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Magnetic helicity in stellar dynamos: new numerical experments
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Abstract. The theory of large scale dynamos is reviewed with particetaphasis on the magnetic helicity constraint in
the presence of closed and open boundaries. In the preseolmsed or periodic boundaries, helical dynamos respond to
the helicity constraint by developing small scale sepamain the kinematic regime, and by showing long time scales in
the nonlinear regime where the scale separation has grothe tmaximum possible value. A resistively limited evolatio
towards saturation is also found at intermediate scalexrddfie largest scale of the system is reached. Larger aspiest
can give rise to different structures of the mean field whiehabtained at early times, but the final saturation fieldsfite

is still decreasing with decreasing resistivity. In thegamce of shear, cyclic magnetic fields are found whose pésiod
increasing with decreasing resistivity, but the saturagaergy of the mean field is in strong super-equipartitioth whe
turbulent energy. It is shown that artificially induced les®f small scale field of opposite sign of magnetic helicgtre
large scale field can, at least in principle, accelerate tbéyction of large scale (poloidal) field. Based on mean fieddiels
with an outer potential field boundary condition in sphdrg@ometry, we verify that the sign of the magnetic helicityxfl
from the large scale field agrees with the sigaxoFor solar parameters, typical magnetic helicity fluxesii@undl 047 Mx?

per cycle.
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1. Introduction scale of the turbulence: the alpha-effect (Steenbeck, $érau
& Radler 1966) and the inverse cascade of magnetic helic-
The conversion of kinetic into magnetic energy, i.e. the dyty in hydromagnetic turbulence (Frisch et al. 1975, Podigue
namo effect, plays an important role in many astrophysidatisch, & Léorat 1976). In a way the two may be viewed as
bodies (stars, planets, accretion discs, for example)géhe the same mechanism in that both are driven by helicity. The
eration of magnetic fields on scales similar to the scale ofeffect is however clearly nonlocal in wavenumber space,
the turbulence is a rather generic phenomenon that ocaursvifiereas the inverse cascade of magnetic helicity is usually
sufficiently large magnetic Reynolds numbers unless certainderstood as a (spectrally) local transport of magnetic en
antidynamo theorems apply, which exclude for example twergy to larger length scales. Both aspects are seen in simula
dimensional fields (e.g., Cowling 1934). tions of isotropic, non-mirror symmetric turbulence: trenn

There are two well-known mechanisms, which allow thiocal inverse cascade areffect in the early kinematic stage

generation of magnetic fields on scales larger than the edif}fl the local inverse cascade at later times, when the field
has reached saturation at small scales (Brandenburg 2001a,

Correspondence tdrandenb@nordita.dk hereafter referred to as B0O1).
* current address: Kiepenheuer Institute for Solar Physics, ) . )
Schoneckstr. 6, 79104 Freiburg, Germany It is not clear whether either of these two mechanisms is

** current address: Inter University Centre for Astronomy Asd actually involved in the generation of large scale magnetic
trophysics, Post Bag 4, Pune University Campus, Ganestikhifields in astrophysical bodies. Although much of the large
Pune 411 007, India scale magnetic field in stars and discs is the result of shear

©WILEY-VCH Verlag Berlin GmbH, 13086 Berlin, Germany 0000 496337/00/00000-0000 $ 17.50+.50/0


http://arXiv.org/abs/astro-ph/0111567v3

A. Brandenburg et al.: Magnetic helicity in stellar dynamos 1

and differential rotation, a mechanism to sustain a poloidsky, Podvigina, & Frisch 2001). This is what produces turbu-
(cross-stream) magnetic field of sufficiently large scale ience in the Kuramoto—Sivashinsky Equation, which is then
still needed. The main problem that we shall be concernsi@bilised by hyperdiffusion (i.e. a fourth derivativertgr

with in this paper is that of the associated magnetic heli&mong all these different dynamo mechanisms, the conven-
ity production, which may prevent the large scale dynamimnal o effect and the inverse magnetic cascade are the only
process from operating on a dynamical time scale. Howevarechanisms that have been shown numerically to produce
not many alternative and working dynamo mechanisms hasteong large scale fields under turbulent conditions. These
been suggested so far. In the solar context, the Babcodiewever exactly the mechanisms that suffer from the hglicit
Leighton mechanism is often discussed as a mechanism ttatstraint.

operates preferentially in the strong field regime (e.g.-Dik  The purpose of the present paper is to assess the signifi-
pati & Charbonneau 1999). However, Stix (1974) showeshnce of the helicity constraint and to present some new nu-
that the model of Leighton (1969) is formally equivaleninerical experiments that help understanding how the con-
to the model of Steenbeck & Krause (1969), except that $fraint operates and to discuss possible ways out of the
Leighton (1969) thev-effect was nonlinear and mildly sin-dilemma. For orientation and later reference we summarise i
gular at the poles. Nevertheless, a magnetically drivesi-  Fig. [] various models and the possible involvement of mag-
fect has been suspected to operate in turbulent flows drivenvetic helicity in them. Dynamos based on the usuaiffect

the magnetorotational instability (Brandenburg et al.3)39  are listed to the right. They all produce large scale magneti
by a magnetic buoyancy instability (Ferriz-Mas, Schmitt, &elds that are helical. However, in a periodic or an infinite
Schussler 1994, Brandenburg & Schmitt 1998). In the framgomain, or in the presence of perfectly conducting bound-
work of mean-field dynamo theory, magnetically driven dyaries, the magnetic helicity is conserved and can only ohang
namo effects have also been invoked to explain the obseryegbugh microscopic resistivity. This would thereforersete
increase of stellar cycle frequency with increased steltar be too slow for explaining variations of the mean field on the
tivity (Brandenburg, Saar, & Turpin 1998). However, as longme scale of the 11 year solar cycle. Open boundary condi-
as these mechanisms lead to@effect, they also producetions may help, although this was not yet possible to demon-
magnetic helicity and are hence subject to the same problgtrate, as will be explained in Seﬂt. 4 of this paper.

as before. Given that the issue of magnetic helicity is central to ev-

Although kinetic helicity is crucial in the usual expla-erything that follows, we give in Sedt] 2 a brief review of
nation of thea effect, it is not a necessary requirement foagnetic helicity conservation, the connection between th
magnetic field generation, and lack of parity invariancd-is dnverse cascade and the realisability condition, and the si
ready sufficient (Gilbert, Frisch, & Pouquet 1988). Howevehificance of gauge-invariant forms of magnetic helicity and
as in eveny effect dynamo, magnetic helicity is produced dhe surface integrated magnetic helicity flux. Readerslfami
large scales, which is necessarily a slow process. A mecif{-With this may jump directly to Sed] 3, where we discuss
nism similar to the ordinary effect is theincoherento ef- the issue of magnetic helicity cancellation in kinematid an
fect (Vishniac & Brandenburg 1997), which works in spit@on-kinematic dynamos, or to Seff. 4, where we begin with
of constantly changing sign of kinetic helicity (in spacelan® discussion of the results of BO1 and Brandenburg & Dobler
time) provided there is systematic shear and sufficienuturd2001, hereafter referred to as BDO1), or to Sgcj. 4.3 where
lent diffusion. This mechanism has been invoked to explaifgW results are presented.
the large scale magnetic field found in simulations of accre-

tion disc turbulence (Brandenburg et al. 1995, Hawley, Garg- ; i :
mie, & Balbus 1996, Stone et al. 1996). In addition, hov:?-' The magnetic helicity constraint

ever, the large scale field of Br_and_enburg et 6.“' (1995) Shom%\gnetic helicity evolution does not give any additional in
spat|o.—temporal qoherence with field m|grat|o.n away fro%rmation beyond that already contained in the induction
_the midplane. This has so far only been_ possml_e to eXplaéauation governing the evolution of the magnetic field it-
in terms of ama{} dynamo with magnetu_:ally drivem ef- self. Nevertheless, the concept of magnetic helicity psove
fec_t(Brandenburg 1998). In any_cas_e,the 'nFOhMeCt' xtremely useful because magnetic helicity is a conserved
which has so far only been ver|f|e.d n one-d|men5|(_)na| n."?gUantity in ideal MHD, and almost conserved even in slightly
gls, would nqt lead to the production of net magnetic hMK:'hon—ideal conditions. The evolution equation for the mag-
in each hemisphere. netic helicity can then be used to extract information that
Yet another mechanism was suggested recently by Vigtan be easily understood. At a first glance, however, mag-
niac & Cho (2001), which yields a mean electromotive foragetic helicity appears counterintuitive, because it imeslthe
that does not lead to the production of net magnetic helicitpagnetic vector potentialA, which is not itself a physical
but only to a transport of preexisting magnetic helicityisTh quantity, as it is not invariant under the gauge transfoionat
is why this mechanism can, at least in principle, work on A — A — V1. Only the magnetic field3 = V x A, which
fast time scale even when the magnetic Reynolds numbetasks the irrotational ‘information’ fromA, is independent
large. Finally, we mention a totally different mechanisratth of ¢) and hence physically meaningful. Therefake- B is
works on the basis of negative turbulent diffusion (Zheligo not a physically meaningful quantity either, because a gaug
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Using Eqgs |Q2) and[[3) one can derive an equation for the
Large scale dynamos gauge-dependent magnetic helicity dengity B,
(e.g. in the sun) P
E(A-B):—2E-B—V-(E><A+<I>B). (5)
l Using Ohm’s law;ioJ = E + u x B, we have2E - B =
2nuoed - B, wheren is the microscopic magnetic diffusivity,
Is significant net magnetic helicity 1o the magnetic permeability in vacuum, ahd= V x B/ 1o
produced in each hemisphere? the electric current density.
/ l \ 2.1. Magnetic helicity conservation with periodic
NO NO YES boundaries
non« effect:

fasta effect:

(like in kinematic | | (6-9-» negative

egat standardx effect: |  Consider first the case of a periodic domain, so the divergenc
magn. diffusion,

case, incoherent — what happens termin Eq. ﬂS) vanishes after integration over the full voky
and Iarge_scale Vishniac & Cho to magnetic and thus
separation) helicity? d
effect) (A B) = ~29u0(J - B), (6)
l / / l where angular brackets denote volume averages| Ao-
, ) BdV = (A - B)V, whereV is the (constant) volume of the
AltiggleveA Altﬁ:)r;]e-\;ve B Alternative G | Alternative ) ~domain under consideration. Note that the terms in Ha. (6)
effect: offect . (u) . loss are g_auge—lndependent [see Eﬂ (1)]. More |mpc_>rtant_, how—
transfer dynamos: d_|_55|pat|on through ever, is the fact that the rate of change of magnetic helisity
from small no (i) recon- bpundanes: proportional to themicroscopicmagnetic diffusivityn. This
to large numerical nection () equator?|  alone is not sufficient to conclude that the magnetic helic-
scales no | | evidence (near (i) outer | ity will not change in the limity — 0, because the current
net helicity yet surface?) surface helicity, (J - B), may still become large. A similar effect is

encountered in the case of ohmic dissipation of magnetic en-

Fig. 1. Sketch illustrating the different ways astrophysical dygr9Y Which proceeds at the ragjou. = Mo (J?). In the

namos may be able to circumvent the magnetic helicity progfatistically steady state (or on time averaging), the cite
lem. ohmic dissipation must be balanced by the work done against

the Lorentz force. Assuming that this work term is indepen-

i . dent of the value ofy (e.g. Galsgaard & Nordlund 1996) we
transformationA — A — V4 changesA - B. For periodic qncjyde that the root-mean-square current density isegea
or perfectly conducting boundary conditions, or in infinitg,, decreasing; like

domains, the integral = [ A - BdV is however gauge-

invariant, because in Jems 07”12 asn — 0, )
whilst the rms magnetic field strengtB,,..s, is essentially in-

