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Abstract. We present a model for the generation of mag-
netic fields in fully convective pre-main sequence stars. The
dynamo process in this type of star is of a2-type and hence
quite different from the solar dynamo. Based on a mean field
model of theturbulent electromotiveforce, the nonlinear induc-
tion equation is solved in three dimensions to allow for non-
axisymmetric solutions. The resulting magnetic field is purely
non-axisymmetric and steady.
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1. Introduction

Magnetic fields play an essential rolein stellar angular momen-
tum evolution because the only way to extract angular momen-
tum from a single star is magnetic coupling to the surround-
ing gas. This mechanism is particularly important in classical
T Tauri systems (CTTS), where the stellar magnetic fields may
thread the surrounding protoplanetary accretion disks.

In this type of system, the magnetic field prevents disk ac-
cretion inside the corotation radius and forces the gas to flow
along the field lines towards the poles of the star (Camenzind
1990; Konigl 1991; Shu et al. 1994). Outside the corotation ra-
dius, the disk is threaded by the field which exerts a positive
torque on the disk, i.e. transfers angular momentum from the
star to the disk and regulates the stellar rotation (Bouvier et
a. 1993; Cameron & Campbell 1993; Edwards et al. 1993; Yi
1994; Ghosh 1995; Armitage & Clarke 1996; Li et al. 1996).

In the paperslisted above, adipolar magnetic field has been
assumed with the axis of the dipole aligned with the axis of
rotation. As long as the true field geometry is unknown, this
assumption is the most reasonable one. As the efficiency of the
disk braking mechanism strongly depends on the structure and
strength of the stellar magnetic field (Wang 1995), this assump-
tion must, however, be checked. Spot distributions obtained by
Doppler imaging show non-axisymmetric patterns with large
polar spots (Joncour et al. 1994a, 1994b; Hatzes 1995; Rice
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& Strassmeier 1996; Johns-Krull & Hatzes 1997) and do not
support the assumption of an aligned dipole.

While the magnetic field of a CTTS is influenced by the
presence of the disk, that of aweak-line T Tauri star (WTTS) is
completely determined by the properties of the star. As T Tauri
stars are fully convective (at least during the early T Tauri
phase), a fossil field can be excluded. It would not survive
longer than a few hundred years because the convective mo-
tions enhance the efficiency of Ohmic dissipation for large-
scalefields by about ten orders of magnitude. Thefield must be
the result of adynamo. Dueto thelack of both differential rota-
tion and aradiative core, it must be expected to be quite differ-
ent from the solar dynamo (K ilker & Rudiger 1997). The most
likely process is an a-dynamo, which is known to produce
non-axisymmetric fields under certain conditions (Rudiger &
Elstner 1994).

2. Thedynamo

It is now widely accepted that the solar dynamo operatesin the
overshoot layer at the bottom of the convection zone, wherethe
stratification of the turbulence dominates and the radial gradi-
ent of the angular velocity is positive. The resulting dynamo is
of af)-type with an oscillating field and equatorwards moving
field belts in the equatorial region as required by the solar but-
terfly diagram (Krause & Radler 1980; Schiissler 1983; Parker
1993).

While this model is quite successful in explaining the solar
activity cycle, it can not be applied to fully convective stars.
Observations as well as theoretical considerations lead to the
conclusion that T Tauri stars rotate amost rigidly (Kiker &
Rudiger 1997). A dynamo is of af2-typeif the rotational shear
is more effective than the a-effect, i.e.

Cqo>C,, (1)

where Cq, = aR?/nt and Cq = R3Q/nr are the magnetic
Reynolds numbers corresponding to the two field generating
processes, () istheangular velocity of the stellar rotation and R
isacharacteristic length scale, e.g. the stellar radius. In T Tauri
stars, the absence of an overshoot layer as well as the flat ro-
tation profile make a pure a2-mechanism unlikely. Moreover,
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the a-effect due to density stratification can not be ignored any
longer but must be expected to be the dominating part of the
a-€effect.

