A&A 413, 1143-1151 (2004) Astronomy
DOI: 10.10510004-6361:20031569

& .
© ESO 2004 AStI’OphySICS

Dynamics of the fast solar tachocline

II. Migrating field
E. Forgics-Dajka

E6tves University, Department of Astronomy, Budapest, Pf. 32, 1518 Hungary
Konkoly Observatory, Budapest, Pf. 67, 1525 Hungary

Received 14 November 20Q2ccepted 1 October 2003

Abstract. We present detailed numerical calculations of the fast solar tachocline based on the assumption that the dynamo
field dominates over the dynamics of the tachocline. In the present paper of the series, we focus on three shortfalls of the
earlier models. First, instead of the simple oscillating dipole poloidal field we study the more general magnetic field structures
reminiscent of the butterfly diagram. The migrating field is prescribed as the observed axisymmetric radial magnetic field
(Stenflo 1988, 1994). Our results are in good agreement with our analytical estimate and our previous works Bajicl

& Petrovay (2001, 2002), but the polar “dip” in isorotational surfaces is strongly reduced in this case. On the other hand, a
more realistic model should have a magnetitudiivity decreasing significantly inside the radiative interior, so we also explore

the dfect of difusivity and magnetic Prandtl number varying with depth. We found that the downwards decreasing magnetic
diffusivity and Prandtl number have no significafieet on the solution, although the temporal variation of the tachocline
thickness has decreased.
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1. Introduction that the mixing process in the solar tachocline is confined to a

shallow layer (Brun et al. 1999, 2002).
Helioseismic data allow us to study the structure and rotation . L
Making use of the most recent helioseismic results one

rate of the solar interior. The tachocline is a thin transitional " 4 o N
layer below the solar convective zone. In this layer the surfad@n Investigate the temporal variation and the latitudinal struc-

like rotation of the convection zone changes to near-uniforf of _the_ tachoclme._ Basu & Antia (2001) found that _the
rotation in the radiative interior. The existence and proper'[iestgf:h(.)(:l'ne is prolate, with the@erence.between the tacho_clme
this layer have been known from helioseismic studies, recen?l?.s't'on at0and th.at at 6Dlatitude _belng about 02R.. This
reviewed by Corbard et al. (2001). The tachocline is known in agreement with results obtained by Charbonneau et al.

be extremely thin; the central radius of the tachocline appe ggg)_ Basu & An_tla (2.001) _also report an increase in th'ck'
to lie within the range B9-0.71R., and its thickness is esti- ness of the tachoc_lme with latitude, but th|s_ increase is Ie_ss sig-
mated to be<0.05R; (Kosovichev 1996; Corbard et al. 1999,;1|f|cant, though still at the @ level. Rega_rd|_ng the dyn_am|cal .
Schou et al. 1998; Charbonneau et al. 1999). aspect, one would expect. temporal var!atlons associated with
) ~ the solar cycle to appear in the tachocline (Howe et al. 2000;
Precise values for the parameters of the solar tachoclingsag,, & Antia 2001; Corbard et al. 2001). Howe et al. (2000)
such mean position, thickness, latitudinal and temporal varigport that a large-scale oscillation may be taking place in this
tions, de.pend on the inversion techniques used for.hellose_lsq“g&ger with a period about.3 yr. It is not clear whether this pe-
data. Elliott & Gough (1999) suggest that there existsfeni joq is associated with solar-cycle-related variations, and Basu
ence in the sound speed profile between the observations gnghtia (2001) did not find any periodic or systematic changes
the Standard Solar Models. By including an additional mixing, rotation rate in the tachocline region. This fact may be the

layer below the convection zone, they calibrate the thiCk”et§t§nsequence of the inficiency of the helioseismic data.
of the tachocline and they find that the mean tachocline thick-

ness is M19R, with a formal standard error of about 5%. The
observed light-element abundances at the surface also su

The extreme thinness of the tachocline implies a strongly
Risptropic transport of angular momentum (Spiegel & Zahn
992). Several dierent mechanisms have been proposed for
this transport, but it is now widely believed that the mag-
* e-mail:E.Forgacs-Dajka@astro.elte.hu netic field is instrumental in its origin. It is known that an
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oscillating magnetic field cannot propagate far into the radid-1. Flow field

tive zone. The extent of the penetration of this magnetic fiejﬂ]e flow field was treated in the same manner as in Paper |

is the skin depttHgkin = ~/2n/weye, Wheren is the magnetic ”