/v Vi -BdV = - YB-dS - /V?/)V -BdV (1) dependent ofy. This, however, implies that the rate of mag-

the surface integral on the right hand side vanishes, and Hweetlc helicity dissipatiomlecreasesvith n like

last term vanishes as well, beca®e B = 0. Qr = 2npo(J -B)V o™/ — 0 asp — 0. (8)

The evolution of the magnetic field is governed by th&hus, under many astrophysical conditions where the mag-
induction equation netic Reynolds number is large $mall), the magnetic helic-
OB ity H, as governed by Eq[|(6), is almost independent of time.
ot —V x E, (2)  This motivates the search for dynamo mechanisms indepen-
whereE is the electric field. This equation can be integratedent of /1. On the other hand, it is conceivable that magnetic
to yield helicity of one sign can change on a dynamical time scale,
OA i.e. faster thanin Eq[kS), if magnetic helicity of the otbgmn
il -E-V©o, (3) is removed locally by advection, for example. This is essen-

where® is the scalar (‘electrostatic’) potential, which is alsdally what the mechanism of Vishniac & Cho (2001) is based

referred to as the gauge potential, because it can be cho4Bf™- _SO far, h‘?WEVG“ nur_nerlcal attempts to demonstrate th
arbitrarily without affectingd. Common choices arg?® = operation of this mechanism have failed (Arlt & Branden-

_V -E, which preserves the Coulomb gauge A — 0, and burg 2001). Yet another possibility is that magnetic hglici

& = 0, which is convenient in MHD for numerical purposesc.’f one sign is generated at large scales, and is compensated

If n = const, another convenient gaugelis= —1V - A, by magnetp helicity of the other sign at small sc_ales, as in
which results in the kinematic effect. However, as we shall see in Sdtt. 4,
oA this does not happen efficiently when nonlinear effects ef th

S = ux B +7nV?A  (n = const) (4)  Lorentz force come into play.
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2.2. Realisability condition and connection with inverse  which is also known as theealisability condition A fully
cascade helical field has thereforg/;, = i%ka.

M ic helicity is | for | e field For the following it is convenient to write the magnetic
agnetic helicity is important for large scale fie generqﬁelicity spectrum in the form

tion because it is a conserved quantity which cannot easily
cascade forward to smaller scale. We shall demonstrate this = (Ax - Bx)V/dk, (18)

here for the case where the magnetic field is fully helicalhere the subscript (which is here a scalar!) indicates

The existence of an upper bound for the magnetic helicipyrier filtering to only those wave vectoksthat lie in the
is easily seen by decomposing the Fourier transformed magg||

netic vector potential A, into a longitudinal component,

hll, and eigenfunctiona® of the curl operator (also calleg” ~ 0%/2 2 [kl <k +0k/2 (k-shel). (19)
Chandrasekhar—Kendall functions), Note thatA; and By are in real (configuration) space, so
T o 0ol Br = V x Aj. (By contrast,Ay, andBy, = ik x Ay,
Ay =aphy +aphy +aphg, (9)  are quantities in Fourier space, as indicated by the bolel fac
with subscriptk, which is here a vector.) In Eﬂ18) the average

1 1 is taken over all points iz space. Note that in practice the
V X hy, = dkhy, k= |kl (10) helicity is more easily calculated directly as
and =1 A; -Bp +Ap -Bj)k*dQ (20)
(b = (g, hig) = () = 1 0 775 el A Bt Ak B R 0%,

where asterisks denote the complex conjugate. The longif{léred<}, is the solid angle element in Fourier space. The

dinal parta” Rl is parallel tok and vanishes after taking thereSUIt is however th_e same. Likewise, the magnetic energy
ectrum can be written as

curl to calculate the magnetic field. In the Coulomb gaug%—:?

V - A = 0, the longitudinal component vanishes altogethél;, = % (B})V/dk, (21)
(apart from an uninteresting constant veciay). Sinceh*

andhll are all orthogonal to each other, it is clear that, for a 1

given magnetic field, the Coulomb gauge minimi¢As) — M, = 3 /k sheIIB;; - By, k* dQy,. (22)

or,if Ag = (A) # 0, the variancé(A—(A))?).
The (complex) coefﬁcientsi(t) depend onk and ¢ We recall that for a periodic domaif is gauge invariant.
k Since its spectrum can be written as an integral over allespac

_ see Eq.@S)Hk is — like H — also gauge invariant.
depend only ork and are given by The occurrence of an inverse cascade can be understood
hE 1 Ekx (k x e) Fik(k x e) (12) as the result of two waves (wavenumbgrand q) interact-

E™ V2 w2/1—(k-e2/k2 ing with each other to produce a wave of wavenuniaérhe

) _ ) i following argument is due to Frisch et al. (1975). Assum-
wheree is an arbitrary unit vector not parallel to. With

: L X i - ing that during this process magnetic energy is conserved to
this definition we can write the magnetic helicity and enerYYether with magnetic helicity, we have

spectra in the form
Hy, = k(ja™]* = ]a"[)V, (13)
My = 3K (a*P + o= PV, (ray [l [Hol = [Hi. (29

whereV is the volume of integration. (Here and elsewheréhere we are assuming that only helicity of one sign is in-

the factorugl is ignored in the definition of the magneticV°|Ved- Suppose the initial field is fully helical and has the

while the eigenfunction;., which form an orthonormal set,

M, + M, = M, (23)

energy.) These spectra are normalised such that same sign of magnetic helicity at all scales, then we have
o0 oM, = p|H,| and 2M, = q|H,|, (25)
/ Hpdk = (A -B)V = H, @)y ! " ! !
0 and so Eq.[(3) yields
o0 H,| + q|H,| = 2M, > k|Hy|, 26
/ Mg dk = (3B9)V = M, ) Pl 0] = 220 2 H B
0 where the last inequality is just the realisability corait{L})

whereH and M are magnetic helicity and magnetic energﬁpp"ed to the target wavenumbleafter the interaction. Us-
respectively. From Eqq (13) anfi [14) one sees immediaté}j Ed- (2} we have

that plHp| + q|Hqg| = k(| Hp| + [Hq). (27)
%k|Hk| < M, (17) In other words, the target wave vectorfter the interaction
of wavenumberp andq satisfies

1 The forcing functions used in BO1 were proportionahtp. We
note that, by mistake, the square root was missing in the alisas I < p|Hp| + q|Hy|

tion factor1/+/2 in that paper. S 7|Hp| ) (28)
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The expression on the right hand side of EE (28) is 4. Open boundaries and the importance of a
weighted mean gp andq and thus satisfies gauge-independent magnetic helicity

p|Hp| +Q|Hq|
|Hp| + |H,|

Let us now discuss the case where magnetic helicity is al-
lowed to flow through boundaries. The first problem we en-
counter in connection with open boundaries is that the mag-
and therefore netic helicity is no longer gauge invariant. There are how-
ever known procedures that allo to be defined in a way
that is independent of gauge. Before we discuss this in more
In the special case whege— ¢, we havek < p = g, so the detail we first want to demonstrate how the use of a gauge-

target wavenumber after interaction is always less or awapependent magnetic helicity can lead to undesired arsifact
the initial wavenumbers. In other words, wave interactions For illustrative purposes we consider the case of a one-
tend to transfer magnetic energy to smaller wavenumbefgnensional mean-field® dynamo governed by the equation
i.e. to larger scale. This corresponds to an inverse cascagg o _

The realisability conditiong k| Hy| < My, was perhaps the -~ = B —nr/od, (36)
most important assumption in this argument. Another impor-

tant assumption that we made in the beginning was that H\{Qerem = + 7 is the sum of turbulent and microscopic

I o magnetic diffusivity, andB = (B, B,,0) = B(z) is the
It?c;trlgl frl1eell(ijc?t§ fully helical; see Secf. 4.5 for the case afdr magnetic field which depends only apnandB = V x A

_ . . ~ aswell as] = V x B/u. Here we have used the gauge
We note that in hydrodynamics, without magnetic field$ — (. The overbars denote horizontal, y) averages and

the kinetic helicity spectrumf, = (w - ux)V/dk, where  the corresponding mean quantities liReare therefore inde-

w = V xuisthe vorticity, is also conserved by the nonlinegendent ofr andy. As boundary conditions we adopt either

terms, but now the realisability condition is 0A,/0z = 9A,/0z = 0 (vacuum boundary condition) or,
1 for comparisonA, = A, = 0 (perfect conductor condition)

sk E| < Ei, GD on. = 0,L.. We adop'rol! andr; quenching, i.e.

so it is notk, but the inverse ok, that enters the inequality. , _ Qo = w0 _ 37)

Here,E, = 1(u?)V is related to the kinetic energy spectrum 1 GEQ/ng’ 1+ GEQ/ng

(i.e. without density), and hence one has

min(p, q) < < max(p, q), (29)

k < max(p, q). (30)

(In the case considered here we use 1.)

The result of a numerical integration of EE(BG) is shown
in Fig. H Evidently, the use of a gauge-dependent magnetic
helicity implies spurious contributions that preveédt - B)
from becoming time-independent even though the magnetic

-1 -1 -1 energy has long reached a steady state. The reason for this

ks max(p g ). (33) is that for the steady state solution the right hand side of
Thusk > min(p, ¢), and in the special cage= ¢ we have EQ. @) is a constant which is different from zero. As an
k > p = g, so kinetic energy is transferred preferentiallpxample, consider the eigenfunction of the linearised equa

to larger wavenumbers, so there is no inverse cascade in t18S: B = (1 + cos k1 2,sink1z,0) By, wherek; = 1 for
case. L, = 2. In the marginally excited state, we have= nrk1,

S00A, /0t = aBy(t) # 0. Because of this complication, itis

important to define magnetic helicity in a gauge-independen
2.3. Spectra of right and left handed components way. BDO1 defined such a gauge-independent magnetic he-

licity by linearly extending the horizontally averaged mag
For further reference we now define power spectra of thosetic vector potential to a periodic field which then results
components of the field that are either right or left handeith a gauge-invariant magnetic helicity as before; see an 1
ie. This can be written in compact form as

1 p_1|Fp| +q_1|Fq|

k= < :
[Fp| + |Fy|

(32)

or

Hif = +klas|?V, M = 1k%|as?V. 34) Hep =(A-B)V +2- (A1 x Ay)V, (38)

whereA; and A, are the values oA on the lower and up-

gt _oar o M-
Thus, we havely, = Hy + H; andMy = My" + M. Note  nor houndaries, and angular brackets denote full volume av-

+ + - e
that I7;” and M, can be calculated without explicit decome5q65  as opposed to the overbars, which denote only hori-

position into right and left handed field components using 4 averag%.