2.1. The electromotive force

We work within the framework of mean field magnetohydrody-
namics. In this approach, quantities are split into a large-scale
and a small-scale part by application of an appropriate averag-
ing procedure. We write as usual

B=(B)+B', u=(u)+u' )
Theinduction equation for the mean magnetic field then reads
o(B

UE) v ((u) x (B) + ), ©

where £ = (u' x B') is the electromotive force (EMF) due
to turbulent convection. It consists of a field generating and a
diffusiveterm, i.e.

0(B;
& = a;j(Bj) + 77z'j1cM

T 4

2.1.1. a-effect

While the eddy diffusivity nr exists even in isotropic homo-
geneous turbulence, the a-€ffect is present only if the turbu-
lent medium is stratified and rotates, i.e. the turbulenceis nei-
ther homogeneous nor isotropic. In arotating stellar convection
zone, both density and the intensity of the turbulent motions,
uy = /(u'?), are stratified. There are therefore two contribu-
tionsto the a-effect, i.e.

©®)

In stellar convection zones, the density increases with depth
while u; decreases. Hence, the contributions to the total «a-
effect have different signs hence the final sign might vary with
depth. In case of the Sun, the contribution from density domi-
nates everywhere except in the transition layer at the bottom of
the convection zone where the sign of « changes (Krivodubskij
& Schultz 1993).

The a-effect due to the stratification of the convective mo-
tionsrunswith U = V log uy. As Fig. 1 shows, the convection
velocity is constant throughout the star, a* therefore vanishes
and will not be considered any further. The contribution from
density dtratification is

azpj = —(5” (QG)O[? — (QjGi + QiGj)ag

00
02

a=a’ +a".

—(Q;Gi — iGj)af (QG)ay, (6)

but G = V log p does not vanish and a” is the field-generating
terminthe EMF.

Rewritten in cylindrical polar coordinates (s, ¢, z), the a-
tensor reads

11 cos B 0 )9 sin 6
af = Q*GTcorruf - 0 1)1 cos B 0 , (M
1o sin 6 0 13 cosf

where

P = 914 :6 + Q2 — (H?)Q;# arctan Q*] , (8
Py = % 3 - ?Hgli?darctanﬁ*} , 9)
Y3 = 92*4 :61—:_7&*22 — 39*;j 2 arctan Q*} , (10

and G = VG2. 0 is the colatitude, Q* = 27,2 denotes
the Coriolis number and 7, the convective turnover time of
the stellar convection. Eq. (7) isvalid for arbitrary rotation rate
but weak fields. The zz-component differs from the ss- and
¢p-components by magnitude and sign. In the limit of slow
rotation, Q* <« 1, (7) becomes

% cos 6 0 — % sin @
o = OV GTeorti? 0 2 cosf 0 . (1)

8 o 12
—xsinf 0 —% cost

In the more relevant opposite limit of rapid rotation, Q* > 1,
the a-effect assumes the form

- 1 00
ap%GTcorruf§c059 01 0].

0 0 0

In the latter case the tensor becomes two-dimensional. Note
that in (12) the Coriolis number does not appear anymore,
i.e. the a-effect becomes independent of the rotation rate.

Eq. (7) holds for arbitrary rotation rates but only weak
fields. For finite field strengths, the back reaction on the small-
scale motions reduces the a-effect and finally saturate the
growth of the field at a value of the order of magnitude of the
equipartition value. A calculation of this a-quenching process
has been done by Rudiger & Kitchatinov (1993) for the slowly
rotating case. As this does not apply in our case, we adopt the
simple and widely used expression

(12)

o
o= —-
1+ 3%

where 3 = /(B2)/Beq and Beq = +/ popu? is the equiparti-
tion value for the magnetic field.

(13)

2.1.2. Diffusion

Thediffusionis dueto the simple presence of the turbulence. It
does not depend on agradient but on the length and time scales
of thevelocity fluctuationsand on therotation rate (Kitchatinov
et a. 1994),

00
Nijk = Mo(¢1 + P2)€ijn + o1 — q@w%, (14)
with 1y = Teorru? /3 and
2 +1
¢ = Efiﬂ (—1 + Qj arctan Q*) , (15)
3 arctan Q*
= (1 o), "
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For slow rotation, 2* < 1, ¢1 = ¢ ~ 1/2 and the diffusivity
tensor becomes isotropic. For rapid rotation,

3m 3
"R 2R

and the diffusivity tensor not only becomes strongly
anisotropic, the diffusion being twice as effective along the z-
axisthan perpendicular to it.

