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Abstract. We present a model for the generation of magnetic
fields in fully convective pre-main sequence stars. The dynamo
process in this type of star is of α2 -type and hence quite different
from the solar dynamo. Based on a mean field model of the turbulent electromotive force, the nonlinear induction 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 role in stellar angular momentum evolution because the only way to extract angular momentum from a single star is magnetic coupling to the surrounding 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 accretion inside the corotation radius and forces the gas to flow along
the field lines towards the poles of the star (Camenzind 1990;
Königl 1991; Shu et al. 1994). Outside the corotation radius, 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 al. 1993; Cameron
& Campbell 1993; Edwards et al. 1993; Yi 1994; Ghosh 1995;
Armitage & Clarke 1996; Li et al. 1996).
In the papers listed above, a dipolar 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 assumption 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
& 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 a weak-line T Tauri star (WTTS) is
Send offprint requests to: M. Küker

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 motions enhance the
efficiency of Ohmic dissipation for large-scale fields by about
ten orders of magnitude. The field must be the result of a dynamo, which, due to the lack of both differential rotation and a
radiative core, must be expected to be quite different from the
solar dynamo (Küker & Rüdiger 1997).
The most likely process is an α2 -dynamo, which is known
to produce non-axisymmetric fields under certain conditions
(Rüdiger & Elstner 1994). Such a dynamo has been proposed by
Schüssler (1975) as a mechanism to produce the magnetic fields
of Ap stars, which are radiative on the main sequence but pass
a fully convective phase during their pre-main sequence evolution. As his model is axisymmetric, has a prescribed symmetry
with respect to the equatorial plane, and contains an isotropic
α-effect, its predictions about the field geometry are rather limited. A case much more similar to the one we deal with is that
of Moss & Brandenburg (1995, MB), who treated a planetary
dynamo in three dimensions with an anisotropic α-effect and
indeed found non-axisymmetric geometry.
2. The dynamo
It is now widely accepted that the solar dynamo operates in the
overshoot layer at the bottom of the convection zone, where the
stratification of the turbulence dominates and the radial gradient
of the angular velocity is positive. The resulting dynamo is of
αΩ-type with an oscillating field and equatorwards moving field
belts in the equatorial region as required by the solar butterfly
diagram (Krause & Rädler 1980; Schüssler 1983; Parker 1993).
While this model is quite successful in explaining the solar
activity cycle, it cannot be applied to fully convective stars. Observations as well as theoretical considerations lead to the conclusion that T Tauri stars rotate almost rigidly (Küker & Rüdiger
1997). A dynamo is of αΩ-type if the rotational shear is more
effective than the α-effect, i.e.
RΩ  Rα ,

(1)

where Rα = αR2 /ηT and RΩ = R3 Ω/ηT are the magnetic
Reynolds numbers corresponding to the two field generating
processes, Ω is the angular velocity of the stellar rotation and R
is a characteristic length scale, e.g. the stellar radius. In T Tauri
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stars, the absence of an overshoot layer as well as the flat rotation
profile make a pure αΩ-mechanism unlikely. Moreover, the αeffect due to density stratification cannot be ignored any longer
but must be expected to be the dominating part of the α-effect.
2.1. The electromotive force
We work within the framework of mean field magnetohydrodynamics. In this approach, quantities are split into a large-scale
and a small-scale part by application of an appropriate averaging
procedure. We write as usual
B = hBi + B 0 ,

u = hui + u0 .

(2)

The induction equation for the mean magnetic field then reads
∂hBi
= ∇ × (hui × hBi + E),
(3)
∂t
where E = hu0 × B 0 i is the electromotive force (EMF) due
to turbulent convection. It consists of a field generating and a
diffusive term, i.e.
∂hBj i
.
(4)
Ei = αij hBj i + ηijk
∂xk
2.1.1. α-effect
While the eddy diffusivity ηT exists even in isotropic homogeneous turbulence, the α-effect is present only if the turbulent medium is stratified and rotates, i.e. the turbulence is neither homogeneous nor isotropic. In a rotating stellar convection
zone, p
both density and the intensity of the turbulent motions,
ut = hu02 i, are stratified. There are therefore two contributions to the α-effect, i.e.
α = αρ + αu .

