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Abstract. We argue that contemporary magnetic fields in the radiative cores of solar-type stars are relics of
hydromagnetic dynamos operating over the pre-main sequence epoch when the core formed. Simulations of differ-
ential rotation and dynamos of a 1 M, star are performed for a sequence of evolutionary stages of the core-growth
epoch. A big difference in the dynamo-generated field between the initial and final stages of the core formation
is predicted. An axisymmetric and cyclic field similar to the present day Sun is excited in a star with a mature
radiative zone. An infant Sun with its core just starting to grow generates a nonaxisymmetric global field which
is steady in a rotating frame. A qualitative explanation for the nonaxisymmetry is suggested. A model for the
field capturing by the growing core is designed. The internal field is most efficiently captured over the initial
phase when the core grows most rapidly. A nonaxisymmetric global relic field with an amplitude somewhat below
1 G is predicted for a main-sequence star of solar mass. An interpretation of the active longitude phenomenon as
observed on the Sun and stars in terms of the nonaxisymmetric relic field is suggested.
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1. Introduction

It is generally accepted that solar-type stars possess mag-
netic fields in their radiative cores. The internal fields are
important for the rotational coupling between the core and
convection zone (Spruit 1987; Charbonneau & McGregor
1992, 1993) that is evident from helioseismology (Shou
et al. 1998). Also the observed alteration of high and low
activity cycles on the Sun is readily explained in terms of a
weak internal magnetic field (Pudovkin & Benevolenskaya
1984).

The field is usually assumed to be a relic of the pre-
main sequence epoch. The microscopic magnetic diffusiv-
ity of the core ~10% cm?s~! is low enough for the field
to survive against ohmic decay over evolutionary times.
The question of how the relic field is attained by the core
is much less clear, however. A considerable flux can be
captured from a protostellar cloud by the forming star
(Mestel 1965). Later on, the star evolves through a fully-
convective stage. The duration of this stage, 21 Myr, is
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about 10* times longer than the characteristic time of tur-
bulent diffusion. It is quite problematic for a global pri-
mordial field to survive the Hayashi-phase.

It could do so only if turbulent diffusion were not ac-
tive for some reason. The spatial separation of magnetic
and velocity fields on small scales (Tayler 1987) and sup-
pression of the turbulent fragmentation of scales in a 2D
flow (Cattaneo & Vainshtein 1991) were suggested as pos-
sible reasons. The possibilities seem to be limited to very
special cases of hydromagnetic turbulence (Nordlund et al.
1994).

Rotating convective stars can drive hydromagnetic dy-
namos. The observed magnetic activity of T Tauri stars
(e.g., Gilliland 1986; Basri et al. 1992) supports this ex-
pectation. The dynamo-generated field can then be incor-
porated into the growing radiative core (Schussler 1975;
Parker 1981; Dudorov et al. 1989). In this scenario, the
global geometry and amplitude of the “relic” field are
mainly controlled by the dynamo operating in the retreat-
ing convection zone.

This paper describes simulations of the convection
zone dynamo and the internal field capture by a growing
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Fig. 1. Fractional radius, x., of the radiative core of the 1 M,
star as a function of stellar age. The dotted line shows the
power-law approximation, z. ~ (t — t0)1/4.

radiative core for a solar mass star. We first model the evo-
lution of the stellar structure over the core growth epoch.
Then, the differential rotation and dynamo are simulated
for several evolutionary stages. A nonaxisymmetric global
field is predicted to be generated over the initial (most
rapid) growth of the core. The field is steady in a rotating
reference frame. The frame does not, however, co-rotate
with the fluid. In the co-rotating frame, the nonaxisym-
metric field pattern migrates over longitudes completing
one revolution in (roughly) a diffusion time. The migra-
tion reduces the efficiency of the field capture, so that a
kilogauss field in the convection zone decreases to about
one Gauss in the internal field after being incorporated
into a fully-grown core. This small field is sufficient to
couple the core rotation to the convection zone. It also
can be the reason for the axial asymmetry observed in
magnetic activity of the Sun and stars.

The next Section describes the design of our models.
Section 3 presents the results and discusses their implica-
tions.