For fast rotators, the a-effect ceases to grow with the rota-
tion rate and saturates at afinite value. The diffusion term de-
creaseslike 1/9Q*. Thefaster the star rotates, the more efficient
(becomes) the dynamo process.

(17)

2.1.3. Turbulent transport

Besides the field-generating a-effect which is odd in the rota-
tion rate, the density stratification also causes a pure transport
effect which is even in the rotation rate, i.e.

Eadv = Edens + gmaga (18)
with
2
Edens = Udens X <B> - ﬁ(udens X Q)(ﬂ ’ <B>)a (19)
1 .
Emag = Umag X (B) + @(umag x §2)(§2 - (B)), (20)
where
Udens — _GLTcorrqu1 (Q*)a (21)
Umag = GTcorrU%X2(Q*)a (22)
ﬁmag = _GLTcorrng3(Q*)a (23)
and
G, =G-Q(G-Q)/0°. (24)
Inthelimit of slow rotation, * <« 1,
L 2 11 2 o2
X1~ 15 ) X2 = 6 15Q ) X3 =~ 15Q ) (25)

whilein the oppositelimit of rapid rotation, xi~um/8Q*, xor
m/169Q*, xs=mr/16Q2* (Kitchatinov 1991). This effect has been
included for completeness, but is of minor importance in this
context. For comparison, some runs were performed twice,
once with and once without the transport effect. The results
did not show any significant difference.

2.2. The star

In our computations constant values for the local parameters

are used, which are taken from a model of a fully convective

pre main-segquence star with 1.5 solar masses and 4.6 solar radii

by Pala & Stahler (1993). Figure 1 shows the stratifications

of density, equipartition field strength, convection velocity and

convective turnover time. The convection velocity after
Lgl2..Q

corr

Uy = (771-27’2 pCpT) (26)
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Fig. 1. Thestratification of the T Tauri star: density, equipartition field
strength, convection velocity, and logarithm of the convective turnover
time in days (top to bottom)

(L luminosity, l..,r mixing-length) differs from that of stan-
dard mixing-length theory. It has been corrected to take into
account the influence of the Corialis force on the convective
heat transport (Kuker & Riudiger 1997). A more consistent ap-
proach would be the use of rotation-dependent stellar models,
i.e. to take into account the influence of the rotation in the stel-
lar structure calculations, which is, however, beyond the scope
of this paper. The corrected convection velocity is constant in
the whole star except close to the surface. We use 7, = 10*°
cm?/s for the turbulent magnetic diffusivity of the non-rotating
star, 25 kG for the equipartition value of the magnetic field,
and G = —5 for the density stratification. Note that the actual
magnitude of the magnetic diffusivity depends on the rotation
rate via the Coriolis number. A rotation frequency Q = 10—°
s~! corresponding to a rotation period of about aweek yieldsa
Coriolis number * = 60. This valueis varied in some of the
calculations bel ow.

2.3. Numerics

As non-axisymmetric field configurations must be expected,
a 3D code is necessary to solve the induction equation. We
use the explicit time-dependent second-order finite-difference
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scheme in three spatial dimensions by Elstner et al. (1990).
The code uses cylindrical polar coordinates and a staggered
grid representation of the EMF to ensure that the magnetic
field remains divergence-free throughout the whole computa-
tion. While the use of cylindrical coordinates has the advantage
of avoiding the singularity at the origin of the coordinate sys-
tem, it does not allow detailed radial profiles of density, mag-
netic diffusivity and other relevant parameters. We use aver-
aged values for these quantities as well as for their gradients
where necessary. Moreover, it is hot very convenient to impose
any boundary conditions on the stellar surface. Instead, we as-
sume the star to be surrounded by a corotating medium of large
yet finiteresistivity. Thisconfigurationisagood approximation
of avacuum boundary condition as test calculations confirmed
(see below).

