiean transport velocity upwards. Its valueyis= —(0.5 +
tion has reached the nonlinear regime. 0.2) vaoAl 2 but again with significant scatter. There is no cles
latitudinal dependence of. The growth rate of the instability
varies between equator and pole from roughly 0.17 to 0.25.
In Tabld1 we give a summary of the dependenciesaf the
An example of the eigenfunction at= 20, which is still dur- three input parametef, Hg, anduva, for runs at90° latitude.
ing the exponential growth phase, is shown in Elg. 1. Note tigain, sincea increases quadratically in the fluctuations we
presence of tilted structures concentrated abowt—0.1, the give the ratioa/(u?). Sincea is a pseudoscalar, we also give
unstable top part of the magnetic layer. There are typically 2t ratios with other relevant pseudoscalars, the heligityu)
nodes (1-2 wavelengths) presentinttendy directions, which and the current helicityj - b). The trends are cleati/(w - u)
indicates that the adopted box size is adequately chosen. Oretheé|a/(j - b)| increase with decreasing field strength and wit
other hand we find more nodes in the vertical direction thalecreasing scale height of the magnetic field, whiléw - u)
suggested by Schmitt’s (1994, 1995) analysis. After some tiralso decreases with increasigrurthermore(w-u) and(j - b)
the exponential growth stops and the evolutiorndbecomes have opposite signs, and the signsxgfw - u) anda/(j - b)
more complicated such that even the sigacahay change. An agree with the signs found in BNST. However, it should be noté
example of the evolution af is shown in FiglP. that the averages are the result of imperfect cancellations &
We have carried out a number of simulations for differetihe sign of the helicity tends to change if the average is weight
latitudes and calculated the values @fand v. The latitude in favor of regions where the field is strong.
enters the simulation through the Coriolis force. In Elg. 3 we One might expect that increases with the vertical gradien
plot the latitudinal dependence@iusing different symbols and of the magnetic field. This is indeed the case: lowering the val
compare with a simpleos ¢ colatitudinal profile. The agreementof Hy from 0.3 to 0.1 leads to an increasecgffuaoAl*] by at
is fair, although the scatter is relatively strong, especially ndeast a factor of ten. Increasiig by a factor of three leads to
the equator where both positive and negative values lifive a decrease af /[vs0Al%] by approximately the same factor. A

3. Results
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ll'l_J Table 1. Summary of parameters for runs®° latitude. Comparison In order to keep the buoyancy instability going an unstable
=8 of the last two columns shows thé®H3va0) ™" is roughly propor- field gradient has to be maintained. [This requirement may be
e tional toa/(u?). relaxed if the field is in a fibral state; see Moss et al. (1998)
for corresponding model calculations.] It is unlikely that such a
RuUn 2Q Hs wvao @ @ a i field gradient can be maintained by large-scale dynamo action
(w-u) (-b) (u?) QHZvao with magnetically drivem-effect alone, because the instability
09 1 0.3 0.3 0.007 —0.008 0.07 70 would diminish the gradient. Instead a separate mechanism may
11 1 03 0.1 0.02 -0.03 0.2 200 be necessary. For example a combination of turbulent downward
15 1 01 0.3 0.10 -0.07 1.0 700 pumping of magnetic field (Nordlund et al. 1992) together with
17 '3 03 03 0.002 —0.01 0.03 25 field line stretching by vertical shear at the bottom of the convec-

tion zone or in the lower overshoot layer may help to produce

a concentrated large scale field at the bottom of the convec-

tion zone. Preliminary work on overshooting convection with
similar behavior was found for an instability of thin magnetignposed shear (Brandenburg, Stein, & Nordlund, unpublished)
flux tubes (Ferriz-Mas et al. 1994). On the other hand, for smaftows that strong large scale magnetic field are generated and
values of) there should be ne-effect, so the dependenaé) that the toroidal field profile would indeed sustain magnetic
should have a maximum at some value which we do not kndoyancy instabilities.

at present. ) -
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Our results have shown that in the presence of rotation the mag-

netic buoyancy instability leads to flows exhibiting @reffect.