2. Simulations
2.1. Stellar evolution

The dynamo simulations require a specification of the stel-
lar structure. The evolution of the star was computed us-
ing Eggleton’s (1971, 1972) code, which applies the equa-
tion of state of Eggleton (1973). For temperatures below
10* K where molecular opacities are important, the opaci-
ties are specified after Rogers & Iglesias (1992) and Weiss
et al. (1990). The computations were made for a star of
one solar mass, with a typical Population I composition
X =0.70 and Z = 0.02. The starting point for the model
was a fully-convective protostar near the top of its Hayashi
track, with radius 6 R . The star was evolved to a slightly
pre-main sequence age of 32 Myr.

Figure 1 shows the ratio, z. = r./R, of the core radius,
r¢, to the radius of the star as a function of stellar age. At
the end of the run, the core radius, z. = 0.67, is close to
the present-day solar value.
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Table 1. Structure parameters for the pre-main sequence Sun.

Age, Myr z. L/Le R/Rs pe,gcm™?® T., K
1.92 0.05 1.14 2.01 6.40x 1073 1.25 x 10°
239 018 097 1.87 7.42x107% 1.31 x 10°
4.32 0.34 063 1.65 1.13x1072 1.53 x 10°
10.4 0.50 038 1.23 220x1072 2.19 x 10°
3.9 0.67 063 1.05 1.32x1072 2.54 x 10°

2.2. Differential rotation

Our differential rotation model is almost identical to that
of Kitchatinov & Riidiger (1999) (the only difference is dis-
cussed shortly below). A detailed description of the model
can be found in that paper. We avoid reproducing it here.

The model defines the distributions of angular veloc-
ity, meridional flow and entropy within a convection zone
provided that input stellar parameters are given. These
include the stellar mass (M), total luminosity (L), ra-
dius (R), rotation period (P ), fractional radius of the
convection zone inner boundary (z.), density (p.), and
temperature (T.) at the external radius, xe = re/R, of
the simulation domain slightly below the stellar surface,
and the mixing-length parameter, o, . = ¢/Hp, of the
ratio of the mixing length to the pressure scale height.
We applied quite a standard value «,,, = 1.7 and put
ze = 0.95 in all simulations. The other parameters except
for the rotation period are defined by the stellar evolu-
tion model. Table 1 lists the input parameters for the five
stellar ages for which the differential rotation and dynamo
simulations were performed. Note that the five states are
approximately equally spaced in core radius.

A new feature of the problem concerned is that energy
release within the convection zone cannot be neglected.
Accordingly, we have to modify the heat transport equa-
tion (Eq. (18) of Kitchatinov & Riidiger 1999) by including
the source term into its right side:

1 oC
4772 Or (1)

where L is the local luminosity, S is entropy, F°"" and
Fd are the convective and radiative heat fluxes respec-
tively.

Figure 2 shows an example of the computed differen-
tial rotation for the age 1.92 Myr. The rotation period
P,ot = 5 day for this case. The surface differential rota-
tion is only ~0.3%. The small rotational inhomogeneity is,
nevertheless, significant for the dynamo. It is also some-
what larger than predicted by Kiiker & Riidiger (1997).
The difference is due to the account taken of thermody-
namics in our model. The sharp changes in the angu-
lar velocity near the top and bottom show the bound-
ary layers (Durney 1989; Kitchatinov & Riidiger 1999).

div (F™ + F™*) + pTu-VS =
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Fig. 2. Rotation law for the 1.92 Myr aged 1 Mg star pre-
dicted by our differential rotation model. Left: depth profiles
of the angular velocity for the equator (full line), 45°-latitude
(dashed), and pole (dashed-dotted). Right: angular velocity
isolines. Pot = 5 day.

The meridional flow is strongly limited to these layers.
The flow amplitude is about 10 ms~! at the boundaries
but falls well below 1 ms~! within a short distance. The
slow circulation is neglected in the dynamo simulations.

The differential rotation model also supplies the radial
profiles of the eddy diffusivity and some other parameters
required for dynamo simulations (cf. Fig. 3).

2.3. Dynamo model

We simulate dynamo action in a stellar convection zone
by solving the mean-field induction equation,

dB/dt = 1ot (V x B + €), (2)

in a spherical layer. The large-scale velocity field, V,
stands for a non-uniform rotation,

V = eyr sind Q(r,0), (3)

where ey is the azimuthal unit vector and r, 6 and ¢ are
the usual spherical coordinates.