diffusivity andweyc is the freque%cy of the cycle. On the onégeverthelesfs, some additional remarks are t?‘ke” here. As_we
hand, fory < 10°cn?/s the dynamo field cannot penetrat@qerltloned in Paper, S_ect. 34 the_total flow f'?lq can b_e writ-
the tachocline, and we can expect the tachocline to be pt(?ﬁ_' as the_sum of theftierential rotau_on and meridional circu-
J)?_tlon: While we co_m.pute th.e evol_unon of the a_ngul'c_lr velocity
n 2 10°cn?/s the tachocline dynamics should be governé’?ﬁ'th time, the meridional circulation is prescribed in our re-

by the dynamo field. As the associatedfulsive and Lorentz gon, b_ecausg n this case we focus on thieat of any merid-
onal circulation in the tachocline, not on the complex problem

timescales are also venyflirent, these two cases basically cot . _ T :
&merldmnal circulation in the convective zone. Recent he-

respond to the case of “slow” and “fast” tachocline, discuss A _ .
in the literature (see esp. Table 1 in Gilman 2000). ioseismic inversions have ShOV\in that the outer qonvectlve en-
velope is pervaded by @20 m s+ poleward meridional flow.

In recent years the case of a slow tachocline has besiich inversions currently do not provide accurate meridional
investigated extensively by a number of authorsdi®ér & flow information at greater depth, thus we turn for guidance
Kitchatinov (1997) and MacGregor & Charbonneau (1999 the numerical simulations of thermally driven turbulent con-
studied the interaction between a large-scale field with fixg@ction recently carried out by Miesch et al. (2000uKéf* &
poloidal component and fierential rotation without taking Stix (2001) and Kitchatinov & Rdiger (1995). These simula-
into consideration the meridional circulation. They found th@bns generate a mean meridional circulation and in these the
the internal poloidal field of 16 G is suficient to confine the meridional flow penetrates into the stable interior. In an at-
tachocline to its observed thickness if the internal field is fulkempt to incorporate at least qualitatively these observational

contained within the radiative zone. Gough & Mclintyre (1998ind computational results, we used a model similar to that de-
presented a model for the solar tachocline which allows tkegribed in Paper I.

nonlinear interaction between the meridional flows and a large- The strong subadiabatic stratification of the solar interior
scale magnetic field in self-consistent way. Garaud (2001) pg&ts an upper limit to the meridional flow. An elementary esti-
formed calculations taking into account the meridional flowhate discussed in Paper | yields ~ 10 cm s*. On the other
and the self-consistent evolution of the poloidal field. hand Miesch et al. (2000) found that depending on assumed

In the first paper of these series (Facg-Dajka & Petrovay Vfilues of some of the input parameters .this_pattern is a per-
2002, hereafter Paper 1), we studied the alternative case cfigfent equatorward or poleward circulation in the overshoot
fast, turbulent tachocline with a turbulentfiisivity of about egion. Accordingly, the flow parameters used in our calcu-
n = 10°cm?/s and we presented detailed numerical calc{@tions were chosen to produce simple smooth one- and two-
lations allowing for the self-consistent evolution of the dipd=elled flow patterns obeying the amplitude constraint as before
lar poloidal field. It was found that a ficiently strong oscil- mentioned, while repr_oducmg the observed.flow speed near the
latory poloidal field with dipolar latitude dependence at thetrface. For the density, we used the following expression:

tachocline-convective zone boundary is able to confine the

m
tachocline to its observed thickness. This is in good agredF) = C(% —y) , (1)
ment with our analitical estimate in Fags-Dajka & Petrovay
(2001). where the values of the parameters usedcare 1.2, m = 2.0

In this paper, instead of a dipolar field we consider the mo?gdy = 0.9. The flow patterns are shown in Paper |, Figs. 9

. N o and 10. In these cases, the speed of the horizontal motion is
realistic case of a migrating field, studying itseet on the dy- 5 crys in the upper part of the radiative interior
namics of the solar tachocline. After formulating the mathe- '
matical problem in Sect. 2, results of our model containing a
migrating magnetic field will be presented in Sect. 3. We alsa2. Poloidal field
explore the &ect of the meridional flow and the impact of vary-

ing the difusivity with radius. Finally, Sect. 4 summarizes th& 1S Well known that sunspot activity occurs in the form of
main results. waves with periods-11 yr, which propagate from middle lat-