(5)

In stellar convection zones, the density increases with depth
while ut decreases. Hence, the contributions to the total α-effect
have different signs hence the final sign might vary with depth.
In case of the Sun, the contribution from density dominates
everywhere except in the transition layer at the bottom of the
convection zone where the sign of α changes (Krivodubskij &
Schultz 1993).
The α-effect due to the stratification of the convective motions runs with U = ∇ log ut . As Fig. 1 shows, the convection
velocity is constant throughout the star. αu therefore vanishes
and will not be considered any further. The contribution from
density stratification (Rüdiger & Kitchatinov 1993),
ρ
= −δij (ΩG)α1ρ − (Ωj Gi + Ωi Gj )α2ρ
αij
Ωi Ωj
−(Ωj Gi − Ωi Gj )α3ρ −
(ΩG)α4ρ ,
(6)
Ω2
with G = ∇ log ρ = Gr̂, does not vanish and is therefore the
field-generating term in the EMF.
Rewritten in cylindrical polar coordinates (s, φ, z), the αtensor reads


ψ1 cos θ
0
ψ2 sin θ
 , (7)
0
0
ψ1 cos θ
αρ = cα Ω∗ Gτcorr u2t · 
0
ψ3 cos θ
ψ2 sin θ

where
1
Ω∗ 4
6
ψ2 = ∗ 4
Ω
2
ψ3 = ∗ 4
Ω
ψ1 =

923



6 + 3Ω∗ 2 − Ω∗ 4
∗
arctan
Ω
6 + Ω∗ 2 −
,
Ω∗


3 + Ω∗ 2
∗
arctan Ω ,
3−
Ω∗


Ω∗ 2 + 2
6 + 7Ω∗ 2
∗
−3
arctan Ω ,
Ω∗
1 + Ω∗ 2

(8)
(9)
(10)

θ is the colatitude, Ω∗ = 2τcorr Ω denotes the Coriolis number
and τcorr the convective turnover time of the stellar convection.
The dimensionless parameter cα has been introduced in (7) as
an input parameter that can be varied between zero and one in
the computations below. Eq. (7) is valid for arbitrary rotation
rate but weak fields. The zz-component differs from the ssand φφ-components by magnitude and sign. In the limit of slow
rotation, Ω∗  1, (7) becomes

 4
0
− 85 sin θ
5 cos θ
4
 . (11)
0
0
αρ ≈ cα Ω∗ Gτcorr u2t 
5 cos θ
8
12
− 5 sin θ
0
− 5 cos θ
In the more relevant opposite limit of rapid rotation, Ω∗  1,
the α-effect assumes the form


1 0 0
π
(12)
αρ ≈ cα Gτcorr u2t cos θ  0 1 0  .
2
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
α-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 α-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 α-quenching process has been done
by Rüdiger & Kitchatinov (1993) for the slowly rotating case.
As this does not apply in our case, we adopt the simple and
widely used expression
α0
,
(13)
α=
1 + β2
p
p
where β = hB 2 i/Beq , Beq = µ0 ρu2t is the equipartition
value for the magnetic field, and α0 denotes the α-effect in the
limit of weak magnetic fields, i.e. αρ in our case.
2.1.2. Diffusion
The diffusion is due to the simple presence of the turbulence. It
does not depend on a gradient but on the length and time scales
of the velocity fluctuations and on the rotation rate (Kitchatinov
et al. 1994),
ηijk = η0 (φ1 + φ2 )ijk + η0 (φ1 − φ2 )ijl

Ωl Ωk
,
Ω2

with η0 = τcorr u2t /3 and


3
Ω∗ 2 + 1
∗
arctan
Ω
φ1 =
−1
+
,
Ω∗
4Ω∗ 2

(14)

(15)
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3
φ2 =
2Ω∗ 2



arctan Ω∗
1−
Ω∗



DENSITY

.

0.15

(16)

For slow rotation, Ω∗  1, φ1 ≈ φ2 ≈ 1/2 and the diffusivity
tensor becomes isotropic. For rapid rotation,
φ2 ≈

3
,
2Ω∗ 2

g/cm3

3π
,
8Ω∗

0.05

(17)

and the diffusivity tensor not only becomes strongly anisotropic,
the diffusion being twice as effective along the z-axis than perpendicular to it.
For fast rotators, the α-effect ceases to grow with the rotation rate and saturates at a finite value. The diffusion term
decreases like 1/Ω∗ . The faster the star rotates, the more efficient (becomes) the dynamo process.
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(19)
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where
udens = −G⊥ τcorr u2t χ1 (Ω∗ ),
umag = Gτcorr u2t χ2 (Ω∗ ),
ûmag = −G⊥ τcorr u2t χ3 (Ω∗ ),

(21)
(22)
(23)

2

G⊥ = G − Ω(G · Ω)/Ω .