The mean electromotive force, £, of the induction
Eq. (2) is produced by the correlated fluctuations of mag-
netic, B’, and velocity, ’, fields (cf. Krause & Ridler
1980),

E = u XBI = gdiff+ Sgen- (4)

This equation distinguishes the contributions made by tur-
bulent diffusion and by magnetic field generation due to
the a-effect of cyclonic convection (Parker 1979).

The diffusive part allows for rotationally-induced
anisotropy and quenching (Kitchatinov et al. 1994),

Sdiff =-n rotB — nue X ((e : V)B) ’ (5)

where e = €2/} is the unit vector along the rotation axis
and 7, is the diffusivity excess along this axis compared
to the transverse direction. The rotational effects on the
diffusivities,

ned(¥), n, =

n = ¢, (2°), (6)
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are involved via the dimensionless quenching functions,
$(Q2*) and ¢, (") (Kitchatinov et al. 1994),

*2 _
) = = (1 b (Q*)),
3 02 +3
¢\| Q) = W <_3 + Tj_tan_l (Q*)>a (7)

of the local Coriolis number,
Q" = 270, (8)

where 7 is the convective turnover time.

The efficiency of a shear flow in generating a magnetic
field can be estimated by a dimensionless product of the
time of the field diffusion, [?/n, over a spatial scale, [, of
the shear region with the field winding frequency, RAQ/I.
The estimations show that the boundary layers of Fig. 2
are of minor importance for the dynamo. We exclude the
very thin boundary layers from the computational domain
to avoid problems with numerical resolution.

The generation part, Egen, of the mean electromotive
force (4) is expressed in terms of the a-tensor,

Egen = a0 B. 9)

A mixing-length representation for this tensor for a
density-stratified rotating fluid (Ridiger & Kitchatinov
1993),

Oéijzf

(e G) (6ija1 + eiejas) — (e:Gj +e;G;) az, (10)

is applied. In this equation, G = Vln(p) is the density
stratification vector and a,-coeflicients,

an = nTAn(Q*)v (11>

are expressed in terms of the eddy diffusivity and further
quenching functions, A, (Riidiger & Kitchatinov 1993),

3 .2 6+302 -t
A = 29*3<Q +6—Ttan L@y ),
3 9 204
Ay = (02 —-30—- —— 12
4 29*3< 1+0*2 (12)
*27 *4
+30+9Q Q0 ot (Q*>> ’
Q*
AQ = 74¢\| (Q*)/Q* )

where the function ¢, is defined by Eq. (7).

The notation, 7., of the above equations stands for
the magnetic eddy diffusivity which would exist under
actual sources of turbulent convection (actual superadia-
baticity) if rotation were absent. Rotational effects are in-
volved through the quenching functions (6). Accordingly,
the mixing length expression for non-rotating fluids,

_ 029 0S8

- _ -~ 13
e 12¢, or’ (13)

can be applied, where the entropy gradient is supplied by
the differential rotation model which also yields the pro-
files for the Coriolis number and density gradient. Figure 3
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Fig. 3. Eddy diffusivity, . (13), in units of 10 cm?s™!,
Coriolis number (8) divided by one hundred, ©*/100, and
the density startification parameter, —rG = —0ln(p)/dIn(r),
as functions of fractional radius. The profiles are supplied
by the differential rotation model of 1.92 Myr old star with
Prot = 5 day.

shows the profiles for 1.92 Myr aged star provided by the
differential rotation model of Fig. 2 (note that constant
scaling factors are introduced to plot the parameters dis-
persed by several orders of magnitude on the same figure).

This paper concerns kinematic dynamos that neglect
any back reaction of the generated fields on the fluid mo-
tion. In this case, the complete system of dynamo equa-
tions splits into independent subsystems governing the
field constituents of different types of equatorial and ax-
ial symmetries. In other words, the field components of
different symmetry types behave independently. We shall
use the traditional (cf., e.g., Krause & Radler 1980) nota-
tions, Sm and Am, for the symmetry types, where the cap-
ital A or S signify the antisymmetric or symmetric field,
respectively, relative to the mirror-reflection about the
equatorial plane and “m” is the azimuthal wave-number.
E.g., SO means an equatorially and axially symmetric field
while A1l signifies an antisymmetric field about the equa-
tor which is also nonaxisymmetric with two changes of the
field sign over a longitudinal circle.

