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How can o2-dynamos generate axisymmetric magnetic fields?
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Inspired by a recently observed axisymmetric field in a fatiywective star we investigate the influence of an anisatrop
diffusivity on the dynamo. We find that with reasonable agstions for the anisotropy of the diffusivity and theeffect
the preference of axisymmetric modes is achieved.
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1 Introduction convection zone we findxisymmetric magnetic fields for a
reasonable anisotropic diffusivity.

Due to the anisotropy of the-effect mean field dynamos
for rigidly rotating systems are known to prefer nonaxisym2 Basic equations and the model

metric modes for the generated magnetic field (Rudiger &

Elstner 1994). Models for fully convective protostars prethe model consists of a turbulent fluid in a spherical shell of
sented by Chabrier & Kuker (2006) lead to highly noninner radius+,, = 0.1R and outer radius,,; = R, which
axisymmetric magnetic solutions. Recently Donati et ajs embedded in a sphere with radiuslof R. A magnetic
(2006) analyzed a rapidly rotating, very-low-mass, fullfield is generated in the shell by theeffect. The turbulent
convective dwarf star through tomographic imaging frormagnetic diffusivityn, is constant in the whole sphere but
time series of spectropolarimetric data and found the magnisotropic with respect to the rotation axis. At the ouger r
netic field axis perfectly aligned with the rotation axisi§h dial boundary {.5R) the tangential component of the mag-
result suggests that fully convective stars are able tgerig netic field and the vertical component of the electric fiel ar
axisymmetric large scale poloidal fields even without difset to zero and a perfect conductor boundary was chosen at
ferential rotation. Rudiger et al. (2003) found axisymritet ;.

(oscillating) solutions for exceptional cases wittin con- The induction equation is

vection zones and an concentration of theffect around yp

the equator. Also the antisymmetric parts in tag¢ensor ot curl€ 1)
could lead to preferred axisymmetric solutions. Theretexis,jth the electromotive force (EMF)

a term, which can be interpreted as a differential rotation. OB,

Depending on the latitudinal and radial profiles (which aré; = ij B; + nijk87]7 2)

still uncertain) and the strength compared to the diagonv%ereB "
terms, an axisymmetric solution similar to thé€2-dynamo
would be possible (cf. Ridiger et al. 2003).

is the magnetic fieldy is the turbulent magnetic
diffusivity tensor andx is thea-tensor. It represents the in-
teraction of an anisotropic turbulence with a global ratati
Here we investigate the influence of the anisotropic tuend a uniform magnetic field. Here we are only interested
bulentdiffusion with an enhanced component parallel to the the structure of the solution of a pusé-dynamo, i.e. the
rotation axis. This will be expected for rapid rotators. In d rotation isassumed to be uniform. In Rudiger & Kitchatinov
rect simulations of rotating cylinders with a Roberts flow1993) one finds the overall structure of theensor as
T|Igner (2004) fo'und the occurrence of aX|syr'nm(:.:tr|c.soIu—im = 1 (G 902°)8im — aa (GO0 + Q0G0 ) +
tions under the influence of an increased diffusion in the” = 0 0 0 0N 0 M0 o
direction parallel to the rotation axis. Chabrier & Kikets(Gm 8% — Gifhy,) — aa(G762) 27 0, — yeimi G- (3)
(2006) also included the effects of the anisotropic diffuThe unit vector2® denotes the direction of the axis of the
sion, but they found predominantly nonaxisymmetric solglobal rotation of the turbulence and the radial unit vector
tions. We shall demonstrate that this will be the case fé#° denotes its anisotropy.
too strong anisotropies in the-tensor. Using data for the  In almost all papers aboutdynamos the expression (3)
a-tensor similar to the results of simulations in the solds reduced to its first term of the tensorial expression. fihe i
clusion of the remaining parts of thetensor reveals the va-
* Corresponding author: delstner@aip.de riety of the solutions of the.2-dynamo and even allows the
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excitation of axisymmetric fields for thin convection zones
(Rudiger et al. 2003). The influence of the large-scale flow °
pattern is ignored. —
It is interesting to consider the antisymmetric parts in - —
the tensor (3)yy in the last term plays the role of a radial — —]