itudes towards the solar equator. In the extended butterfly dia-
gram (Makarov & Sivaraman 1989), one can see the poleward
migration of the magnetic fields indicated by the migration pat-
tern of a number of tracers such as quiescent prominences or
2. The model the coronal green line.
Stenflo (1988, 1994) analyzed 33 yr of synoptic observa-
In order to describe the fierential rotation and the evolution oftions of the Sun’s magnetic field carried out daily at the Mount
the large-scale magnetic field in the solar interior it is useful Wilson and Kitt Peak observatories over all solar latitudes and
write the equation of motion and the hydromagnetic inductidongitudes. The observed longitudinal magnetic field has been
equation in a frame rotating with the fixed internal rotation rateonverted to a radial magnetic field assuming that the field di-
These equations can be found in the first paper of these seraxgion is on average radial in the layers where the field is
(Paper I, Sect. 2.1). measured. This provides an opportunity to analyse the global
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modes of the Sun. Stenflo (1988, 1994) expanded the ra&alaw
magnetic field in spherical harmonics and he found that the

zonal magnetic field pattern can be represented as a superposi,
tion of N discrete modes with purely sinusoidal time variations;
with frequencywe,e = 27/22 yrl. Consequently, the evolu- &
tionary pattern of the axisymmetric radial magnetic field carg

be written in the following form: 20
N g
Br(t,X) = ) lal cos|weye (t — )| Pi(x), (2) o0 ———
=1 Time [yr]
with . . . . -
Fig. 1. lllustration of the evolution of the vector potential. Solid lines
D = —weycll, (3) represent positivé and dashed lines denote negative

whereB; is the radial, axisymmetric magnetic field,| is the _
amplitude @, is the phase lag, is the time lag and = coss. ~ 2.3. Equations for our model
Petrovay & Szadély (1999) found that the latitudinal distri-

buti ¢ the field at th . flects th diti tt ased on Paper I, Sect. 2.1, the azimuthal components of
ution ot the field at e surtace refiects the condiions at T - (1) and (2), including theffiects of difusion, Coriolis

pottom of the convective zone, €. In this regard_ the CONVE(Eice, meridional circulation, toroidal field production by shear,
tive zone behaves as a “steamy window”. Thus, if we assumiey | orentz force. read

that the above formula describes the time-evolution of the ra- '

dial magnetic field at the base of the convective zone, then mg) = dw (arv a4l 4 c')rpz) + 89w3" CF’S@

development of the vector potential is given by: r p r2sinf

B, (r,0,t) singrdd + F(r,t
[ Bi(r.6,) sinerde + F(r )’ @

sing B
whereF is an arbitrary function. Stenflo (1988, 1994) also stud-=

+0Zwv + 6§w12 +L+C+M;
A(r,6,1) = r

(0pASING — 9, Ar cosb)

ied the dominance of the odd and even modes and he showed 4ﬂpr32|;20
that the odd modes prevail in the evolution of the radial, ax- ————  (8yAsinf — Acosd)
isymmetric magnetic field. 4mpr2 sinf 6

Thus, the development of the vector potential is represented 0¢B

g . . o —————— (—Asinf — ;Arsing
as a superposition of the sinusoidal, 22 yr variations for the 7 4npr3sirf 6 ( ' )

odd modeswith = 1,3,...,13, as 20 20 o2 6
5 C=¢rT°(1—3co§9)+arw%
A@B.1) = A Z Viiak(6)lag+ 24l Cos[wcyc (t- t1+2k)] P P 2
Py M1 = w v (1-3cog ) + dyr cos 6] —
1 p
Vi =3 sing 1-3cog6 sin6 cosy
V3 = =sing— =sin°g L P
2 8 5B B(am . cogd 7 )
1 . 7 . 21 . tb=bl =~ ; -2
Vs = = sinf — = sin° 6 + — sin° 6 r r2sinfg 1’
2 4 16 2 7 COSH .
1. 27 . 99 . 429 . +0,B| =L + ;| + 3yB—— + 9°Byy + 32B—
V7=§sm9—§sm39+ 1_65"150_585'”79 r r2sing ' 972
Vo = =singd— —=sin" 9+ —siP§— —sin’ 9 _ 1
2 2 8 32 +9gw (~Asing — 8, Ar sin6) — + M,
2283600 r
BT 1 o 1
256 M2 = BJu (30020 1) 1 + 22) - awcode] -
1. 65 325 5525 rop r2p
Vi1 = =sind— —sin* 0+ — siP§ — ——sin’ § ,
> 8 ) 64 29 Y sing cosd
20005, 20393, +0:B(1-3cod ) 12, OB = )
* 256 oM 0~ Togg S0 _n 2 1 COSf
1. 45 ., 1275 . 8075 A=At TOAT T 9N Tgne
Vi3 = =sinf - —sir 6+ ——simr g - ——sin’ 4 r<si
2 4 16 32 1027+ AL 4 M
101745 o, 156009 . 185725 . o r oA+ Ms
256 512 2048 ’