First we tried to reproduce results of Moss & Brandenburg
(1995, MB), who studied an «.2-type dynamo in a conducting
sphere surrounded by vacuum. We used the same EMF inside
the sphere while the value of the magnetic diffusivity outside
the sphere was assumed ten times the inside. With a resolution
of 61 x 31 x 9 grid points, we varied the Coriolis number to
determine the critical value. We find dynamo action for Corio-
lis numbers larger than about 26, a value slightly smaller than
that of 27.9 found by MB. The linear mode that is most eas-
ily excited is the S1-mode, which also is the dominant one in
the nonlinear case. Hence, we find the same geometry as MB,
although the critical valuesfor the Coriolis number slightly dif-
fer.

We did not make any attempts to improve the agreement
between the models as it would have been very difficult to use
the same boundary conditions as MB.

3. Results

We first address the question under which conditions dynamo
action exists. We therefore fix the Coriolis number at a value
of 60 and vary ¢, from zero to one. The critical value for the
onset of dynamo action lies close to 0.02. For all values of ¢,
above 0.02, the field has a S1-type geometry, i.e. the radial and
azimuthal components are symmetric with respect to the equa-
torial plane while the z-component is antisymmetric, and all
components vary with the azimuthal angle like cos(¢ + wt).
Thefield has thus an approximately dipolar geometry, but with
the axis of symmetry inclined by 90° relative to the rotation
axis. The field rotates with the star with a slow drift with a pe-
riod of about 45 years between both rotations. Figures 2 and 4
show thefield geometry for ¢, = 0.2, 2* = 60.

In the top diagram of Fig. 3, the total magnetic energy is
plotted vs. the a-parameter. The plot clearly shows that above
the critical value the energy increases linearly for increasing
values of ¢,. This behavior is not surprising since for a steady
field the diffusion must balance the a-effect.

As we always find essentially the same field structure and
a o 1/4% for 8> 1, thefield energy must be alinear function
of ag, henceof c,.
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Fig.2. Magnetic field for Q* = 60 and ¢, = 0.2 inthe ¢ = 0 half-
plane. LEFT: isocontours of the azimutha (¢) component. RIGHT:
vector plot of the radial and z-components

2.0-1011 [
1.5.1011[ ]
1.0-1011[ E

5.01010[ 3

0: ]
0.0 0.2 0.4 0.6 0.8 1.0
ALPHA PARAMETER

MAGNETIC FIELD ENERGY

6.0-1011
5.0-1011 &
4.0-1011E
3.0-1011F
2.0-1011 ¢
1.0-1011E

MAGNETIC FIELD ENERGY

o 50 100 150

CORIOLIS NUMBER

5.0-1010
4.0-1010F
3.0-1010
2.0-1010F

1.0-1010F

MAGNETIC FIELD ENERGY

0.0 0.2 0.4 0.6 0.8 1.0
ALPHA PARAMETER

Fig. 3. TOP: Total magnetic energy in arbitrary units as afunction of
the dimensionless parameter ¢,. MIDDLE: Total magnetic energy as
a function of the Coriolis number. BOTTOM: Same as top but with
different a-quenching law

Varying ¢, means keeping the rotation rate constant while
changing the efficiency of the a-effect. A moreinteresting case
is that of constant ¢, and varying Coriolis number, a situation
which may indeed occur when a star spins down after reaching
the main-sequence. We have carried out asequence of runswith
co = 1 and increasing Coriolis number.

The critical value of * lies between 0.7 and 0.8. At Q* =
0.8, we find a stationary field of SO geometry, i.e. the field is
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Fig.4. Themagnetic field in aplane of constant z. LEFT: isocontour plot of the z-component. RIGHT: vector plot of the horizontal components

symmetric with respect to the equator and it is axisymmetric.
Figures 5 and 7 show the field structure.

At Q* = 1, thefield geometry has not changed very much,
but the field is now oscillatory with an oscillation period of
about two years. Its time dependence can not be described as a
rotation, but is a true cycle with the total field energy varying
withtime. The samebehavior asfor Q* = 1isfoundat Q* = 2.

For Q* = 3 and al larger values, the field has S1-type
geometry and a purely rotational time dependence with no
variation of the magnetic field energy. The field geometry is
shown in Figs. 6 and 8. In the s-¢ plane, it is of almost spiral-
type while aplot at constant azimuthal angle shows two radia
shells. Above * = 3, the field geometry does not change that
much, although the profiles at constant z-values show a more
spiral-type geometry for Q* = 3 and an amost dipolar field for
0* = 60.