advection (“pumping”) of the magnetic field. On the other —2— —
hand, if formally a basic rotation with = §2 x x is used for L : ! :
the velocity field ther€; = (2,x; — 2;2,,) By, It follows s ‘ = ‘

that theas-term in (3) plays the role of a global differential
rotation. More exactly speaking, in cylindrical coordiesit
(s,¢,2) we find (. — a.s)/2s playing the role of an an- .0
gular velocity, where the gradient induces magnetic fields.
For a uniform rotation the-tensor in cylindrical coor-

dinates(s, ¢, z) is —1sbd \ : \
Qss  Asp Qs Fig.1 Numerical results for the Cartesiantensor components
a=| Qps Qpy Qup: |- (4)  ay, = ass anda.. = a,, measured in units df.01,/dg, as a
Qzs  Qzp Oy function of depth in units ofl from Ossendrijver et al. (2001) for

the case of a box located at the south pole (run A00O). The aimul

In spherical coordinates, (¢, ¢) we have . . ) ) ) -
P 0, ¢) tion domain consists of a thin cooling layer € 0), a convectively

Qrp  Qrg  Qrg unstable layer(( < z < d = 1), and a stably stratified layer with
a= | agr agg Qgy |- (5) overshooting convectior:(> d). The Coriolis number of the run
Qér  Qps  Qpe is about2.4, which is in the appropriate range for the bottom of the

solar convection zone. For the other parameters and foradetbt

The transformation rules are O -
description of the model we refer to Ossendrijver et al. (300

2 2 . .

Qpp = Qge SN~ 0 + 0 cos™ 0 + (v + 0rz) sinf cos b The black curves are spatial and temporal averages; thedzae

g9 = (rgs €082 0 + iz, sin® 0 — (g, + rg) sinf cos b eas provide an error indication. Note, that thgs does not vanish
at the pole.

Qgp = Qpp

arg = (ss — Qzz) sinf cos — g, sin? 0 + a5 cos® 0,
radial behaviour of the main diagonal components of the
a-tensor in Cartesian coordinates is given corresponding to
the cylindrical components,, = oy, anda,. = a...
Qg = Qs SN + apz cOSH, Note the negative sign ef,, (in the southern hemisphere!)
gy = Qugp COSH — 806, throughout the convection zone. Only in the overshoot re-
(6) gion the sign changes.

For thea.,,-component the sign changes already in the

) 5 convection zone. We reflect this property in our inhomoge-
Ogg = Qpyp SIN 0+ Qg COS 0+ ((17«0 + Oégr) sin @ cos 6 s neous mode|' where

Qpp = Qg ,
Qpy = Qpp OS2 0 + g sin? 6 — (arg + gy ) sinf cos b,

or = ((gs — @) sinf cos O + o, cos® 6 — o, sin 6,

Org = Qg SIN0 + 0y, cos b,

Oge = Qs COSH — vy sind.

The inverse transformation is

Qo = Qupo SIN(T (1 — 145, ) /d) cos 6,

sy = 00 SIN(27 (1T — 155,)/d) cos @, (9)
sz = (Qpr — pg) sin b cos 6 + g, cos? 0 — a,gsin? 6, o sin(2m( )/4)
with d as the thickness of the convection zone (Fig. 2). We

: 2 c 2
Ors = (Quppr — gg) sin B cos 6 + a9 cos” 0 — g, sin“ 0 o .
= = ) " " ’ also calculated critical dynamo numbers for the basic modes

Qsip = Qrg SN0 + gy cOS 0, with radial independent-profiles.
Qps = Qgr SN + agp cos b, The magnetic diffusivity tensor for a rotating fluid is
Ol = Oy COS O — aigg sin @ 0.0

k
Qzp = Qg COSH — apgsing . (7) Mgk = Cigm (77T5km +m ng) (10)
The r%g? (Kitchatinov et al. 1994). For slow rotatong vanishes and

Q= (8) one has an isotropic turbulent diffusion. For rapid rotatio

atptp . _ A .
, . ) ___one findsy = nr and reduced non-diffusive terms. E.g. a
will be of particular relevance for the resulting solutionsxriglis numbern2* — 27002 = 10 leads to