1
The factorA, fixes the poloidal field amplitude. Tha| ampli- Ms = AW (1 ~3cos 9) + Gyt cos 6] 3

tudes andb, phases of the odd modes were obtained by Stenflo 1 sing cosy
(1994). The result is shown in Fig. 1. +0r Ay (1 - 3cos 9) 2 + 56ATC’H//~ (8)
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(For the sake of completeness we repeated here Eqgs. (13)-@5) Solution procedure
of Paper | which contain a typo.) In these equatidnsepre-
sents the terms associated with the Lorentz focelenotes
the terms associated with the Coriolis force avfig, My, M3 .
denote the terms associated with the advection by meridingi
circulation. va

The Navier-Stokes, the induction equations and the equation
for the poloidal magnetic field are coupled, nonseparable par-
differential equations. We solve them as an initial-boundary
ue problem. We use a time relaxation method with a finite
difference scheme first order accurate in time to solve the equa-
tions. A uniformly spaced grid is set up with 128 grid points in
2.4. Boundary conditions for the physical parameters  ther direction and 64 grid points in thiedirection.
The initial conditions chosen for all calculations are
Our model does not include the convection zone, so the com- 6
putational domain for the present calculations consists of ju&{ &t = 0) = Ao Zio Vivadlassadl cOS(P42)

an annular meridional cut in the northern hemisphere (O< atr =Tbcz
n/2) in the upper part of the radiative interior, between raglii Alr.6.t=0) =0 atr < Tocz (11)
andrpc,, Whererpe, is the radius of the bottom of the convec®(f: 6t = 0) = Qncz — Qo atr = rpcz

(r, H,I = O) = O atr < rbCZ

tion zone. For the solution of Egs. (6)—(8) we use the followirfg
boundary conditions.

Assuming the deep radiative core to be a rigidly rotatingtarting from the initial conditions, the solution is allowed to
perfect conductor, we set bofiand A to zero at the lower evolve in time until it relaxes to a very nearly periodic be-
boundary. Both these quantities are also set to zero along Hagiour.
symmetry axis and they are antisymmetric about the equator.

Furthermore, our upper boundary condition on the poloidal
field is the solution of Eq. (4). For the upper boundary cors: R€SUlts

dition chosen for the toroidal field we assume that the toroida} stated above, we examine the influence of a migrating field

field is negligible in the convective zone compared to its vali the radial spreading of theffiirential rotation into the radia-

in the tachocline. Such a hypothetlcal situation is in line Wltti\/e interior. Prescribing a migrating magnetic field at the top

current thinking in dynamo theory, and it may be a natural cofie define the form of the vector potential from the observed ra-

sequence of buoyancy-driven instabilitigkeetively removing  dial magnetic field. Besides théfect of the field strength, we

any toroidal flux from the convective zone. study the consequences of the varying th&udivity and the
For w we require axial and equatorial symmetry, and at theagnetic Prandtl number with radius, and the influence of the

bottom of the convection zone we suppose that the rotation rateridional circulation.

can be described with the same expression as in the upper part

of the convection zone. Since the observations indicate that %}(_ﬁi Solution without meridional circulation

differential rotation varies little within the convection zone and' ™

in the deep radiative interior, we can takes = 0 at the bot- In the first calculations, only the field strength varies from case

tom of the computational domain, so the lower boundary condé- case. The values of the viscosity and magnetftuslivity

tion for w is different than in Forg¢s-Dajka & Petrovay (2001, chosen for these simulations are identiga; v = 10 cm?/s,

2002) wherew = 0 at the bottom of our box. Finally, we sum-.e. the magnetic Prandtl number is ong,Prv/n = 1 and the

(r,0,t=0) =0.

marize and formulate these conditions in this way: meridional circulation is neglected. Several calculations were
run with different field strengths and we chose the most suitable

A = Aonzo Vi olags ol cos[wcyc (t— t1+2k)] case for us, where theis_ﬁmiently stro_ng magnetiq fiel_d is able

atr = rpe, to |_nt§rfer_e th_e spreading of thefidirential rotation |r_1to the
w = Qpey— Qo atr = rpey radiative interior and to reproduce the observed thickness of
B=0 atr = rpe, (9) thetachocline. This case is shown in Fig. 2 after relaxétlo_n
B=A=dw=0 atr =ri, In the left-hand panel we plgtte_d the_contours of the time-
B=A=dw=0 atd = 0, average of the rotation rate, which is defined as
B =0s)A=0pw =0 atg = /2, ﬁ(r’ 9) — w(r, 6) + Qo (12)