Hif = J(Hy, £2k7'My), M = 4(My £ 1kHy). (35) 2 We use this opportunity to point out a sign error in Eq. (9) of
. S . ) . ~ BDO1, where it should reado = Ao — V1 x (32). The contri-
This method is significantly simpler than invoking expligit butions from the mean field, that are central both here andio1B

the decomposition in terms Qihi. remain however unaffected.
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vacuum b.c. which, apart from some constant, corresponds to a linear in-
" " " j terpolation of A betweenz; and z,. However, the constant
600 ¢ - = ; in Eq. (4]) drops out in the ter!A; x A, of Eq. (38). It is
500f ——— <AB>V 3 also easy to see that the constant drops out in [Eq|. (39), be-
400F : cause(B — Bp) = 0. Itis precisely this fact that makes [39)
300F gauge-invariant.
In the following we compare with the magnetic helicity
ng in the gaugéA — A — (A), which minimisesA°),
0 , , , , , , Heoow = (A-B)V — (A) - (B)V. (42)
0 20 40 60 80 100 120 140 This magnetic helicity is actually also gauge-invariant, ib
t cannot be written in the fornj (B9), because it is not based on
vacuum b.c. areference field. Indeed, the onllvalu@ that makes the

_ : : : expression[(39) gauge-invariantB = (B), but this does

5L already corresponds tigp.

[ We associatdd ¢, with the Coulomb gauge because it

[ is based on a gauge which minimisgs?), which is char-

101 acteristic of the Coulomb gauge; see Séct 2.2. However, in

i the present geometry, for horizontally averaged fields, and

5F zero net magnetic flux, a canonical gauge transfdcm-—

A — 20v/9z does not change the large scale magnetic he-

ot licity (A - B), sinceB, = 0. In this sense(A - B)V in any

0 arbitrary gauge represents the magnetic helicity in Coblom

gauge. There is, however, the extra freedom to add a constant
vector— A, to the magnetic vector potential, — A — A.

i Itis easy to see thdAA ) is minimised ifA, = (A), and that
3001 E the definition ) always yields the magnetic helicity whic
250 F _ E corresponds to this gauge.

200 _ _ In the second panel of Fiﬂ. 2 we have plotted b, as

- 7 oM ; well as Hcoy .- Note thatl Heou| < |Hpp| and alsd Heou| <
150 E - = ] 2M [ kmin. If the domain was periodic, and since the compu-
100F — <AB>V 3 tational domain is-m < x < 7, we would havé;, = 1.

50E / 3 However, for vacuum boundary conditions one could still ac-
of . . . . . . 3 commodate a wave witk,,;, = 1/2. Then also|Hgp| is

0 100 200 800 400 500 600 7oo awayslessthaBM /K.

t In the more general case of three-dimensional fields we
adopt the gauge-independent magnetic helicity of Berger &
Fig. 2. First panel: gauge-dependent magnetic helicity for drield (1984). Their definition, however, leaves the contib
o dynamo with vacuum boundary conditions. Second panéin from the average oA undetermined and can therefore
gauge-independent magnetic heliciti€gp (solid line) and only be applied to the deviations from the mean field.
Hco, (dashed line), compared with twice the magnetic en-
ergy,2MM, for the same model (dotted line). Third panel: sames Resistively limited growth and open boundaries
as second panel, but with perfect conductor boundary condi-
tions. Here gauge-independent magnetic helicities agitke wA plausible interpretation of the resistively limited gribws
the ordinary expressior, A - BdV. Again, the dotted line the following (Blackman & Field 2000, Ji & Prager 2001).
shows2M. To satisfy magnetic helicity conservation, the growth & th
large scale field has to proceed with very little (or very glow
We note thatizp, can be written in the form proposed b}phanges of net magnetic helicity. This is es;entially tiselte
Finn & Antonsen (1985), of BO1 (see also Bra.ndenburg & Subramanlan 2000, hereafter
BS00). The underlying assumption was that magnetic helic-

Hpp (B) - (A +Ap) ',(B —Bp)V , (39) ity of the sign opposite to that of the mean field is lost resis-
whereBp is the non-helical reference field tively. As a working hypothesis we assume that such losses
Bp = (B), (40) occur preferentially at small scales where also Ohmic bsse
which is spatially constant. A correspondiAg that satisfies are largest.

Bp =V x Apis In order to speed up this process it might help to get rid of

Ap = —z x Bp + const (41) magnetic helicity with sign opposite to that of the largelsca
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field. One possibility would be via explicit losses of fieldtwi B 1.0f
opposite magnetic helicity through boundaries (i.e. thieou 10 2 50
surface or the equatorial plane). This possibility was @ist _3 Fi '
cussed by Blackman & Field (2000) and more recently by© i & 00;
Kleeorin et al. (2000) and Ji & Prager (2001). _4 1 >~ -05 ,
The results obtained so far seem to indicate that this doéd | RIS _10f e e
not happen easily (BDO1). Instead, since most of the mag-,—5 ‘ X ‘ ‘ ‘
netic helicity is already in large scales, most of the losses 1 10 100 0 5 10 15 20
in large scales, too. Thus, the idea of losses at small scales k

where the sign of magnetic helicity is opposite to that ajdar _. I
scale, has obvious difficulties. In Seft.]4.1 we address tﬁlgg’ﬁosvoge;;rﬁ?uﬁ;‘n%k; Oghf rgag:negc flfldlf(;rngn
guestion of observational evidence for this. In Sﬂct. 4\ge di y o i - 0

cuss quantitatively the effect of losses on larae scales k = 1. Note that most of the power is in the small scales with
q y 9 " M; ~ k'/3. The normalised helicity spectrum is also plotted.

Note that for medium and large valuesiothe spectral mag-
3. Magnetic helicity cancellation netic helicity is very small%k|Hk| < M. The simulation
was done witl240® mesh points and a magnetic diffusivity
— —4
3.1. Magnetic helicity in ABC-flow dynamos n=2x10""
Before we start discussing the evolution of magnetic heli
ity in turbulent dynamos we consider first the case of stea
kinematicABC flows, where the velocity field is given by

Asinkyz + Ccoskyy
u= | Bsinkixz+ Acosk;z (43)
Csinkiy + Bcoskix

with A = B = C = 1andk; = 1 in the domain

-7 < z,y,z < w. This class of dynamo models is of in-
terest because here the net magnetic helicity can be sir
even though the flow itself is fully helical (Gilbert 2002,dan
references therein). The field generated by such an ABC fli
dynamo does have magnetic helicity, but it is comparative
weak in the sense that the realisability conditi@ A7) s fi

from being saturated. This is seen in Hijj. 3, where we cofy 4. Cross-section of the magnetic helicity density for the

pareM;, with 5%|Hy|. In addition, the spectral helicity is al- AB¢ flow dynamo from Fig[]3. Note the intermittent nature
ternating in sign, often from one wavenumber to the nexli A . B.

see the second panel of Fﬂ. 3. The magnetic helicity den-
sity is also alternating irspace with a smoothly varying,
mostly positive component, interspersed by negative,lfighThus, the origin of thé:'/3 spectrum for these types of kine-
localised peaks as shown in F[§j. 4. MoreoverRas — oo, Mmatic dynamos remains unclear.
the net magnetic helicity goes asymptotically to zero; see One might wonder whether nearly perfect magnetic helic-
Fig. [§. This result is typical of fast dynamos (Hughes, Caity cancellation can also occur in the sun. Before we can ad-
taneo, & Kim 1996, Gilbert 2002). dress this question we need to understand the circumstances
We note in passing that the magnetic power spectrum imder which this type of magnetic helicity cancellation can
creases approximately like/3 (see the left panel of Fi@ 3), occur. It appears that nearly perfect magnetic helicitycen
which is similar to the results from a number of other dylation is an artefact of the assumption of linearity and of a
namos as long as they are in the kinematic regime; see, esgaall computational domain. Increasing its size allowgdar
Fig. 22 of BO1 for a large magnetic Prandtl number calcseale fields to grow even though the field has already satu-
lation and Fig. 17 of Brandenburg et al. (1996) for convecated on the scale of the ABC flow. This is shown in Ff]g. 6
tive dynamos. Thus, most of the spectral magnetic energywbkere we plot the magnetic energy of the mean magnetic
in small scales, which is quite different from the helicattu field, B, for a ‘nonlinearised’ ABC flow withA = 0, and
bulence simulations of BO1. In turbulent dynamos this speB-= C = 1/(1 + M/M,), whereM is the magnetic energy
trum could be explained by the analogy between magnetind M, = 1. We chose a domain of siz&r x 27 x 8,
field and vorticity (Batchelor 1950). For a Kolmogorkv®/3  which is increased in the direction by a factor 4. In the
spectrum, the vorticity spectrum hag &3 inertial range. In kinematic phase the high wavenumber modes grow fastest.
the present case, however, this argument does not apply ®ece the magnetic energy reaches saturation, the velscity i
cause the flow is stationary, so there is no cascade in wloaditecreased, so the high wavenumber modes stop growing, but

=
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Fig.5. Magnetic helicity,(A - B), nondimensionalised by Fig.6. Evolution of the magnetic energyl = (B2/2u0),
(B?)/k1, as a function of?,,, = Uy/(nk1) for a model with for a ‘nonlinearised’ ABC flow withA = 0, andB = C =

A =B =C = Uy = 1. Here,k; = 1 is the smallest 1/(1 + M/M,) scales with the magnetic energy/. The
wavenumber in the box, which has the s{2e)®. Note that box has a side length &fr in the > direction. In the kine-

k1 (A - B)/(B?) decreases with increasirfg,, like RLY/?. matic stage# < 500) modes withk > 1 grow fastest. Af-
Thus, in the high magnetic Reynolds number liiniy — co, ter the small scale modes saturate, the energy of the larger

the magnetic helicity of the ABC flow dynamo vanishes. ~scales continues to grow until the large scale reachesasatur
tion (e.g.,k = 0.5 saturates after= 2000). The field contin-

. ) _ ues to grow even further, but very slowly. Since the box has a
the remaining lower wavenumber modes are still excited. Adige |ength o, the minimum wavenumber is= 0.25.
though they grew slower during the earlier kinematic stage,

they are now still excited and saturate at a much later time.