Normalized a?$2-dynamo equations possess two gov-
erning parameters measuring the efficiency of global and
small-scale motions in generating magnetic fields:

AQR2 C. — 04¢¢R

n n

Cq = (14)
where AQ is the equator-to-pole difference in the surface
angular velocity, and the values of the ayg-component of
the a-tensor and the diffusivity, 7, are taken at the mid-
point, x = (z. + xe)/2, of the convection zone.
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The Cgq-value is fixed by the differential rotation sim-
ulation. Cy, (14) is therefore the only free parameter of
our dynamo model. Remember that the dynamo-effect
takes place only if C, exceeds some threshold value. The
value depends on the global symmetry of the field. We
shall compute the threshold C,, values for different types
of the symmetry. The motivation comes from the notion
that the magnetic field back reaction on the small-scale
motions reduces the a-effect, so that the effective C,
is decreased to the threshold value. Then, the nonlinear
solution is normally close to the symmetry type of the
kinematic dynamo-mode that has the smallest C,, required
for its excitation (Krause & Meinel 1988; Brandenburg
et al. 1989), though exceptions from the rule can be found
in the literature (Radler et al. 1990; Moss et al. 1991,
1992). In this sense, the kinematic mode with the small-
est critical C,, represents the “preferentially excited” mag-
netic field.

The superconductor boundary condition was imposed
at the bottom. The condition requires the tangential com-
ponent of the mean electromotive force (4) be zero on the
boundary,

nx& =0 atr=r (15)

where n is the unit vector normal to the boundary. The
strong magnetic fields of rapid rotators are expected to
erupt almost freely through the top boundary. The open-
type vacuum boundary condition was applied on the top.
The magnetic field representation for spherical geometry
which distinguishes its toroidal, By, and poloidal, By,
components (Chandrasekhar 1961),

B:BtJer:—rxVTfrot(;XVP), (16)

helps to specify the condition explicitly. The vacuum con-
dition (cf. Krause & Rédler 1980) requires the toroidal
field to vanish (otherwise there are finite currents across
the boundary) and the poloidal field to smoothly fit the
potential external field:
our _ ¢,
ar  rt
where a}*(r) are the amplitudes of the poloidal field ex-
pansion in terms of the spherical functions,

L ¢
P = Z Z ay" (r)P;" (cos 9)ei7”¢,

=1 m=0

T=0, at r =re, (17)

(18)

P;* are the adjoint Legendre polynomials. The expan-
sion (18) is forced by the nonlocal nature of the vacuum
condition.

The eigenvalue problem for the dynamo equations was
solved numerically by the inverse iteration method.

3. Results and discussion

3.1. Infant Sun dynamo

Dynamo simulations for the youngest of our chosen stars
show a clear preference for a nonazisymmetric magnetic
field.
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Fig. 4. Critical C, (14) for the excitation of magnetic fields of
different axial and equatorial symmetries as functions of the
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Am signify equatorially-symmetric and antisymmetric fields,
respectively, while “m” is the azimuthal wave-number.

The star at the age of 1.92 Myr is almost fully con-
vective with the fractional core radius slightly below 0.05.
Characteristic equatorial rotation rates of very young T-
Tauri stars are about 20 kms~! (Hartmann & Noyes
1987). Simulations were performed for several rates be-
tween 10 and 25 kms~! with very similar results for all
cases. Figure 4 shows the threshold values of the C-
parameter (14) for excitation of magnetic fields of different
symmetry types as functions of the rotation period. For
azimuthal wave numbers larger than one the critical values
of C,, are much higher than that shown on this figure.

As we shall see below, the internal field is captured
most efficiently at the earliest stages of the (most rapid)
core growth. The finding of nonaxisymmetry for that
epoch is a significant result. There are two basic reasons
for the nonaxisymmetry: (i) small differential rotation,
and (ii) anisotropy of the alpha-effect (Riidiger & Elstner
1994; Moss & Brandenburg 1996).

Rédler (1975) noticed that a strong differential rota-
tion inhibits deviations from axisymmetry by converting
an azimuthal inhomogeneity of a magnetic field into a
small-scale radial and/or latitudinal inhomogeneties, thus
amplifying the diffusive decay. The differential rotation of
Fig. 2 is quite small. The Cq parameter (14) estimated
with the surface differential rotation is Cq = 240 and
the differential rotation in deeper layers is smaller still
(for comparison, Cq ~ 103 for the present-day Sun). Our
model may, however, underestimate the angular velocity
inhomogeneity in the rapid rotators. The underestimation
is by a factor of about two in the case of the extremely
rapid rotation of AB Doradus (Donati & Cameron 1997;
Kitchatinov & Riidiger 1999). We repeated some runs with
the differential rotation amplified by a factor of 3 to find
a still clear preference for the nonaxisymmetric fields.