1 t+Pcyc

where Qo is the rigid rotation speed at the observed rate(r.6) = Poe ft w(r, 6, t) dt, (13)

Qo/2r = 437 nHz andy, is the rotation rate, which can be

described with the same expression as in the upper part of WigereP,. = 22 yr is the period of the cycle.

convection zone. In the right-hand panel we plotted the rotation rate at dif-
In accordance with the observations of the GONG networigrent latitudes as a function of radius. We note that in Paper |

the expression used fYy; is

1 Color figures and computer animations illustrating the time de-
velopment of some of our solutions can be downloaded from the

— 456—72c026 — 42coé 6 nHz (10) following web site:http://astro.elte.hu/kutat/sol/fast2/
fast2e.html

chz
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Fig. 2. Spreading of the dlierential rotation into the radiative interior fgr= v = 10'° cnm?/s. Left-hand panelcontours of the time-average

of the rotation rate under one dynamo period, with contour spacifigréiz; the solid lines represent the regions rotating faster and the dotted
lines show the regions slower théa/27 = 437 nHz.Right-hand panelhe rotation rate at flierent latitudes as a function of radius. The peak
amplitude of the poloidal magnetic field and the toroidal fieldBge- 2400 G andB ~ 12 000 G, respectively.
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Fig. 3. Latitudinal variation of the tachocline thickness for the cag€ig. 4. Latitudinal variation of the radial jump i® for the case in

in Fig. 2. The solid line represents the thickness from the model aRi). 2. The solid line represents the thickness from the model and the
the dashed and dashed-dot lines shoivom MDI and GONG data dashed and dashed-dot lines shis&from MDI and GONG data re-
respectively (Basu & Antia 2001). The grey and the hatched aregzectively (Basu & Antia 2001). The dotted lines show the error esti-
show the error estimates on these. mates on these.

we plotted the dterential rotation amplitudAw in right-hand
panels, wherev was weighted with latitude antlw was nor- The fast tachocline shows a quite marked latitude-
malized (see Eq. (23) in Paper I). However, in this paper we @ependence in our results, as illustrated in Figs. 3 and 4. In both
tained the values of the frequency, so in this case the results fignres we also plot the results of the helioseismic measure-
be compared easier with helioseismic observations and eweents from MDI and GONG (Basu & Antia 2001). It should be
the more insignificant variations of the rotation rate are mom®ted that, according to the helioseismic results, the latitudinal
conspicouos. Based on the helioseismic observations we exration in position of tachocline is significant, while the vari-
pect that the dferential rotation changes to the rigid rotatiomtion in width is not clear, but the results tend to suggest that
in a thin transition region. It is well visible that the prescribethe thickness increases with latitude. Since the top of the com-
differential rotation at the base of the convection zone changesational domain is fixed at® R, in our model, therefore
to the near-uniform rotation in a thin layer. the position of the tachocline cannot be directly compared with
We also study in detail the dynamics of the tachoclinde observations. Notice that the thickness of the tachocline is
and compare to the observations. Accordingly, the thicknedsse to zero at around the colatitude of Gfecause at this co-
of the tachocline and the change in the rotation rate across kgtude the rotation rate is equal to the rigid rotation velocity.
tachocline are defined as in Basu (1997). Thus, the jump in thieis region is the so-called corotation zone (Fig. 3). In addi-
rotation rate across the tachoclif@ is the diference between tion to latitudinal variations, we also investigate the temporal
the rotation rate at the base of the convection zone and thevariations in the properties of the tachocline, and we find that
tation rate in the interior. The thickness of the tachoclinis the thickness of the tachocline depends on cycle phase (Fig. 5).
defined as the rotation rate increases from the fact@r£ e€) This variation is not confirmed by the observations, but the he-
of its maximum value to the factor41/(1+e€) of its maximum lioseismic data set is relatively short. The development of the
value intherange=r;—wtor = ry + w. toroidal magnetic field and the radial magnetic field shown in
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t [years] Fig. 6. Time-latitude diagram for the toroidal fieldtaded region
and the radial fieldqontourg at the base of the convection zone.

Fig. 5. The thickness of the tachocline atfférent latitudes as a gqigistant contour levels of the radial field are separated by intervals
function of time for the case in Fig. 2. of 30 G.