This process continues until the mode with the geometyicasrandenburg & Sarson (2002, hereafter referred to as BS02).
largest possible scale has reached saturation, provided these are models with helical forcing around a wavenumber
mode remains still excited. Once a large scale field of thig |ike in BO1. The basic parameters of the runs presented
form has developed, cancellation of any form has becomeps02 are summarised in Tabip 1. Run A has ordinary
small. This is indicated by the fact, that the magnetic kelighagnetic diffusivity withn = 10—, whilst Runs B and C
ity is nearly maximum, i.ef/(2uoM) = k;,' with &, be-  have second order hyperdiffusivity, §872A is replaced by
ing themomentarywavenumber of the large scale magnetic.;, 74 A in the induction equatiorf](4), ang = 3 x 10~®
ﬁeld, which is also indicated in F|@ 6. ThUS, for this type Oénd 10*8 for Runs B and C’ respective'y_ [Genera”y’ for
dynamo, small scale magnetic fields are highly intermittef{odels withnth order hyperdiffusivity, one would have a dif-
and can grow fast, while large-scale fields grow once agaigsion term(—1)"*5,, V2" A.] In all three cases the forcing
on slow time scales only. It is this type of large scale fielgf the flow is at wavenumbet; = 27 with the same am-
generation that is often thought to be responsible for generp|itude (f, = 0.1), as in BO1. At the forcing scale, Run B
ing the large scale field of the sun (see Parker 1979, Krausgs8hy a factorn, k2 /(nakd) = 0.22 times less resistive than
Radler 1980, or Zeldovich et al. 1983, for conventional mogkun A. Run C is another three times less resistive. During
els of the solar dynamo), although the saturation processfig kinematic phase shown, the spectral power increases at
still resistively slow. all wavenumbers at a rate proportionaktd, wherey = 2\

is the kinematic growth rate of the magnetic energy arite
3.2. Magnetic helicity cancellation in turbulent dynamos growth rate of the rms magnetic field.

Magnetic helicity cancellation seems to be a generic phe- AS the magnetic Reynolds number increases, the mag-

nomenon of alkinematicdynamos, including the turbulentnetic helicity normalised by the magnetic energyt! /M,
dynamos in cartesian domains that have been studied rgcefific'e@ses, as shown in Hib. 8 for Runs A, B, and C of BS02.
in BOL. Even though the initial field is fully helical, the sig The he|I.C-Ity of the forcing anld the .kl_netlc helicity of the\ﬂo

of magnetic helicity are different at large and small scal@€ Positive, so the magnetic helicity at small scales is als
and can therefore cancel, at least in principle. In practif@Sitive. This results in large scale magnetic helicityt isa
there remains always some finite net magnetic helicity, bifg9ative. Therefore, also the total magnetic helicity igare

as the magnetic Reynolds number increases, the total m%@

netic helicity decreases, exactly like for the ABC-flow dy- The asymptotic decrease of magnetic helicity for progres-
namos studied in SecEB.l. Examples of magnetic powsdvely smaller magnetic diffusivity (Figﬂ 5) can be quaatit
spectra calculated separately for the right and left handickly described by Berger’s (1984) magnetic helicity con-
parts of the field are shown in Fiﬂ. 7 for Runs A, B, and C dftraint, which we modify here for the initial kinematic eusel
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Fig. 7. Power spectra separately for the right and left handed 02 = 4
parts of the field, for Runs A, B, and C of BS02. Different 0.0 =" . ‘ ‘ ‘
times have been collapsed onto the same graph by scaling the 0 500 1000 1500 =000
spectra withe=7*, where~ is the corresponding growth rate t

of the magnetic energy for each run. Note that as the m
netic diffusivity is reduced, the relative excess/df, over
M, decreases, as expected for asymptotic magnetic heli
conservation.

al'—%g. 8. Magnetic helicity, normalised by the magnetic energy,
JR{/ Runs A, B, and C of BS02. In Run A&,= 10~*, whereas
in"Runs B and C second order hyperresistivity is used, with
N2 = 3 x 1078 and10~8, respectively. Note that the smaller
the magnetic diffusivity (at large and intermediate scakbe

tion when the magnetic energy increases exponentiallyeat §lower is the saturation of magnetic helicity.
ratey = 2\. We consider first the case of ordinary magnetic

diffusivity and turn then to the case of hyperdiffusivitpria .
closed or periodic domain, the modulus of the time derieatiy>0, again,

of the magnetic helicity can be bounded from above by | 7| /(21 < afyqn, (50)

2z ’ﬁ =T - B)|V < 2p(32)V/2(B2)1/2V but now lyin = (2n.k"52/7)"/? involves the value of

po | dt 12 (44) ke o- Like in the case with ordinary magnetic diffusivity we
= 2'2Q 0. (2M)2, havea = ¢ '/2. From the values ofH |/(2p10M) and/gn

where Qyoue = (np0d?) is the rate of Joule dissipation.given in Tablg[l we see that this constraint is indeed well sat

In the kinematic regime,fl| = ~|H| andM = M = isfied during the kinematic growth phase.

W — Qjoule = €Qjoule, WhereW is the work done on the

magnetic field by the velocity field. In the dynamo case, i.8.3. Magnetic helicity conversion to large scales
if v > 0, we haves > 0. Thus east initially. hen the field is siil .
At least initially, i.e. when the field is still growing expen-
%IHl <on'2(yM/e) 2 (2M)'? = (2n7/€)'/?(201)(45) tially, there is a strong conversion of positive magnetie he
or licity at the driving scale to negative magnetic helicityaat
s 12 certain larger scale. This can be described by the magnetic
|H|/(2uoM) < e /=(2n/7)" " = alsin, (46)  helicity equation, written separately for positive and aixe
where/gi, = (2n/7)/? is the skin depth associated withparts,
the grovvth ratey anda = e—l/.? isa paramgter desc_:rit_)ing.theHi — 425 — 29k2 Hy, (51)
fractional excess of magnetic energy gain over dissipation
In the case of hyperdiffusivity, which is often used fowhere Hy = [ HiEdk, with k% = [k"HEdk/ [ Hifdk,
numerical reasons, we have and S describes the transfer of magnetic helicity from small
By |2 B2 to large scales. In runs with second order hyperresistitity
Qioule = M / |2 kL g3 ~ Mk g <—> V, (47) termnki hasto be replacedbyk? . The evolution of the net
Ho Ho magnetic helicityt+H —, is of course unaffected by. We
whereks ¢ ~ k¢ is an effective wavenumber defined suchote, however, that thepectrunof the magnetic helicity does
that the second equality in Eq. [48) below is satisfied exactave non-diffusive source and sink terms such that its iateg
and in Eq. [(4) only approximately. The rate of change @fer all wavenumbers vanishes (see BO1 for detailed plots).

magnetic helicity is then bounded by The term+S in Eq. (5}) is related to the effect (Blackman
Y on—1 2 3 & Field 2000) or, more precisely, to the turbulent electremo
—|H| < 2n, | |k B d°k . .
/Lo' | < 20 [ 1K | Brl™/ 1o (48) tive force. In the present case, where turbulent diffusiso a
= 27771/2142;&1 (ke B2/ p10)/* (B2 11o) /?V, enters, we have therefore (cf. BO1)
Or’y ome2y1/2 /2 ) S = (aEQ — nepiod - B)V. (52)
n—2\1/2 1/2
%|H| < 2mkter”) " Quoue (2M) (49) Since the other two terms in Eq.[51) are known, we can di-

= 20k )2 (v/e) 2 (2M). rectly work outS from this equation. The results for Runs A,
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Table 1. Summary of runs, some of which were already presented in BB@2 runs withn = 2 have hyperdiffusivity, so
the effective diffusivity at the forcing wavenumbér, and at the Nyquist wavenumbéyg,, = 7/dx = N/2, are different.
N3 is the total number of mesh points, afid is the mesh spacing. The parameigr, gives an approximate upper bound
for | H|/(2u0M).

Run N n Mn nnkf2n72 777Lk12\]7;72 Y kf Qltrav |H|/(2MOM) gskin S/(2M)|t:1000
A 120° 1 10~% 1077 1077 0.047 27 1.1x107° 0.035 0.065 0.00075
B 1202 2 3x107® 2x107° 1074 0.070 27 7.3x107* 0.018 0.025 0.00035
Cc 120> 2 10~8 7x107% 4x107° 0.082 27 3.6x107* 0.005 0.013 0.00020
D 302 2 1074 9x107* 2x10"2 0.078 3 - 0.08 0.15 -
E 60> 2 1075 2x107* 9x107® 012 5 - 0.040 0.065 -
F 120> 2 3x107% 3x1077 107* 012 3 - 0.0013 0.0021 -
0.0025T ‘
L k:*l
r _ Run A 1
00020 r L RUH B i
o\ ______._ Run C 1
< 0.0015 .
)
o 0.0010 - .
i
0.0005F ]
0.0000 & LT ‘
0 500 1000 1500 2000
t 10716 —
. . ) . 1 10
Fig. 9. Relative magnetic helicity transfer from small to large k/k,

scales for runs A (most resistive), B and C (least resistife)

B_SOZI, as a funcyon of time. Note that for smaller magnet,gg' 10. Evolution of magnetic energy spectra in the hyper-

diffusivity, the ratioS/(2M) decreases and hence the convegifysive Run B in equidistant time intervals fram= 0 (low-

sion to large scales becomes less efficient. est curve)t = 40 (next one higher up), until = 2080 (peak-
ing at the very top left). The dotted lines give the kinetie en

B, and C are plotted in Fig] 9. The quantffy(2)/) is a mea- ergy.
sure of the rate of helicity transfer, i.e. the differencensen

a-effect and turbulent diffusion. Although the ratiy/(2M) . < 20%,) travelling to the left toward smaller wavenum-
has not yet settled to a stationary value, we compare in Fasrs. In order to check whether or not the speed of the spec-
ble[} the values for three different runs tat 1000). tral bumps in the different runs shown in Fiffs 7 dndl 10
Figure[9 shows tha$/(2M/) approaches a finite value inalso decreases with decreasing magnetic diffusivity we plo
the nonlinear regime, but its value becomes smaller as {Rerig. the position of the secondary bump in the power
magnetic diffusivity is decreased. Thus, even though strogpectrum as a function of time. It is evident that the slope,
final field strengths are possible, this can still be achiev@ghich signifies the speed of the bump, decreases with de-
with a residuak effect that decreases with decreasing magreasing magnetic diffusivity. A reasonable fit to this raigr
netic diffusivity. This is consistent with earlier resutsCat-  tion is given by
taneo & Vainshtein (1991), Vainshtein & Cattaneo (1992%,71 B
and Cattaneo & Hughes (1996) thatandr; are quenched “max — Qtray (= tsat), (53)
in a R,,-dependent fashion. Field & Blackman (2002) havehere the parameter,,,, characterises the speed at which
pointed out, however, that this result can also be expldiyedthis secondary bump travels. The values obtained from fits to
a dynamically quencheglwherea andrn, are not necessarily various runs are also listed in Tatﬂe 1. Following arguments
guenched in &,,-dependent fashion. given by Pouquet et al. (1976),., obtained in this way is
One may wonder whether thg,,-dependent slow-down actually a measure of theeffect. The decrease of,,, with
during the saturation phase of the large scale field (as seed@creasing magnetic diffusivity adds to the evidence thet t
Fig.[d), applies also to intermediate scales. In Fij. 10 wash a effectis quenched in &,,, dependent fashion.
how the magnetic power spectrum shows a bump at interme- The R,,, dependence afk,., and.S/(2M), both indica-
diate wavenumbers (i.e. the wide maximum at wavenumbéixe of inverse energy transfer, seems to be in conflict with
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Fig.12. Evolution of magnetic energy in runs with mag-
netic driving. Forcing occurs in the induction equationard

3 wavenumbek; = 5. Runs with hyperdiffusivity are denoted
] by 7, and those with ordinary diffusivity by;.