The small differential rotation opens a possibility for
the nonaxisymmetric fields to survive while the special
structure of the a-effect for the rapid rotation case en-
sures their preference. Coriolis numbers (8) for the star

Relic fields of solar-type stars

concerned are large, Q* 2> 100, and the a-tensor (10) for
this case,
3

Qi = Z’]T?]TG((SU —e;ej)cosf (19)
is anisotropic. The anisotropy accounted for by the e;e;-
term in the brackets means in particular that there is no
a-effect for magnetic fields parallel to the rotation axis.
Such an anisotropy is readily explained by the anisotropy
of turbulent motions. The known property of turbulence
is that it becomes almost two-dimensional under the rapid
rotation condition with the flow almost uniform along the
rotation axis. If a magnetic field is parallel to this axis,
two-dimensional turbulence can only interchange but not
deform the field-lines. The a-effect can only be produced
via field-line deformation (Parker 1955). Accordingly, the
generatory part (9) of the mean electromotive force van-
ishes for a magnetic field parallel to the rotation axis. The
a-effect is reestablished, however, for the fields inclined
to the axis of rotation and is largest for an orientation
normal to the axis. It may also be noted that Eq. (19)
gives the largest values on the rotation axis due to the
cos f-dependence on latitude.

Summing-up, the a-effect is most powerful on the axis
of rotation with the magnetic field normal to the axis.
Only the nonaxisymmetric magnetic fields with m = 1
possess on the rotation axis a finite component normal to
the axis. In other words, only the nonaxisymmetric fields
can “use” the a-effect in the region where the effect is most
powerful. This is, perhaps, the reason why nonaxisymme-
try is preferred under rapid, almost uniform rotation.

To visualize the 3D fields, we use the representa-
tion (16) for the magnetic field which distinguishes its
toroidal and poloidal constituents. The toroidal field-lines
lie on concentric spherical surfaces. The poloidal fields are
supported by toroidal currents. The marginal A1 and S1
modes for P,o; =5 day are illustrated by Figs. 5 and 6.

3.2. The age dependence: From nonxisymmetry
to axisymmetry

Figure 7 shows the dependence on stellar age of the thresh-
old dynamo-numbers. There is a change in the symmetry
type of the preferred dynamo mode between the initial
and final stages of the core growth. Axisymmetric fields
oscillating with a period Py ~ 10 yrs are predicted for
the older stars.

The angular momentum loss by the solar mass stars
in the considered range of ages is not very significant
(Stauffer & Soderblom 1991). The dependence of Fig. 7
was simulated assuming the angular momentum to be con-
served. The initial rotation period for the age of 1.9 Myr
was assumed equal to 5 days. The period decreased to less
than 1 day over the 30 Myr due to the decrease in the mo-
mentum of inertia of the contracting star. A subsequent
increase of the period to the present day solar value should
be mainly attributed to the early main-sequence evolution
(Stauffer & Soderblom 1991; Endal & Sofia 1981). Table 2
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Fig. 5. Isolines of the radial field and the toroidal field lines
for the marginal Al-mode on the spherical surface of r = R/2.
Full lines show positive levels and clockwise circulation and
vice versa for the dashed lines. Pt = 5 day.
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Fig. 6. The same as in Fig. 5 but for the marginal S1 mode.

lists the rotation periods for the ages for which the dynamo
simulations were performed.

The same Table also shows the values of the Cq-
parameter (14). The increase of Cq with age indi-
cates the increased role of differential rotation. This is,
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Fig. 7. The dependence on the stellar age of the threshold
dynamo numbers for different symmetry types of the dynamo-
generated fields.

Table 2. Rotation periods and Cq values for several ages of
the core growth epoch.