F|g 6 Correspond to the observed e\/o|utionary pattern of tﬁ@'mda' field is controlling the influence of the meridional mo-
magnetic field, i.e. the butterfly diagram. tion. In case of equatorward circulation it can be seen that the

tachocline thickness at the pole extended and in the corotation
) ) o ] ) zone the peak is apparent. Both are due to the transport by the
3.2. Solution with weak meridional circulation equatorward motion. If we assume that in the tachocline region

In the second case, we study the influence of the meridiota§ circulation is toward the pole then the thickness at the high
circulation. As we mentioned, the strong subadiabatic stratififitudes is reducible. It must be noted of course that the solar
cation sets an upper limit to the amplitude of the meridiondynamo theorle_s favour the counterclockwise C|rc_ulat|on. On
circulation ¢m ~ 10 cm s1). the other hand in our model we have not emphasized the role
We use the flow patterns shown in Paper I, Figs. 9 and f the circulation, but the role of the Maxwell stresses which
where the speed of the horizontal flow is weak. In these cas@ie capable to limit the shear layer to its observed thickness.
we considered thefiect of the meridional flow on the magnetic/Vé studied it for the sake of completeness.
field (M2, M3 in Egs. (7) and (8)). The results with the merid-
ional circulation included can be seen in Fig. 7. The poloidgl 3. Varying the diffusivity with radius and Pr,, = 1.0
field amplitude used here was the same as in the previous case. ] S ] )
Notice that the fect of the weak meridional flow of5 cm st In this section the diusivity is allowed to vary with radius.
on the magnetic field is not dramatic. In Paper | we only investigated cases where theuslivities
In Fig. 7 it can be seen that the rigid rotation rate is shiftédf€ constant throughout the computational domain. The ques-
compared to the first case in accordance with the direction{n may arise that the high viscosity in the deep radiative zone
flow. An equatorward flow in the tachocline region increas€9uld be a disfigurement to our results? In order to answer, we
the near-uniform rotation rate, while a poleward flow reduces #hange the magneticfllisivity and the viscosity with radius as

We remark that the lower boundary condition {ois different
than in Forgics-Dajka & Petrovay (2001, 2002) whese= 0 at 7 (or v) = no (O vo)
the bottom of our box. In these casgs = 0 at the bottom of
the computational domain, so th&ext of the meridional cir- whereng, vo is the maximum value of the flusivity and viscos-
culation on the rotation is perceptible in the radiative interior. #y, I andr, are geometric parameters. Important notice that the
is apparent that the deep meridional flow changes the rigid used numerical technique sets a limit to this variation with ra-
tation rate. If we raised the amplitude of the meridional circutius. Namely, the lowest value of viscosity or magnetic difusiv-
lation at the upper part of the radiative interiog(~ 2 m s), ity in the domain determines thefflisive timescale as against
but we reduced the penetration of the meridional circulationtke time step which is determined by the highest value of these.
the meridional motion is in the overshoot region —, the shift ldence the very low value of viscosity gives rise to the extremly
not dramatic. This result could play an important role in theng integration times.
model for the solar dynamo models wherein a meridional flow Thus, in this case we set these parameters as follows:
penetrates into the stable layers below the tachocline (Nandy&or vo) = 10'°, T = 16 andr, = 4.2 x 10'°, and the magnetic
Choudhuri 2002). Prandtl number is one Rr= v/n = 1. The magnetic diusivity

In Fig. 8the diferences between the three results are aip-varied with depth between approx.>1dnd 16°. This vari-
parent. Note that the rotation rate in the interior is changation of the dffusivity, while quantitatively much milder than
in these cases and we used it to define the thickness of éxpected physically, provides an opportunity for us to consider
tachocline. It is well visible that theffect of the weak circu- the dfects of a variable diusivity without the necessity of im-
lation is not dramatic and chiefly limited to the pole. In thipossibly long integration times.
paper the toroidal field strength is higher as in the earlier pa- In left-hand panel of Fig. 9 itis clearly visible that the influ-
per and on the other hand the upper boundary condition on #rece of the downwards decreasinfjusivity on the solution is

-1
1+ exp(l“ir” ! )} , (14)

Mocz — lin
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Fig. 7. Same as in Fig. 2, but including the meridional circulationlefitthand panethe circulation is counterclockwise, while fight-hand
panelit is clockwise.

008 N ' interior is strongly reduced in the polar region and the temporal

_ _ _ Equatorward circulation variation of the thickness is also decreased (see Fig. 10).