0 500 1000 1500 2000

that the magnetic energy evolves to larger values as the mag-
netic diffusivity is decreased. This is because the injecti

of magnetic energy is primarily balanced by magnetic dif-

g:ig 3 fusion, which becomes weaker as the magnetic diffusivity is
decreased. In the runs with second order hyperdiffusidigy (

e 090F noted byn,) the magnetic energy evolves to even larger val-
0.20¢ ues. What is more important, however, is the time scale on
0.10F which saturation is achieved. This time scale is the registi

0 200 400 600 800 1000 one, suggesting again that the transport of magnetic energy

across the spectrum from small to large scales is a redistive
limited process.

Fig.11. Evolution of the position of the secondary bump in
the power spectrum. 4. Evolution of the large scale magnetic helicity

the usual idea of an inverse cascade where such transfers Bap Magnetic helicity flux from global mean-field models

pen on a dynamical time scale (e.g., Verma 2001). The on

I
reasonable conclusion from this seems to be that the (nonTé_—e only information available to date about the magnetic he
cal!) inverse transfer discussed here is in fact distirastithe licity of the sun is from surface magnetic fields, and thesa da

usual inverse cascade. In other words, the present simigati@"® incomplete. Vector magnetograms of active regions show

do not support the concept of an inverse cascade inghal negative (positive) current helicity on the northern ($wut
(local) sense. ern) hemisphere (Seehafer 1990, Pevtsov, Canfield, & Met-

calf 1995, Bao et al. 1999, Pevtsov & Latushko 2000). From
) ) local measurements one can only obtain the current helicity
3.4. Magnetically driven turbulence so nothing can be concluded about magnetic helicity. Typi-

In the cases considered so far, the turbulence is driven bcally, however, current and magnetic helicities agreegn.si

forcing term in the momentum equation. Another way to in\éue* the current helicity is stronger at small scales.

ject energy into the system is by adding an irregular externa Berger & Ruzmaikin (2000) have estimated the flux of
electromotive force o (, t) to the system. The inductionmagnetic helicity from the solar surface. They discussed
equation|§|4) is then replaced by effect and differential rotation as the main agents faatiit

ing the loss of magnetic helicity. Their results indicatatth
oA =ux B+nV2A + Eo(x,1). (54) the flux of magnetic helicity due to rotation and the actual
ot 7 magnetic field obtained from solar magnetograms is nega-
This is in some ways reminiscent of turbulence driven ke (positive) in the northern (southern) hemisphere.sThu
magnetic instabilities (e.g. the magnetorotational iniitg, the sign agrees with that of the current helicity obtained us
buoyancy or kink instabilities). The direct injection ofexgy ing vector magnetograms. Finally, Chae (2000) estimated th
into the induction equation was also considered by Pougueagnetic helicity flux based on counting the crossings of
et al. (1976), for example, who assumed the forcing to be hmairs of flux tubes. Combined with the assumption that two
lical. The results of such a run are shown in FE 12. Noteearly aligned flux tubes are nearly parallel, rather than an
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tiparallel, his results again suggest that the magneticibel Berger & Field (1984) for the northern hemisphere (indidate
is negative (positive) in the northern (southern) hemisphe by N),

What is curious here is that even though different scalésy = [ (A + Ap)- (B — Bp) dV, (55)
are involved (small and intermediate scales in active regio N
and coronal mass ejections, and large scales in the diffaterwhereBp = V x Ap is a potential reference field inside the
rotation), there is as yet no evidence that the helicityspet northern hemisphere, whose radial component agreeSBvith
of the sun reverses sign at some scale. (see Bellan 1999 for a review). This implies thés = Ap,

on the boundary of the northern hemisphere (both on the

We now discuss the magnetic helicity properties of meaggter surface and the equator).
field af2 dynamos in a sphere. There are different reasons | spherical coordinates an axisymmetric magnetic field
Why_looklr_lg at mean-fleld dynam(_)s canbe mterestln_g"m COBan be expressed in the foiB = §¢<Z’ +V x Zﬁ). The
nection with helical turbulence. Firstly, magnetic hetdn-  hntential reference field is purely poloidal. Therefore, ot

volves one wavenumber factor less than the magnetic eneggyquct of the toroidal components in the integfa) (55)ris-si
and tends therefore to be dominated by the large scale fi

Magnetic helicity should therefore be describable by mean-

field theory. Secondly, mean-field dynamos easily allow tHéI(qtor) = / (Ap + Apy)By dV. (56)
spherical geometry to be taken into account. This is mainly N

because such models can be only two-dimensional. The &' the dot products of the poloidal components of the in-
sulting field geometry does in some ways resemble the soig@ral we express the magnetic vector potential in the form
field. We recall, however, that at present there is no satisfd = A¢® + V x Cs¢, Whereg - V x V x (Cy0) = By.

tory model that explains both the equatorward migration ¥¥e can then write the integrand for the poloidal component
magnetic activity as well as the approximate antiphase I

tween radial and a_zimuthal field_S_(”Eb_ <0 dur_ing most (v x Ud)qz,) SV x (Ay — ZP¢>)<Z’ = By(Ay — Apy)

of the cycle; see Stix 1976), and is still compatible with the V.Ax(A,-A )q}] (57)
observed differential rotatiord2/0r > 0 at low latitudes). _ ¢ P/l
The sign of differential rotation does not however affeet th(Note thatC's, = 0, as the potential reference field is purely
sign of the magnetic helicity. In fact, the velocity does erev poloidal.) The integral over the divergence term vanistees b
generate magnetic helicity, it contributes only to the fliix ¢ausedy = Apg on the boundary, so we have

magnetic helicity; see Eqf (5) and (6). - _
’ visee EE 2O 1 = [ By~ Any) av. (58)
N
and hence
Table 2. Properties of mean-field dynamos for different signs _
of o and radial sheaf) = 99/0r. All of these models are H/N =2 /N AgBg dV. (59)

problt?matmwh_en. applled_ tothe sun. Case (.'”)’ where> 0 .The time evolution ofHy can be obtained from the mean-
andQY’ < 0, satisfies two important constraints (butterfly di-. . i .

. S ; ield dynamo equation (e.g. Krause & Radler 1980), which
agram with equatorward migration, antiphase betweenlradia

and azimuthal field), but it is incompatible with the helio®'

seismology data which indicate that at least at low latisudd n/dt = 25 — Qx, (60)
' >0. whereS = [ € - B dV was already defined in Eq_{52),
£ = aB — nrpd is the e.m.f. of the mean field, ar@hy
Q' <0 Q' >0 is the integrated magnetic helicity flux out of the northern
a0 <0 Case (i) Case (i) hemisphere (i.e. through the outer surface and the equator)
helioseismology not OK| helioseismology OK with
butterfly not OK butterfly OK o
phase rel. OK phase rel. not OK Qn = -2 ]{[(8 + U x B) x Ag¢)] - dS, (61)
Hyx and@n negative | Hy and@n negative
ap >0 Case (i) Case (iv) whereU = rsinfQé is the mean toroidal flow. It will
helioseismology not OK| helioseismology OK be of interest to splitQy into the contributions from the
butterfly OK butterfly not OK outer surface integrat)ns, and the equatorial plan€g,,
phase rel. OI_<_ phase rel. not _QK SOQN = Qns + Qrq-
Hy and@n positive | Hy andQy positive In Table[p we summarise the key properties of typie@l

dynamo models for different signs afandQ)’ = 9Q2/0r (cf.

Stix 1976). Here we have also indicated the sign of the mag-
netic helicity flux that leaves from the northern hemisphere
For the axisymmetric mean fiel@, of anaf) dynamo Q. In all the models presented here the sigrQaf agrees

we calculate the gauge-invariant relative magnetic gl with that of Hy, which also agrees with the sign @f This is
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because, averaged over one cy¢E/x /dt).y. vanishes, so toroidal field
the sign of(Qn)cyec Must agree with that ofS).,. which, in
turn, is determined by the sign of see Eq.|(§0).