(24)

CONVECTIVE TURNOVER TIME

2

1
1
χ2 ≈ − Ω∗ 2 ,
6 15

2 ∗2
Ω ,
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1

0

In the limit of slow rotation, Ω∗  1,
1 ∗2
Ω ,
χ1 ≈
15

-1
0.0

0.2

(25)

while in the opposite limit of rapid rotation, χ1 ≈π/8Ω∗ , χ2 ≈
π/16Ω∗ , χ3≈π/16Ω∗ (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-sequence star with 1.5 solar masses and 4.6 solar radii by
Palla & Stahler (1993). Fig. 1 shows the stratifications of density,

0.4
0.6
FRACTIONAL RADIUS

3

log(tau/day)

and

0.2

0.4
0.6
FRACTIONAL RADIUS

0.8

1.0

Fig. 1. The stratification of the T Tauri star: density, equipartition field
strength, convection velocity, and logarithm of the convective turnover
time in days (top to bottom)

equipartition field strength, convection velocity and convective
turnover time. The convection velocity after

ut =

2
Ω
Lglcorr
2
2
π r ρCp T

 14
(26)

(L luminosity, lcorr mixing-length) differs from that of standard mixing-length theory. It has been corrected to take into
account the influence of the Coriolis force on the convective
heat transport (Küker & Rüdiger 1997). A more consistent ap-
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proach would be the use of rotation-dependent stellar models,
i.e. to take into account the influence of the rotation in the stellar
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 η0 = 1015 cm2 /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 Ω = 10−5 s−1
corresponding to a rotation period of about a week yields a
Coriolis number Ω∗ = 60. This value is varied in some of the
calculations below.
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 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 computation. The use of
cylindrical coordinates has the advantage of avoiding the singularity at the origin of the coordinate system. If, however, the
radial profiles of density, magnetic diffusivity and other relevant
parameters are not smooth but show large gradients or rather
layered stratifications, the necessary number of grid points increases in both the s and z directions, making the computations
very time consuming. We use averaged values for these quantities as well as for their gradients where necessary. Moreover,
it is not very convenient to impose any boundary conditions
on the stellar surface. Instead, we assume the star to be surrounded by a corotating medium of large yet finite resistivity.
A value of 100 is usually chosen for the ratio of the magnetic
diffusivities inside and outside the star. The integration covers
a cylinder with a height of four and a radius of two stellar radii
with the star located at the center. The boundary conditions require that the magnetic field be perpendicular to the boundaries
and divergence-free, i.e.
Bs = Bφ =

∂Bz
=0
∂z

(27)

at the upper and lower boundaries and
∂
(sBs ) = Bφ = Bz = 0
∂s

(28)

at the outer boundary of the cylinder. Most runs were performed
with a resolution of 61 × 9 × 31 grid points for the s, φ, and
z coordinates, where the spacing is closer in the central part of
the cylinder, which contains the star. A subset of 41 × 9 × 21
grid points is used for this region which covers two stellar radii
in z and one stellar radius in s. Some test runs were done with
higher resolutions.
To check if the configuration described above is a good approximation for a star surrounded by vacuum, we first tried to

Fig. 2. Magnetic field for Ω∗ = 60 and cα = 0.2 in the φ = 0 halfplane. LEFT: isocontours of the azimuthal (φ) component. RIGHT:
vector plot of the radial and z-components. The vertical axis is the
rotation axis of the star.

reproduce results of MB, who studied an α2 -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 larger than inside.
We varied the Coriolis number to determine the critical value.
We find dynamo action for Coriolis numbers larger than about
26, a value slightly smaller than that of 27.9 found by MB. The
linear mode that is most easily 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 values for the
Coriolis number slightly differ.
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 cα from zero to one. The critical value for the
onset of dynamo action lies close to 0.02. For all values of
cα above 0.02, the field has a S1-type geometry, i.e. the radial
and azimuthal components are symmetric with respect to the
equatorial plane while the z-component is antisymmetric, and
all components vary with the azimuthal angle like cos(φ + ωt).
The field 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 period of
about 45 years between both rotations.
Figs. 2 and 3 show the field geometry for cα = 0.2, Ω∗ = 60.
In Fig. 3, a plane parallel to the equatorial plane has been chosen
that cuts the northern hemisphere at an intermediate latitude. In
the southern hemisphere, the z component has reversed sign
while the horizontal (s and φ) components are identical with
those in the northern hemisphere. In the equatorial plane, Bz
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Fig. 3. The magnetic field in a plane parallel to the equatorial plane that cuts the northern hemisphere of the star. Left: isocontour plot of the
z-component. Right: vector plot of the horizontal components