Age (Myr) 192 239 432 104 319
P.ot (day) 5.00 4.36 3.03 1.77 0.68
Ca 240 250 280 507 2180

probably, the main reason for the change from nonax-
isymmetry to axisymmetry in the global magnetic field.
The differential rotation favors axisymmetry (Réadler 1975;
Ridiger & Elstner 1994; Moss & Brandenburg 1996), as
discussed above. The increase of Cq is mainly due to the
rotational quenching of the eddy diffusivity. Equation (7)
describes the decrease of 1 (6) in inverse proportion to
the rotation rate, n = n.37/(8Q*), for the rapid rotation
case, 2* > 1. E.g., the largely inhomogeneous profiles of
Ny and * of Fig. 3 result in an almost uniform diffusiv-
ity n ~ 3 x 10'2 cm?s™! due to the quenching effect. An
account of the angular momentum loss by the star would
shift the change in the axial symmetry in Fig. 7 to a some-
what older age.

3.3. Internal field capture

The magnetic flux capture by the growing core was treated
with a largely simplified model. The model neglects the
stellar radius dependence on time and assumes rigid ro-
tation but keeps the essential anisotropy of the a-effect.
The model should be nonlinear in order to estimate the
amplitude of the internal field. We used the simplest non-
linearity of the so-called global quenching of the a-effect
to this end.

mr
R2(14+ < B2 >, /B?)

aij = Co (0i; — esej)cosf.  (20)
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In this equation, By is the convective energy equipartition
field and the angular brackets signify the averaging over
volume of the convection zone. The global quenching al-
lows the azimuthal wave number to be fixed so that the
nonlinear dynamics of a 3D nonaxisymmetric field can be
simulated by solving 2D equations.

The anisotropy of the magnetic field diffusivity is ne-
glected. The total diffusivity, n = n. + m, combines the
microscopic, 7., and turbulent, 7, constituents. 7. is as-
sumed constant everywhere and 1 is constant in the
proper convection zone but falls to zero in a thin (over-
shoot) layer of thickness d centered around the core ra-
dius, x.. The diffusivity profile in the transition layer is
approximated by the cubic spline,

0 for v <x.—d/2
%0 (14 £=(3d? for |z — x| < d/2
Ny = . (21)
—4(z = 7c)?))
M, for x > x. + d/2

The time-dependence of the core radius was approximated
by the power law, z. ~ (t — t.)'/*, shown by the dotted
line in Fig. 1.

The induction Eq. (2) was solved numerically in the
whole sphere by time-stepping, starting from an initial
weak magnetic field. The input parameters for the model
are the C,, the fractional thickness, d, of the overshoot
layer, the convection zone-to-core diffusivity ratio, 1, /7,
the diffusive time, Ty = R?/n,, and the equipartition
field, By. Figure 8 illustrates the results of the run made
with about five times supercritical C, = 100, the transi-
tion layer thickness d = 0.1, and the other parameter val-
ues inferred from the stellar structure model: 7, /7. = 107,
T4 = 250 yrs, and By = 2000 G.

The plots show the results for the preferentially excited
nonaxisymmetric fields of m = 1. The runs are rather ex-
pensive in computation time because of the large differ-
ence between the diffusive and evolutionary times. The
computations were terminated at the age of 5 Myr where
Fig. 7 indicates the change in the axial symmetry. We con-
sidered both types of equatorial symmetry because the
preference we have found for the Al-mode may not be
very reliable. The threshold dynamo numbers of Fig. 4 for
the S1 and A1l modes are quite close. The discrimination
between the two equatorial symmetry types is a matter of
the details of the rotation law. Kiiker & Riidiger (1999)
found S1 as the dominating mode for a fully convective,
rigidly rotating star. There is no contradiction with our
model, however, because we also find the S1-mode to have
the smallest threshold dynamo number when neglecting
the differential rotation. Anyway, the two panels of Fig. 8
show similar results.

Initially, the field is amplified to several kilogauss in
about a diffusive time and its amplitude remains almost
steady afterwards. There is no internal field at the begin-
ning of the run because the core has not formed yet. The
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Fig. 8. The volume-averaged rms magnetic fields of convection
zone (full line) and radiative core (dashed) as functions of stel-
lar age. The top and bottom panels show the results for the
A1l and S1 symmetry types respectively.

core formation manifests itself by a sharp peak in the inter-
nal field. Fields of kilogauss strength are captured initially.
The volume-averaged rms internal field decreases, how-
ever, with time and falls to the amplitude of several Gauss
at the end of the run when the core grows to about 35%
in radius. The field strength in the convection zone mean-
while remains almost unchanged. The internal field should
be comparable in strength to the dynamo-field in order to
influence the dynamo operation (Moss 1996), which is not
the case with our model.