For rapidly rotating objects its value will be much smaller

than unity. For a uniform diffusivity these small values ofjr = 1y = 0.1no, (11)

&, lead to nonaxisymmetric fields as preferred modes.
Ossendrijver et al. (2001) presented simulations for

the components of the-tensor. As an example in Fig. 1 thent = 0.8n and ny = 0.1n. (12)

H _ 12 H * R
a\/|Y|th Mo = Teorr(v/?) /3, While 2* = 1 gives
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10F — o 3 Table 1  Critical dynamo number for axisymmetric dipole (A0),
05E U quadrupole (S0) and nonaxisymmetric modes Al and S1 for ho-
O'O E o ’ a,, ] mogeneousy.. = 0 (upper part) anda.. = —ay,, (lower part)
Y R ) and with Ry = 0.5, 7 = hnr. The lowest values are marked
-0.5F e T bold.
1.0k L
h A0 SO Al S1
o0 D2 DA 06 08 10 0 1536 15.05 11.66 10.72
RADIUS 0.2 1754 17.08 13.61 12.35
0.5 205 20.0 16.51 14.74
W‘SE gy 2 47.21 44.34 41.40 36.48
1.0F ] 0 1891 1948 13.62 12.56
E o E 0.2 2191 2274 16.16 14.71
0.5 72
Sl TR R LT ] 05 2636 27.6 19.95 17.93
0.0¢ J 2 3361 33.64 29.83 27.20
0.0 0.2 0.4 0.6 0.8 1.0
RADIUS Table 2 Critical dynamo number for different basic dynamo

modes for homogeneous,. = 0.3a., (Upper part) and inho-
mogeneousy.y = 0.8a,o (lower part) and with Ry = 0.1,

n = hnr.

Fig.2 (online colour at: www.an-journal.org) Normalizeg
profiles for the inhomogeneousop) and homogenoushéttom)

case.
h A0 S0 Al S1
Inspecting the EMF for cylindrical coordinates, i.e. 0 1088 11.19 9.48 861
) o ) 0.5 12.66 13.31 12.48 11.26
Es = assBs + ”“a_B“" —nr <—Bz - —B¢> ; 1 1408 15.04 14.80 13.66
z s0p 0z

16.39 17.83 17.96 18.00
0 0

0
& = appBy — m\aBs —nr (ng - %Bz) , (13) 0 1368 13.77 13.63 13.40
05 1651 16.63 18.46 18.16

1/(0 d 1 1892 19.06 22.16 21.98
& =a..B. —nr-( —sB,— —B, |, ' ' ' '
2= Qe Dz T <35 7 Dy ) 2 2297 2317 2672 26.79

we see that)| enhances the diffusivity in the radial and az-

imuthal components only. Therefore the effect of a reduced axisymmetric solutions, provided that there is still &-su
.. is weakened and the system becomes more similardeantial part of a positivé.. In this case the enhanced dif-
the isotropic case forw andn. We expect a preferred ax-fusion parallel to the rotation axis weakens the anisotropy
isymmetric solution for sufficiently strong. For a total of thea-tensor. This seems the most promising effect for an
vanishinga... the system remains anisotropic in Here explanation of axisymmetric fields in rapidly rotating full
we have no influence of the anisotropic diffusion regardingonvective stars with negligible differential rotatiorhdse

the excitation of axisymmetric modes. This will be also theolutions are stationary, at least if theeffect has a domi-
case for negativé .. We define the dimensionless dynamaating region, where it does not change its sign. Other so-
numberC,, = ay,0R/n. lutions like the oscillating axisymmetric dynamos for thin
convective shells are not applicable to fully convectieest
Also the effect of the antisymmetric parts of thetensor
are probably not strong enough to bring the system in an
af2-type dynamo (cf. Rudiger etal. 2003). It still remains
an open question, however, under which conditions mixed
fnodes exist.

3 Results

Both the models with homogeneoas, = 0 anda,, =
—a,, have the smallest critical dynamo numiégy for the
nonaxisymmetric mode independent of the diffusion coe
ficient ;. Only the value forC, increases with the addi-
tional diffusivity parallel to the rotation axis. This sti@ References
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