0.0 0.2 04 0.6 0.8 1.0

Fig.5. Magnetic field for the weakly supercritical case ' = 0.8.
LEFT: isocontours of the toroidal field. RIGHT: vector plot of the
poloidal field

Changes of Q* affect both o and 5, but in the limit of fast
rotation, crg becomes independent of 2*, while the magnetic
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Fig.6. Magnetic field for Q* = 3 in the half-plane ¢ = 0. LEFT:
isocontours of the ¢-component. RIGHT: theradial and vertical com-
ponents

diffusivity decreases as 1/Q*. Hence, 3% o« Q* and the mag-
netic field energy increases linearly with increasing Coriolis
number. Theresult is shown in Fig. 3. Therelation between Q*
and the resulting magnetic field energy is indeed linear.

The linear relation between the field energy and ¢, (or the
Coriolis number) is a consequence of the a-quenching rela
tion (13). In Rudiger & Kitchatinov (1993), a quenching func-
tion was derived which decreases with 32 in the limit of strong
magnetic fields. We therefore vary ¢,, for fixed Coriolis num-
ber with « = ap/(1 + 3%). The result is shown in the bottom
diagram of Fig. 3. Now 32 o a and thus the magnetic energy
varies as ag/ ? The symmetry of thefield is not affected by the
change of the a-quenching function.

4. Conclusions

We never find the traditional dipolar field geometry. The fields
are always symmetric with respect to the equatorial plane.
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Fig. 7. The magnetic field for Q* = 0.8 in a plane of constant z somewhere above the equatorial plane. LEFT: isocontour plot of the z-

component. RIGHT: vector plot of the horizontal components

Fig.8. SameasFig. 7, but for Q* = 3

Small Coriolis numbers yield axisymmetric (S0) and large
Coriolis numbers non-axisymmetric (S1) field geometries.
While the SO-field consists of quadrupolar and higher modes
with no dipolar contribution at al, the non-axisymmetric
field found for realistic Coriolis numbers somewhat resem-
bles a tilted dipole. Note, however, that it remains fully three-
dimensional in the outer space, while an aligned dipole has
no toroidal field component. For the stellar model we have
used, a Coriolis number of order 2 would correspond to a ro-
tation period of 220 days, much longer than the observed ro-
tation periods of up to one week. We therefore conclude that
the mean magnetic fields in weak-line T Tauri stars are non-
axisymmetric.

Itisawell-known result of linear dynamo theory, that non-
axisymmetric modes can merely rotate, not oscillate (Radler
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1986). Although we deal with nonlinear dynamos, this is ex-
actly the behavior we find. The fields are time-dependent, but
their variation turns out to be a pure rotation.

The field geometry that results from our model is quite
close to what MB found, although we deal with a different
kind of object and a completely different a-tensor. Thisis due
to the fact that a-type dynamos do not depend on the sign
of a.. Moreover, both a-tensors have essentialy the same form
because the gradients of density and turbulence velocity are
aligned (with opposite signs). Both types of a-effect share the
property that .. vanishesfor rapid rotation, whileit dominates
in case of slow rotation.

The field geometry appears not to depend significantly on
the type of a-quenching used to limit the field generation. The
field strength, however, does. While its order of magnitude is



M. Kiker & G. Rudiger: Magnetic field generation in weak-line T Tauri stars

determined by the equipartition field strength, the actual value
depends on the input parameters ¢, and Q* as well as on the
guenching function. The field strength inside the star typically
ranges between 10* and 10° G. Its dependence on the Coriolis
number implies that even in a pure a.2-type dynamo without
any rotational shear, the magnetic field strength strongly de-
pends on the stellar rotation rate.

The mechanism of field generation completely changes
when the star contracts towards the main-sequence and the ra-
diative core evolves. The strong rotational shear between the
core and the convection zone should then turn the dynamo from
the o to the af)-regime. It is a challenge for the theories of
differential rotation and stellar dynamos to make predictions
about this transition.
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