Fig. 4. Magnetic field for the weakly supercritical case Ω∗ = 0.8. Left:
isocontours of the toroidal field. Right: vector plot of the poloidal field

vanishes and the horizontal components look very similar to
those in Fig. 3.
Above the critical value the total magnetic field energy increases linearly for increasing values of cα . This behavior is not
surprising since for a steady field the diffusion must balance the
α-effect. As we always find essentially the same field structure
and α ∝ 1/β 2 for β  1, the field energy must be a linear
function of α0 , hence of cα .
Varying cα means keeping the rotation rate constant while
changing the efficiency of the α-effect. A more relevant case is
that of constant cα and varying Coriolis number, which corresponds to a sample of stars of the same type but different rotation
rates or a single star changing its rotation rate due to external
torques. We have therefore carried out a sequence of runs with
cα = 1 and increasing Coriolis number.
The critical value of Ω∗ lies between 0.7 and 0.8. At Ω∗ =
0.8, we find a stationary field of S0 geometry, i.e. the field is

symmetric with respect to the equator and axisymmetric. Fig. 4
shows the field structure for Ω∗ = 0.8.
At Ω∗ = 1, the field geometry has not changed very much,
but the field is now oscillatory with an oscillation period of
about two years. Its time dependence cannot be described as a
rotation, but is a true cycle with the total field energy varying
with time. The same behavior as for Ω∗ = 1 is found at Ω∗ = 2.
In Fig. 5, five consecutive snapshots of the magnetic field for
Ω∗ = 2 are shown. Depending on the phase, there are two
or three radial shells of alternating field polarity. Field belts
emerge at the center of the star and move outward to the surface
where they finally disappear. The total field energy varies by
about 30%. Unlike axisymmetric fields from αΩ dynamos, the
magnitudes of all three field components are of the same order
of magnitude, hence the field is not dominated by the toroidal
component.
For Ω∗ = 3 and all 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. 7 and 6. In the s-φ plane, it is of almost spiral-type while a
plot at constant azimuthal angle shows two radial shells. Above
Ω∗ = 3, the field geometry does not change that much, although
the profiles at constant z-values show a more spiral-type geometry for Ω∗ = 3 and an almost dipolar field for Ω∗ = 60.
Changes of Ω∗ affect both α and η, but in the limit of fast
rotation, α0 becomes independent of Ω∗ , while the magnetic
diffusivity decreases as 1/Ω∗ . Hence, β 2 ∝ Ω∗ and the magnetic field energy increases linearly with increasing Coriolis
number. The linear relation between the field energy and cα
(or the Coriolis number) is a consequence of the α-quenching
relation (13). In Rüdiger & Kitchatinov (1993), a quenching
function was derived which decreases with β 3 in the limit of
strong magnetic fields. We therefore vary cα for fixed Coriolis
number with α = α0 /(1 + β 3 ). Now β 3 ∝ α0 and thus the
2/3
magnetic energy varies as α0 . The symmetry of the field is
not affected by the change of the α-quenching function.
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Fig. 5. The toroidal (top) and poloidal (bottom) field components for the weakly supercritical case Ω∗ = 2 at consecutive phases of the activity
cycle. The times between the snapshots are equal.

Fig. 6. Same as Fig. 3, but for Ω∗ = 3

4. Conclusions
We never find the traditional dipolar field geometry. The fields
are always symmetric with respect to the equatorial plane. Small
Coriolis numbers yield axisymmetric (S0) and large Coriolis
numbers non-axisymmetric (S1) field geometries. While the S0field consists of quadrupolar and higher modes with no dipolar
contribution at all, the non-axisymmetric field found for realistic Coriolis numbers somewhat resembles 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 2
would correspond to a rotation period of 220 days, much longer
than the values of up to one week observed for weak-line T Tauri
stars. We conclude that for this type of star the conditions for the
excitation of the oscillating solutions are never met and the mean
magnetic fields are thus always steady and non-axisymmetric.
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M. Küker & G. Rüdiger: Magnetic field generation in weak-line T Tauri stars: an α2 -dynamo

the α2 to the αΩ-regime. It is a challenge for the theories of
differential rotation and stellar dynamos to make predictions
about this transition.
Acknowledgements. The authors are thankful for the support by the
Deutsche Forschungsgemeinschaft. F. Palla is cordially acknowledged
for his kind supply of current TTS models.
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