The sign ofa is positive in the northern hemisphere, and itgeferences

latitudinal dependence is roughly consistent with@f depen- gahys s. A., Hawley J. F., 1991, ApJ 376, 214

dence, wheré is colatitude. The latitudinal dependence foungrandenburg A., Sokoloff D., 1998, GAFD (submitted)

here is simpler than the profiles suggested earlier by Schngithndenburg A., Nordlund., Stein R. F., Torkelsson U., 1995, ApJ
(1985, 1987) using asymptotic theory. A possible cause of the 446, 741 (BNST)

discrepancy could be that the growth rates of the unstable moBesndenburg A., Jennings R. L., Nordlud, Rieutord M., Stein R.
are different in the present simulations, which are not in the F., Tuominen ., 1996, J. Fluid Mech. 306, 325 (BJNRST)
asymptotic regime considered by him. This is also indicated Bj@ndenburg A., Saar S. H., & Turpin C. R., 1998, ApJ 498, L51
the nodal structure of the solution in vertical direction. Anothé:re”iazs"i",‘\i/lS AL-é SSCCthTIttlgé 75‘2‘5&3;\6;2"1" 1133;" A&A 289, 949
reason might be t_hat the_two modes, whose guperposmon Ig gcgler K.-H.. Kaisig M.. Rdiger G.. 1095, A&A 295, 245

the non-monotonie-profile, do not show up simultaneously ing

h ical simulati This is indi d by th . %ause F., Rdler K.-H., 1980, Mean-Field Magnetohydrodynamics
the numerical simulation. IS Is indicate y the existence o and Dynamo Theory (Pergamon Press, Oxford)

two solutions with values of of different sign (with approx- ioffatt H. K., 1978, Magnetic Field Generation in Electrically Con-
imately zero sum) at the equator and the slight deviation from qucting Fluids (Cambridge University Press, Cambridge)
antisymmetry otx between northern and southern hemisphengoss D., Shukurov A., Sokoloff D., 1998, A&A (submitted)
However, more detailed investigations are necessary to clafifyrdiundA., Brandenburg A., Jennings R. L., Rieutord M., Ruokolai-
these points. nen J., Stein R. F., Tuominen |., 1992, ApJ 392, 647
Itisimportant to know the value afin the nonlinear regime. Parker E. N., 1955, ApJ 121, 491
Itis not clear how to estimatein that case. After the exponentialSchmitt D., 1984, in: The Hydromagnetics of the Sun, Proceedings of
growth phase is over the behavior seems to be rather complicatedn® 4th European Meeting on Solar Physics, ESA SP-220, p. 223
(Fig.[3). One would expect to approach a (statistically) steag§"™'tt D-» 1985, Dynamowirkung magnetostrophischer Wellen (PhD
state where Al £ u;/vao) is approximately constant. If the thesis, University of @ttingen)
: ' Ut/ Vao) 1S 8PP y C T Ne g nmitt D., 1987, AGA 174, 281
scaling ofa still applies to this casey would increase with .y, it D.. Schissler M., Ferriz-Mas A., 1996, A&A 311, L1

mggnetic field strength—in contrast to tradit?onadqgenching._ Steenbeck M., Krause F.z@ler K.-H., 1966, Z. Naturforsch. 21a, 369
Thisidea has recently been invoked to explain the increase in the see also the translation in Roberts & Stix, The turbulent dynamo...,

observedratio of stellar cycle frequencies to rotation frequencies Tech. Note 60, NCAR, Boulder, Colorado (1971).
with magnetic activity (Brandenburg et al. 1998) Thelen J.-C., 1997, Acta Astron. Geophys. Univ. Comen. XIX, 221
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