What remains unclear, however, is whether the negati
current helicity observed in the northern hemisphere is i
dicative of small or large scales, and hence whether the s 3210 3.220 3.230 3.240
of « is positive (case iv) or negative (case ii), respectivel
Only in case (iv) there would be the possibility of sheddin
magnetic helicity of the opposite sign; see S. 4.3 bdlow.
case (iii), Hy is also positive, but her®’ < 0, which does
not apply to the sun. In case (ii), on the other hafg; is

negative, so shedding of negative magnetic helicity woatd ¢
as a |OSS, 3.210 3.220 3.230 3.240

- Q

magnetic helicity density

Our goal is to estimate the amount of magnetic helicit
that is to be expected for more realistic models of the sol
dynamo. We also need to know which fraction of the may
netic field takes part in the 11-year cycle. In the followin <
we drop the subscript N oA and M. For an oscillatory dy-
namo, all three variable#/, M, and@ ;.4 Vary in an oscil-
latory fashion with a cycle frequency of magnetic energy 3210 = 3.240
(corresponding to 11 years for the sun — not 22 years), ou
we estimatgdH/dt| < w|H| andQjoue S wM, which, by Fig. 13. Butterfly diagrams of the toroidal field from a mean
arguments analogous to those used in Jedt. 3.2, leads tofiéled model, compared with butterfly diagrams of the mag-
inequality netic helicity density near the surface and magnetic hglici
\H|/(2p0M) < Lyin, (62) flux due to differential rotation at the surface. Note that th
ocal magnetic helicity density is most of the time positive
light grey) in the northern hemisphere and negative (dark
rey) in the southern hemisphere. The magnetic helicity flux
Hows a similar variation, but there is a certain degreemnf ca

magnetic helicity flux density

wherelyi, = (2n/w)/? is the skin depth, now associate

with the oscillation frequency. Thus, the maximum mag-

netic helicity that can be generated and dissipated durig

one cycle is characterised by the length s¢al/ (210M), cellation taking place at any moment in tim@, = 0.175

which has to be less than the skin defh.. Co =1 x 10° (lat). « B
For n we have to use the Spitzer resistivity which is

proportional to7 /2 (T is temperature), sg varies be-

4 2 H
twsenlzo cm®/'s at the base of the convection zone to_apo chultz 2001). We therefore proceed with the simplest pos-
107 cm*/ s near the surface layers and decreases again in :

| h Using — i R e model in spherical geometry. An example of the result-
solar atmosphere. Using = 2r/(11yr) = 2 x 10™°s ing butterfly diagrams of toroidal field, magnetic helicityca
for the relevant frequency at whicH and M vary we have

X agnetic helicity flux is shown in Fig. 13.
lain ~ 10km at the bottom of the convection zone ang1 g _ y @ _
lain ~ 300km at the top. This needs to be compared with The main parameters that can be changed in the model

the valug/H| /(2110 M) obtained from dynamo models. areag (we assume that = «a cos ¢, wheref is colatitude),

In order to see how the conditiofi [62) is met by mearir (=const), and the magnitude of the angular velodity,
field models, we present the results from a typie@lmodel N the expression
of the solar dynamo. Although mean-field theory has been . .
around for several de_cades, the heI|C|ty aspect has only ¢p- Qo |1 -0.038 Py ('COS o) 0.004135 ('COS 0) . (63)
cently attracted attention. In the proceedings of a receetm sin 0 sin 0
ing devoted specifically to this topic (Brown, Canfield, &
Pevtsov 1999) helicity was discussed extensively alsoén tivhich is a fit that resembles closely the surface angular ve-
context of mean-field theory. However, the possibility of hdocity of the sun (Rudiger 1989). What matters for the ax-
licity reversals at some length scale was not addressedsgmmetric dynamo is only the pole—equator differensg,
the time. We recall that in the Babcock-Leighton approaethich is about a third of2o. Our model is made dimension-
it is mainly the latitudinal differential rotation that emms. less by putting? = nt = 1. The governing non-dimensional
We also note that, although the latitudinal migration coulgarameters ar€,, = agR/nt andCq = AQR? /T, where
be explained by radial differential rotation, meridion&ta- AQ = Q0 — Qumin- This leads to the observablggole, by
lation is in principle able to drive meridional migrationesv which we mean the radial field at the pole, which is about 2
when the sense of radial differential rotation would othieev gauss for the sun, angh,.;, by which we mean the azimuthal
be wrong for driving meridional migration (Durney 1995field in the main sunspot belts. The solar valugBef,; is es-
Choudhuri, Schussler, & Dikpati 1995, Kuker, Rudiger, &mated to be around. .. 8 kG, based on equipartition argu-



A. Brandenburg et al.: Magnetic helicity in stellar dynamos 13

Table 3. Results from a mean-field dynamo model in a spherical shéll auiter radiusk and inner radiug.7R, with either
purely latitudinal shear ‘(lat)’ or purely radial sheard()’. The values of: given here (in units ofyr/R) lead to dynamos
that are only slightly supercritical. The cycle peridd,., is given in non-dimensional form and would correspondgr
for nt = 2.4 x 10! cm?/ s (for the models with latitudinal shear), 817 x 10! cm?/ s (for the models with radial shear).
The range 0B 01e/ Brer: that is consistent with observatiorg8,. . . 5) x 10~4, is highlighted in bold face. Both/y and Hy
vary with the dynamo cycle periodi®* and (Hy) refer to the maximum and time averaged valuedgf, respectively.
(Qns)Teyc is the outwards magnetic helicity flux through the northenface, while{Qrq)Tey. is the magnetic helicity flux
through the equator into the southern hemisphere.

c. Co Epole H]r\]nax <HN> <QNS>Tcyc <QEq>Tcyc Tcyc"]T
Buelt 2uoM~R  2puoMnR EieltR4 EicltR4 R2

2x107" 1x10°(lat) 1x10"3 1x107° 4x1077 6 x 1077 7x107° 0.030
6x1072 3x10°(at) 3x107* 3x107* 1x107%* 2x107* 2x107¢ 0.030
2x1072 1x10%(at) 1x107* 1x107* 4x107* 6x107° 7x 1077 0.030
2x107° 3x10°(rad) 8x10"% 5x10° 5x107° 6x 101 2x 1073 0.047
6x107° 1x10*(rad) 2x107%* 2x107% 1x107® 3x107* 5x 1074 0.047
2x107' 3x10*(rad) 8x107° 5x107* 5x107* 7x107° 2x 1074 0.047

ments and on the total emergent flux during one cEdNaus, 4.2. Balance equations

we expectBpole/ Bhelt t0 be inthe rang€2...5) x 1074 o N ) .
The models with imposed positive helical forcing at small

= - o i i ‘i’éngth scale show clearly that there is a production of equal
once Bpole/Bheit IS in the range consistent with obsery g ntg of positive and negative magnetic helicity at small
vations, (h'gh“ghted_Ln bold face)(HN>/(2_quNR) 'S and large scales, respectively (or vice versa if the hglifit
argund(l...3) X _10 for models with Iaptudmal shear the forcing is negative). As time goes on, more and more
using Eq. @)' Given thaR = 7.00 Mm this means that positive and negative magnetic helicity builds up on small
H_N/(Q“OMN) ~ 70. .. 200 km, which WOU_Id be compatible 5 large scales. Of course, magnetic helicity always mspli
With £siin ONly Near the top of the convection zone. magnetic energy as well (this is related to the realisabilit
In units of EieltR‘l, the magnetic helicity flux through condition; see Sedt. 2.2 and Moffatt 1978), and eventuldy t
the northern hemisphere is ab@t . . 5) x 10~%. Using typ- Vvalue of the small scale magnetic energy will have reached
ical parameters for the suB,,.;; = 4kG andR = 700 Mm, the value of the kinetic energy at that scale, so the dynamo
we havegieltRz; = 4 x 10°° Mx2. Thus, our models pre- 'éaches saturation. This happens first at small scalesfand i
dict magnetic helicity fluxes of about . ..2) x 1047 Mx> that was where the dynamo stops, the resulting field would be
for a full 22 year magnetic cycle, or half of that for the 180verned by small scales (Kulsrud & Anderson 1992). How-
year activity cycle. This is comparable to the values regubrt€Ver, this is not what happens in the majority of the numerica
by Berger & Ruzmaikin (2000), but less that those given §XPeriments, and probably also not in real astrophysioa bo
DeVore (2000). Significant magnetic helicity fluxes throug}¢s like the sun.
the equator are only found if angular velocity contours sros  Before we go on, we need to address the question of op-

the equatorial plane, i.e. in the models with radial difféi@  Posite helicities in the two hemispheres of astrophysigal d
rotation. namos. For reasons of symmetry, the total magnetic helic-

If the observed negative magnetic helicity flux on th. y is always_ close to zero. It is then convenien_t to think of
northern hemisphere is associated with the large scaleftiel € two hemispheres as two systems cogpled with each other
hrough an open boundary (the equatorial plane). The equa-

would suggest thatyy < 0. This corresponds to case (ii),,. ; . . "
where mggnetic heﬁcity flux would corF\)tribute as an ;d)d}[on of magnetic helicity conservation has an additionat flu
m,Q, on the right hand side, so it reads [cf. Eﬂ 5)]

tional loss of large scale magnetic energy. On the other,ha}l%r
if the observed negative magnetic helicity flux is assodiateld o

, o —— =—C - Q, (64)
with the small scale field, it could remove excess magnetidt
helicity of the opposite sign, which may act as a source @hereH is the magnetic helicity; the current helicityy the
large scale magnetic energy; see Skcl. 4.3. This correspomitroscopic magnetic diffusivity, ar the magnetic helicity
to case (iv) wherey > 0. flux integrated over the surface of the given subvolumedi.e.
hemisphere in this casﬂ)Ne are interested in the evolution

* For the sun the total emergent flux per cycle is ab®if Mx. of the large scale fiell, and we refer to the magnetic helicity
Assuming that the toroidal field is distributed over a memidil sur- of this large scale or mean field ..

face of~ (20—50) x 500 Mm? ~ (1—3) x 10%° cm?, this amounts
to an estimated toroidal field 8f— 10 kG. 4 @ is not to be confused with the rate of Joule heat@g,uie-
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In the absence of boundaries we halig = [ A-BdV, which has the solution (B01)
whereB = V x A and overbars denote a suitable aver- ks ok (1)
age that commutes with the curl operator and satisfies then =~ EMf [1 — e Tl } : (70)

Reynolds rules (in particular, the average of fluctuaticansv This equation is referred to as the magnetic helicity con-

ishes and the average of an average gives the same; S%?é%nt, which is probably obeyed by all helicity-drivemda

Krause & Radler 1980). With open boundaries, howeV%Cale dynamos. Note, however, that no mean-field theory has

JA - BdV is no longer gauge invariant. For the present " ~ . . . )
discussion we only need the fact that it is possible to drﬂ)een invoked here. Equaﬂoﬂ?O) implies that full satura

. . . X . N fion is reached not earlier than after a resistive time scale
fine gauge-invariant versions of magnetic helicity; seegBer

o1 ; g s
& Field (1984) for the three-dimensional case and BDO1 ( Fin)~ . We emphasise that this is the resistive time scale

. . . onnected to thérge length scal€r /k,,. We also empha-
Sect) for the ong-dlmenS|onaI case that is relevardtto hsise that this result is unaffected by turbulent or otheg.(e.
izontally averaged fields.