Poleward circulation u

0.06 -

4. Discussion and conclusion

w/Reo

The models discussed in this paper show that the dynamo field
dominates over the dynamics of the fast solar tachocline pro-
vided that the turbulent ffusivity in the tachocline region ex-
ceeds; 2 10°cn?/s.
In our first work (Forgics-Dajka & Petrovay 2001) we pre-
0 20 40 60 80 sented an analytical estimate for the strength of an oscillatory
Colotitude 0[] poloidal field, which is able to confine the tachocline to its ob-
Fig. 8. Latitudinal variation of the tachocline thickness. The soligerved thickness foy ~ 10'°cn?/s. Based on the estimate we
line represents the case shown in Fig. 2 and the dashed and dasbhdwed a simple numerical calculation. A crucial assumption
dot lines respectively denote the thickness including the meridionglthis calculation is that the oscillatory poloidal magnetic field
circulation. does penetrate below the convective zone to depths compara-
ble to the tachocline thickness and the penetration is prescribed
a priori.
small. However it is noticeable that in the polar region the dif- N Our forthcoming model (Paper 1), instead of the a priori

ferential rotation penetrates into deeper layers of the radiatRiescribed oscillatory poloidal magnetic field we included the

interior. On the other hand the amplitude of the temporal vafivolution equation for the poloidal field, but the poloidal field
ation of the thickness is smaller than in the case of Fig.5. Was & simple oscillating dipole, which was not very realistic.
In that work we also explored the parameter space a bit more

widely by varying the magnetic Prandtl number and théudi
3.4. Varying the magnetic Prandtl number with depth  sivity, but we did not investigate thefects of the variations
of these parameters with depth. We found that the confining

Under realistic conditions, the turbulent magneti€udivity in  fie|q strength increased with increasing viscosity and magnetic
the tachocline should be reduced to the microscopic magnegsig,ndtl number.

diffusivity in the radiative core and the turbulent viscosity to | the present work we focus on three shortfalls of the
molecular and radiative viscosity. However the magnetiei ¢ jier models. First, instead of the simple oscillating dipole
sivity is greater than the viscosity and it is less reduced thggjsidal field we study the more general magnetic field struc-
the viscosity (see esp. Fig. 1 inuBiger & Kitchatinov 1997), ,res reminiscent of the butterfly diagram. On the other hand,
so the magnetic Prandtl number is varied with depth. a more realistic model should have a magnetitugivity de-
As argued earlier, the low fiusivities often make the nu- creasing significantly inside the radiative interior.
merical simulations problematic, therefore we tried to give a For the more general magnetic field structures, we use the
qualitative test instead of a quantitative analysis. Accordingbgsults of Stenflo (1988, 1994), where the evolutionary pat-
we used the above formula (14) to define the variatiom oftern of the axisymmetric magnetic field can be written as a
andy with radius and the required parameters are followingiperposition of the sinusoidal, 22 yr variations for the 7 odd
mo = 1x 10T = 8,r, = 42x 10" for p andvy = 10°, modes spherical harmonic components. Based on our previous
I =10,r, = 4.2 x 10'°for v, so the magnetic Prandtl numbetyorks we studied the field strength and we found thatf@-su
is varied between 0.024 and 0.1. ciently strong migrating magnetic field is able to reproduce the
Our resultis illustrated in right-hand panel of Fig. 9. In thisbserved thickness of the tachocline. This agrees with the re-
case the poloidal field strength B, ~ 1500 G and the maxi- sults in Forgics-Dajka & Petrovay (2001, 2002), apart from the
mum value of the toroidal field iB ~ 6000 G. It is well visible fact that the time-latitude diagram for the toroidal field (Fig. 6)
that the penetration of theférential rotation into the radiativeis now similar to the butterfly diagram. The lower boundary