The reason why the field cannot be captured efficiently
is its nonstationary nature. The amplitude of the field in
the convection zone is almost constant. The field struc-
ture is not steady, however. The nonaxisymmetric field
pattern drifts in azimuth, completing one revolution in
the co-rotating reference frame in about a diffusive time.
Therefore, a given angular position on the surface of the
growing core is “seeing” a field oscillating with a pattern
drift period. The oscillatory field is most efficiently cap-
tured at the initial stages of most rapid core growth. This
explains why the internal field for the Al mode is smaller
compared to S1: the magnetic field in the center of the
star is zero for Al but finite for S1. We find that almost
no new (poloidal) flux is captured at the final stages of
the runs. Only the field which is already rooted in the
radiative interior is joined to the core at those stages.

The efficiency of the field capturing would increase if
the local dynamo-number in the overshoot region were
larger than in the convection zone proper (Parker 1981).
The above expressions (10), (19) for the a-effect do not
support such a case, however.

Extrapolating the dependencies of Fig. 8, we expect
that the rms internal field is somewhat below 1 G when
the core grows to the present-day solar value of x. ~ 0.7.
The field suffices, however, to link the core rotation to
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the convective envelope (Charbonneau & McGregor 1993;
Ridiger & Kitchatinov 1996). It is also strong enough to
ensure the change from differential to rigid rotation in the
solar tachocline (Kitchatinov & Riidiger 1996; McGregor
& Charbonneau 1999). The nonaxisymmetry of the in-
ternal field changes the tachocline problem qualitatively,
however. Mestel & Weiss (1987) and Moss (1992) noted
that Maxwell stress from a nonaxisymmetric field is very
efficient at reducing differential rotation. Moreover, the
interaction of a nonuniform rotation with the internal
field should excite a nonaxisymmetric flow (global vor-
tices) via the nonaxisymmetric Lorentz force. Then, the
angular momentum will be transported not by Maxwell
stress alone, as in the axisymmetric case, but by Reynolds
stress as well.

The nonaxisymmetry of the internal field predicted
by our model may be relevant to the active longitudes
observed in solar and stellar activity. Berdyugina &
Tuominen (1998) and Korhonen et al. (1999) reported ob-
servations of the “flip-flop” phenomenon in stellar mag-
netic cycles. One active longitude prevails over a given
half-cycle. The longitudinal position of the enhanced ac-
tivity region is changed by 180° over the next half-cycle
but returns to the original position after a complete mag-
netic cycle. The phenomenon can be interpreted, at least
qualitatively, in terms of the internal magnetic field. The
nonaxisymmetric relic field is rooted in a rigidly rotating
core but penetrates the convective shell where differential
rotation pulls an azimuthal steady field from it. A super-
position of the nonaxisymmetric azimuthal field of internal
origin with the toroidal field of the axisymmetric dynamo
makes an enhanced field on the longitude region where
both fields coincide in sign. After a half of the activity
cycle, the dynamo-field reverses and the enhanced field
position jumps by 180° over longitude. It returns to the
original position after a complete magnetic cycle.

The longitudes of enhanced activity were also inferred
from the statistics of solar active regions (Vitiskij 1969,
1982; Benevolenskaya et al. 1999) and solar flares (Jetsu
et al. 1997). The very notion of a fixed (active) longitude
implies a rigid rotation. The homogeneous rotation can be
found only in the radiative core of the Sun (Shou et al.
1998). The nonaxisymmetric relic field rooted in the core
may be the reason why the solar activity statistics lack
axial symmetry.

The alternative possibility should be mentioned, how-
ever, that a nonlinear dynamo alone can support devia-
tions from axial symmetry in the global magnetic field.
Moss (1999) show that stable mixed axial symmetry solu-
tions can exist in a certain parameter range of a solar-type
dynamo.

As a prospective for extension of the present theory,
nonaxisymmetric magnetic fields of A-stars can be no-
ticed. Recently Stepien (2000) suggested that the effect
of the pre-main sequence field in A-stars may be crucial
in determining their subsequent rotation rates. The more
massive stars evolve faster. A more rapid growth of radia-
tive zones in A-stars should lead to stronger “relic” fields
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compared to that predicted for the Sun. It is currently
not clear, however, whether the kilogauss nonaxisymmet-
ric fields of Ap-stars can be explained in this way (cf. Moss
1989).
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