Splitting the field | ibut ¢ df ambipolar; see BS00) magnetic diffusion.
tuati plitting the |et Into contrl_tutlons rom mean and fluc- Coming back to the problem with open boundaries we
uating components we can write can carry out a similar analysis by relatinyg, to the mean

dH,, dH ield. . .
g dtf — —Ch — 29Cs — Qe — Q. (65) field. Based on dimensional arguments we may assume

. . . |Qm| = M/ (kmTm), (71)
This equation only becomes useful if we can make appro-

priate simplifications. BDO1 considered the case where tH&€7€7m iS some damping time for the large scale field. We
small scale field has already reached saturation and the 1a¢g§" €XPress this in terms of an effective (turbulent-likejpm
scale magnetic energy continues to build up further until JEtC diffusion coefficienty,, for the large scale field, e.g. in
too reaches saturation. the form

If the large scale field is nearly fully helical we havenm = (TmkZ,) ™" (definition ofr,,), (72)
M, ~ %k,_n|Hm|, wherek,, is the typical wavenumber of s, Eq. [6B) becomes
the mean field. Furthermore, if the small scale field is nearl
fully helical, too, we havell; = %kf|Hf|, wherek; is the —= ~ 420k ke M; — 20k My — 2knQ, (73)
typical wavenumber of the fluctuating field, or the forcing i
wavenumber, as in BO1. Analogous relations lifikto 7. Which has the solution

The relative ordering of the ratios of large and small scalgy ~ 2k My — 2Qs [1 e~ 2mmkn (t—t) | (74)
magnetic energies relative to magnetic and current hiekicit 21m ki

is given by We expecty,, to scale with the turbulent magnetic diffusiv-
\Ho e M. e\ 2 Ol ity, n¢, which describes the spreading of the mean magnetic
Pml Mmoo <_f> [l (66) field. This equation yields the time scdlg, %2 )~ *, which is

[Hi| ko M; km /) |Cil indeed shorter than the resistive time scéig;2 ). How-

Thus, if k< k¢, as is usually the case when there is somever, if Q; = 0 in Eq. ), the energy of the final field
degree of scale separation, abl, ~ M;, we havel H,,,| > relative to the small scale field is decreased by the factor

|H| and|Cy, | < |Cl, so we are left with (nke)/ (Mmkm) < 1. This was the basic result of BDO1 where
dH,, |Q¢| was found to be much smaller thgp,,, |. In other words,
5~ —2nCr — 2Qm — 2@, (67) all the magnetic large scale helicity loss occurred at large

. . scales, which is of course the scale where we wanted to gen-
or, using the above estimates betwédn H andC, and as- g

suming, for definiteness, that,,,, C,, > 0 andH;,C; < 0 erate the large scale field.

(as expected in the northern hemisphere of the sun), we h veThe above results have shown that magnetic helicity
' ?osses due to large scale magnetic fields are not really a sat-

dMm ~ +2nkmke M — 2kmQm — 2km Qs (68) isfactory solution to the problem of generating strong darg
dt " e e scale magnetic fields on fast enough time scales. Rather, one

(The factor 2 in front of thels comes from the 1/2 in therequires that there should be a loss of magnetic helicity due

definition of M.) We can apply this equation to the problento small scale magnetic fields, i.e. a non z€p We may

with open boundaries. assume tha); and ., have opposite sign, because both

However before doing this, we recall that in the absenegirrent and magnetic helicities also have different sigms f

of any surface fluxes of helicity = 0) the assumption the contributions from small and large scales. Looking back

M,, = M; does not apply near saturation. Instead, steadit Eq. ) is it clear that th@; term in the numerator can

ness of H immediately require€ = C,, + C; = 0, so in principle enhance and even completely supersede the re-

|Cm| = |C¢|, and henceM,,, = (k¢/km) My > Mg, and sistively limited ‘driver’, 2nk¢ My, provided@; < 0 on the

|Hwm| > |H;| for the final state. Before this final state isiorthern hemisphere.

reached we have from E(EIGS) Physically speaking, the role of small scale magnetic he-
dM,, ) licity flux is to let the large scale field build up independgnt
—— R +2nkm ks My — 20k, My, (69) of any constraints related to the small scales. To prevent th

dt
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excessive build-up of magnetic energy at small (and interrr

diate) scales, which diffusion was able to do (albeit slgwly 8 ' ' ' ' '

we need to have another more direct mechanism that is in 1

pendent of microscopic magnetic diffusion. In order to ir 6 ]

vestigate the problem of excess magnetic helicity at sm g 1

scales we have performed a series of numerical experime 8 1

by Fourier filtering the field and removing in regular time in SOAr ]

tervals the magnetic energy at the forcing and smaller scal v I ]
2 f= -

4.3. Removing excess magnetic helicity . I

According to our working hypothesis, the reason why tt 0

large scale field can only develop slowly is that the builc
up of the large scale field with one sign of magnetic helicity
requires the simultaneous build-up (and eventual remat¥al)Fig- 14. The effect of removing small scale magnetic en-
small scale field with opposite magnetic helicity. Insteéd &rgy in regular time intervalaz on the evolution of the large
waiting for ohmic field destruction one might expect that)alsscf?"ej'e'd (solid lines). The dashed line gives the evofutio
the explicit removal of magnetic energy at small scales dioudf (B”) for Run 3 of BO1 (where no such energy removal
be able to accomplish this goal. was included) in units oBZ, = 10po(u?). The two solid

A more formal argument is this. We use again Hq] (65)nes show the evolution o<f§2> after restarting the simula-
but without ignoring thel H /d¢ term, and make the assumption from Run 3 of BO1 at\t = 20 and A\t = 80. Time is
tion that large and small scale fields are fully helical, argtaled with the kinematic growth rate The curves labelled
ignore surface terms, because boundary conditions are @g§-give the result for\t = 0.12A~! and those labelled (b)
sumed periodic. Thus, we have an additiodal;/dt term for At = 0.4\~!. The inset shows, for a short time interval,

in Eq. (69), which then reads the sudden drop and subsequent recovery of the total (small
AM,, Ky dM, and large scale) magnetic energy in regular time intervals.
s k_Tf + 20k My — 20k2, M. (75)

f

After small scale magnetic energy is removed, the right hafg@le field geometry was not optimal and that in other sedting
side of Eq. [7p) is out of balance. If we ignored th&/; /d¢ large scale losses are reduced.

term, the large scale magnetic energy would decay propor- The intermediate scales are probably those where most of
tional to —2nk2 M,,, because th@nk,,k;M; term is still the magnetic helicity loss from the sun occurs. This argumen
negligible after having set/ = 0. However, theM; term is based in particular on the sign of the flux of magnetic he-
begins to recover immediately which gives rise to a significity on the solar surface: it is found to be negative (pgsit
icant contribution from thel)M;/dt term. Both terms enter on the northern (southern) hemisphere @fed above).

with the same sign. If the magnetic Reynolds number is large, According to conventional mean-field theory the sign of
i.e. if the recovery rate of/; is faster than than the micro-the q-effect should be positive in the northern hemisphere, so
scopic decay time, we have a net gain. This is indeed bof@ sign of large scale magnetic helicity and the flux thereof
out by the simulations, where magnetic energy is removeHould be positive. A reversal of the sign of magnetic helic-
above the wavenumbér = 4 every At = 0.12A\"" time jty can then be expected on some scale smaller than the large
units, labelled (a) in Fig[. 14, antit = 0.4)~?, labelled (b). scale of the dynamo wave @0-300 Mm). Thus, the helic-
Here,A = 0.07Tu.mske is the kinematic growth rate of theity flux occurs on the scale of active and bipolar regions as
rms field strength. Shorter time intervals do not give any fuyell as the scale of coronal mass ejections, which is about
ther enhancement; the resulting curve for = 0.04)\ " lies 2050 Mm. These scales may therefore well correspond to
almost on top of the curve (a) that starts\at= 80. the intermediate scales referred to above. On the other, hand

We may thus conclude that the preferential removtiere is some uncertainty as to whether the dynamo alpha in
of small scale magnetic fields does indeed enhance latge northern hemisphere of the sun might in fact be negative.
scale dynamo action. Earlier experiments, which are not i&the dynamoa is negative in the northern hemisphere, the
ported here, wherk; was larger, and therefore the magnetimagnetic helicity loss on the sun would be of the same sign
Reynolds numbet:,,s /nks smaller, did not show such anas that of the large scale dynamo-generated field, so its scal
enhancement. Note however that we still do not really knamould still belong to the large scales. However, the sotutio
whether the preferential loss of such small scale field dotsthe helicity problem would then probably not be related
operate in real astrophysical bodies. Simulations havauso to magnetic helicity flux, because thé}y and@,,, as well
been unsuccessful in demonstrating this. Those presemteds H,,,, would have the same sign, & would constitute
BDO1 show that most of the magnetic helicity is lost throughn additional loss term, which does hence not accelerate the
the large scale field. A possible reason may be that the ladygamo (BD01); see also Seﬂt. 4.
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Fig.15. Three-dimensional visualisation of the magnetic field fairaulation where the box is four times longer in the
y-direction. Vectors in the back half of the box show the a@¢inn of the locally averaged field. Ribbons in the frontfhal
indicate magnetic field lines; their twist reflects the lomakality (or helicity) of the magnetic field and has beenated
artificially by factor of 15. The vertical magnetic field coonent is indicated by bright (positive) or dark (negativelptirs

in the top and bottom face of the box.

4.4. Large aspect ratio simulations Table 4. Summary of the main properties of the runs with

vertical field boundary condition. The paramejggives the

In order to assess the role of intermediate scales, we NOW §Xetional magnetic energy in the mean field relative to the
tend the simulations of BDO1 with open boundaries to dgsig) magnetic field.

mains that are larger in one horizontal coordinate directio
compared to before. We have already mentioned in the intro-
duction that the simulations of BDO1 produced most of the A v Ui Urms _brms  G: ¢z @y
magnetic helicity at large scale, i.e. the same scale a@tha\\;ert L 001 001 010 0.09 076 048 0.48
the large scale field that we want to build up fast. A potenti T 2 8'882 8'882 8'%8 8.1181 8'23 g'gg 8'33
problem with Fhese S|mu_lat|on§ gould be a lack of sgfflme%lrt4 0.002 0001 019 017 024 020 020
scale separation. In particular, it is conceivable thatrime- A1/10 002 0001 011 012 061 047 047
diate scales are not sufficiently well represented in thiese sa1/05 0.02 00005 011 013 056 043 0.43
ulations. The intermediate length scales can be expectasl tp4/10 0.02 0.001 011 0.11 0.00 0.00 0.33
where most of the magnetic helicity of the opposite sign r&e4/05 0.02 0.0005 0.11 0.12 0.02 0.02 0.19
sides (‘opposite’ is here meant to be relative to the largéesc
field).