Corotation zone
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magnetic Prandtl number with depth). dashed-dot lines denote the results obtained by the present models.
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condition forw is different than in Fora¢s-Dajka & Petrovay
(2001, 2002), giving us a possibility to study thiéeet of the available helioseismic information, which may be in conse-
dynamics of the upper layers on the inside layers. In Fig. 2gtience of the latitudinal limit of observations. In Paper | the
can be seen that because of the higfiudivity there is a lit- poloidal field was a simple oscillating dipole, and the reality of
tle deviation in the rotation rate compared to the fixed intern@lis pit needs to be verified with other poloidal field geometries
rotation rateQ at different latitudes. Furthermore an equatoand other parameters. In this paper we found that in case of the
ward meridional circulation in the tachocline region increas@sore general magnetic field structure the polar pit is reduced
the near-uniformrotation rate, while a poleward flow reducesib its half and in case of varying the magnetic Prandtl number
Note that this phenomenon is sensitive to the penetration dewith depth the pit is almost disappeared (Fig. 11). If we use the
of the flow into the upper radiative interior. We found that thenore general field geometry reminiscent of the butterfly dia-
internal rotation rate is not shifted extremly in spite of the irgram, the penetration depth of thefdrential rotation into the
creasing amplitude of circulation if the circulation is dominate@diative interior in the polar region is decreased owing to the
in the upper part of the tachocline. The downwards decreasfagt that at higher latitudes the stonger magnetic fields stay up.
diffusivity or rather the magnetic Prandtl number does not aprcase of the decreasing magnetic Prandtl number the influ-
preciably dfect the solution. Evidently, this model is simpli-ence of the Maxwell stresses are in the ascendant compared
fied treatment of the turbulence in the tachocline, neverthelgggh the viscous stresses, so the permeation of tierential
it gave us an opportunity to consider thesieets. The varying rotation below the convective zone at the pole reduces further.
magnetic difusivity and Prandtl number with depth give rise t@n the other hand regarding the dynamical aspect, we stud-
a change of the temporal variation of the tachocline thicknegsd the temporal variations of tachocline. Due to the relatively
It is shown in Fig. 10 that the downwards decreasing magnedigort helioseismic data set, the temporal variations associated
Prandtl number tends to reduce the spatiotemporal variationwith the solar cycle to appear in the tachocline is not clear. In
The main results of present and earlier models is that theth models, the vector potential of the magnetic field is pre-
dynamo field in the turbulent tachocline by Maxwell stressesssribed with a period of 22 years at the top of the computational
capable to limit the shear layer to its observed thickness. Téemain, so we found that the thickness of the tachocline de-
next step of this analysis consists in comparing the numerigaEnds on cycle phase. However the amplitude of the temporal
results in the present work and the model in Paper | with tiariations can be reduced if the impact of Maxwell stresses is
helioseismic results. In Paper | the thickness of the tachoclieehanced compared with the viscous stresses — for example the
showed the “pit” at the pole, which is not confirmed by thenagnetic Prandtl number is less than one (cf. Fig. 10).
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As stated earlier, an important shortfall of these modelsBsun, A. S., Turck-Chéze, S., & Zahn, J.-P. 1999, ApJ, 525, 1032
obviously the extremely simplified treatment of the turbuledrun, A. S., Antia, H. M., Chitre, S. M., & Zahn, J.-P. 2002, A&A,
transport. If the turbulence arises from the instabilities in the 391, 725
tachocline, then the fiusivities should clearly be some, pOSCharbonneau, P., Christensen-Dalsgaard, J., Henning, R., et al. 1999,
sibly very complex, functionals of the velocity field and of the ApJ, 527, 445 . ,
magnetic field. The next step to model this would be to use-82ad. T, Blanc-&faud, L., Berthomieu, G., etal. 1999, A&A, 344,
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Smagorinsky-type formula dc— e model for the ditusivities. Corbard, T., Jimhez-Reyes, S. J., Tomczyk, S., et al. 2001, in Helio-

Other important points v_vhat we should cons.lde.r in the fu- and Asteroseismology at the Dawn of the Millennium, ESA Publ.
ture are the boundary conditions on the magnetic field and thesp_s64, 265
complete dynamo-generated poloidal field, because the cikpati, M., & Gilman, P. A. 2001, ApJ, 559, 428
ditions in the present treatment poorly represent the dynagmott, J. R., & Gough, D. O. 1999, ApJ, 516, 475
ical interaction between the flow and the magnetic field Forgics-Dajka, E., & Petrovay, K. 2001, Sol. Phys., 203, 195
the tachocline and the convection zone (Petrovay 2000). Mdfygcs-Dajka, E., & Petrovay, K. 2002, A&A, 389, 629 (Paper 1)
theoretical models suggest that the toroidal magnetic fieldGgraud, P. 2001, MNRAS, 329, 1
up to 16 G in the tachocline, required to produce sunspot!man, P- A. 2000, Sol. Phys., 192, 27
in low latitudes (Petrovay & Moreno-Insertis 1997). In ouggrl;‘;"DP' g" i?ﬂ"éf’n"’;t';g"'l\fogz’l:gg';;ﬁjrleogéll -
model the pe_ak toroidal field is above_ ?bOUﬁ 18, but this Howe, i?.,ChFistensen¥De;Isgaard,J., ;-Iill, F.,e,t aI.2,000, Science, 287,
may change if dferent boundary conditions are used or the 2456
d;_/namo—ger)eratgd field is included. Dikpati & Gilman (2001kitchatinov, L. L., & Ridiger, G. 1995, ASA, 299, 446
Gilman & Dikpati (2002) suggest that the dynamo-generat@@sovichev, A. G. 1996, ApJ, 469, L61
toroidal field should play an important role in the global instaciker, M., & Stix, M. 2001, A&A, 366, 668
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