In order to study the possible role of the allowance of in- o
termediate length scales in the simulations we extend the sind field is shown in F'glj_5- Thg component of the mag-
ulations of BDOL1 to the case of larger aspect ratio. The hopgtic field on the:-boundaries shows a clear large scale pat-
is that the large scale field will now develop in the coordinaf®™ with a length scale larger than the extent of the domain
direction that is longest, but that most of the magneticditgli 1N the.x direction. The evolu_t|on of thg magnetic and kinetic
flux occurs still at a similar scale as before and that the sil%ﬁergles of one such run is shown in F'ﬁl 16. We see that
of magnetic helicity and its flux are now reversed relative fgnetic and magnetic energies are approximately in equipar
the helicity at the scale of the mean field. In the simulatiofi§ion- The large scale magnetic energy shows, as expected,
of BDO1 a box with unit aspect ratio was considered, ar¥g@riation in they d_|rect|on, |.e._the_wave vector of the large
one of the coordinate directions (thedirection) was non- Scale field points in the long direction of the box.
periodic and magnetic helicity flux through these boundarie Different runs are compared in Fim 17. All the models
occurred. We have now extended this study to the case whefth open boundaries have the property of developing rgpidl
the box is four times larger in one of the other directiong (tha mean field that varies in thedirection, which is the long
y-direction). A three-dimensional visualisation of theuies direction. When the aspect ratibis small, however, thénal

ARPRPRPRPRPRPRPR
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Reynolds number is increasegl, decreases (from 0.33 to
0.19 wheny is lowered from10~3 to 5 x 10~%). Also, com-
paringg, in the A = 4 case withg, is theA = 1 case, the
mean field is clearly less strong.

Thus, we may conclude that larger aspect ratios favour
large scale magnetic field configurations that vary in théhor
zontal () direction instead of the verticat) direction. How-
ever, at late times the saturation field strength is stilrelas-
ing with decreasing resistivity. It seems therefore wotihey
pursuing this work by studying still larger aspect ratiosl an
yet different field geometries.

4.5. Fractional small scale magnetic helicity

In practice the magnetic helicity will never be near 100%;
typical values are around 3-5% for convective and accretion

Fig.16. Evolution of kinetic and magnetic energies. ThdiSC turbulence (Brandenburg et al. 1995, 1996). This has

magnetic energy contained in the large scale field (averadgd@mPpted Maron & Blackman (2002) to consider the effects

in the  and > directions, and denoted b,,) is shown as a of a forcing. 'Fhat has only frgctﬁonal helicity (i.e. the risal
dash-dotted line. The dotted and dashed curves denote th@b'l'ty condition for the velocity is not saturated). Theyihd
andz-dependent components, respectively. that there is a threshold in the degree of helicity above whic

(large-scale) dynamo action is possible. However, these re
sults were obtained at a resolution of oitl® meshpoints,
and it is therefore possible, that this threshold effeceély

the result of an increase of the critical magnetic Reynolds
number above which the large scaldype dynamo operates,

] and that the model with that resolution has dropped below
: this critical value for large scale dynamo action. Below we
] will estimate whether the dynamo number was in fact large
enough for this to happen.

The effect of fractional helicity of the forcing on the evo-
lution of the large scale magnetic energy can be assessed in
terms of the magnetic helicity constraint, using a gensedli

I , form of Eq. @). In the case of fractional magnetic helicity
0.00< - / the small and large scale magnetic helicities will be leasth

i ,’ ] expected based on the magnetic helicity constraint, so
0.000 2.

0 1000 2000 3000 4000 |CH/ke e (77)
t and
. . . km|Hm| - |Cm|/km ~ Emj\4m7 (78)
Fig. 17. Comparison of the evolution of the large scale mag-
netic field component that varies in thelirection (the direc- Wheree; < 1 ande,, < 1 denote the degree of the resulting
tion in which the box is longest) for runs with different aspe helicity on small and large scales, respectively. Thertears
ratios, 4, and differentvalues of_s = 1/10~2. Note the de- of Eq. (79), we have

velopment of a stronger large scale field fbr= 1 than for k
A:Bl. ’ ? My, ~ cr M; [1 _ eIk (t—ts) , (79)
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which is juste; /e, times the expression on the right hand

field is not that which varies in the-direction, but instead in side of Eq. [7P). Two things can happen: if the small scale
the z-direction. This is seen from Tabl]a 4 where we compafield is only weakly helical, i.ec; < 1, but stille,,, ~ 1, then
the relative strengths of the mean field, the large scale magnetic energy will be decreased. On the

e _ w2/ /p2 . other hand, if the large scale magnetic field is only weakly
6 = K;/M = (B)j/(B7), j=wy2 (76) helical, i.e.e,, < 1, bute; =~ 1, then the large scale mag-
where(B); is the mean field averaged in the two directionsetic energy will actuallyincreaserelative to the prediction
perpendicular tg (cf. BO1). In all the cases witll = 1, g, of Eq. ). In practice, both effects could happen at theesam
is larger thary,, andg,. This is not the case wheA = 4: time, in which case the change of the large scale magnetic
hereq. andq, are very small. Nevertheless, as the magnegmergy will be less strong.
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ﬁ:[—f.'l, 307% helical k=27, 10% helical
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Fig.18. Evolution of kinetic and magnetic energies in twc ke L 20 30
1

runs with fractional helicity. On the left hand pang},= 5
andn = 2 x 1073, whilst on the right hand panet;

=27 Fig. 19. Evolution of kinetic and magnetic energies in a run
andn =2 x 1074,

with perfectly conducting boundaries in thalirection. Note
that the magnetic energy evolves in stages, similar to|].:ig. 6

In Fig. we show the results of two runs with frac-

tional helicity forcing. In both cases the magnetic energyemonstrate that this is true, we show in Fig. 19 the results
exceeds the kinetic energy ly/k., multiplied by an ‘ef- of 5 run where the forcing is still 100% helical, but the large
ficiency factor',e;/en. In the first case we havie/km = 5 scale field is not fully helical. The latter has been achidwed
ander/em = 0.3, giving super-equipartition by about 1.5 adopting perfectly conducting boundary conditions, inabhi
This is roughly in agreement with Fid.[18. In the seconghse it is no longer possible to have fully helical Beltrami
case we havé;/km = 27 ander/en = 0.1, giving Super- \ayes. These calculations are otherwise similar to those pr
equipartition by a factor of about 2.7. Although the run igented in BDO1, where the effects of nonperiodic boundary
the second panel of Fif).]18 has not been run for a full Magsnditions was considered.

netic diffusion time (which is here ten times longer than in |, Fig.[L9 we see another remarkable feature that was al-
the first case), it seems clear that strong super-equiparist oaqy seen in Fid] 6: the large scale magnetic energy grows
still possible. in stages. Indeed, looking at the actual magnetic field patte

In the framework ofa” dynamo theory (Moffatt 1978, gne sees that the number of nodes in plots of the mean field
Krause & Radler 1980), the large scale field is described B¥creases with time, just like in Fid. 6.

Eq. ). In a periodic domain with minimum wavenumber

k1 the condition for large scale dynamo action is that the dy- .

namo numberC,, = «/(nrki1), exceeds unity. Standard es—X]' Position of the secondary peak
timates arev = —37(w - u) andrn, = 37(u?) (e.g., Moffatt In the original Run 6 of BO1 there was a field of intermediate
1978), wherer is the correlation time. For strongly helicalscale that grew fastest at= 7. This wavenumber was found
turbulence with forcing at a particular wavenumldgy we to be in agreement witl,,,.x = |«|/(2nT), which is what

have|(w - u)| ~ etk (u?), so one expects for an? dynamo. Hereyr = n + n; is the
lal k1 Jal/(nk1) sum of microscopic and turbulent magnetic diffusivity and
o= n+ 1 ] TR = etk /uky, (80) represents the effect that is caused by the helical small scale

h Rl ion f involving th velocity. In the simulation, the only parameter that can be
where. =1+ k,," Is a correction factor involving the MaY-changed to makgy|/(2nT) vary is the microscopic magnetic

netic Reynold_s nqmber, define(_j herefas = 1 /. For the Reynolds number. In order to check our prediction regarding
Runs shown in F|g|:1.8, and with the numbers given in the

. nax, We reduce the value of fromn = 1073 (as in B01)
previous paragraph, the values@y are 1.4 and 2.7, réSpec, n = 2 x 10~%. We find that now the fastest growing mode
tively. Thus, the dynamo number is supercritical. This ils-coi:S at k ~ 15, which is, on a logarithmic scale, almost
sistent with the clear growth of the large scale field seen e ’ ’ '

: . ; indistinguishable from the forcing wavenumbigr—= 30; see
the simulations (Fig[ 8). Maron & Blackman (2002) foun ia. PO At larger scale : .
e . ) . [20. < 7, the exponential growth is
that fork¢/k; = 5 the critical value ok; is around 0.5. This g 9 W b 9

_ ) equally fast in all modes, independent of the (microscopic
corresponds t@', = 2.5/. = 2, which should still be su- vglue an P ( pic)
per%rlt;ﬁal. I—lpwetvefr » given rt]hat obnly rrtlodestt_re§otl_ut|0rswa The reason for decreasing scale separation with increas-
used, the estimate fermay have been too optimistic. ing value of Ry, is relatively easy to see. According to the

dispersion relation for the? dynamo in an infinite domain

4.6. Fractional large scale magnetic helicity (e.g., Moffatt 1978) the wavenumber of the fastest growing
We have seen that the large scale field strength will decreQ%%de IS
if the small scale field is not fully helical. However, accordkmax = |al/2nr = ||/ 2up = eske/20. (81)

ing to Eq. ), the large scale magnetic field strength shoBo, unless,, is small, in which case = 1 + R_! can be
increase if the large scale field were less helical. In orderlarge, k.. will be aroundks/2 giving a scale separation of
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n=2x10" t = 160.0
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Fig.20. Scale separation in runs with different resistivity
(first and second panel). Higher resistivity results in ¢éarg ;4—6
scale separation (third panel). 8

10~

1 10
1:2. However, for small values @f, the scale separation can k

be much larger. Fig.21. Decomposition of magnetic field into positive and

In the highR,, limit, a scale separation of just a factor ofiegative helical parts. Note that the magnetic energy at the
2 is hardly visible during the kinematic evolution of the diel forcing scale has increased betwees 250 and¢ = 350.
at that scale. Once the dynamo is in the nonlinear regime, iléle magnetic energy at large scales is dominated by helicity
once the small scale field has saturatedyill be quenched with negative sign (dashed curves).
andk,.x must decrease further.

.1. Evidence for magnetic Reynolds number

In order to see that the sign of the magnetic helicity is irg
ependence

deed different at small and large scales we split the fieln in
right and left handed part = B+ + B~ (see Sec{. 22 and

Christensson, Hindmarsh, & Brandenburg 2001), and show i ,
in Fig. P the magnetic energy spectraldt andB~, M;" Finally, we turn attention to the case of dynamos with shear.

and M,_, respectively. Inverse transfer is only seen in thehe presence of shear allows for an additional induction ef-

M;. spectrum; theM;" spectrum is dominated by the forc-feCt that is .responsible for proo!ucing strong toroidal figld
ing scale. from a poloidal (cross-stream) field component. According

to a result from mean-field theory such dynamos can pos-
sess oscillatory solutions (e.g. Parker 1979). In a redadys
) by Brandenburg, Bigazzi, & Subramanian (2001, hereafter
5. Dynamos with shear BBSO01), where a velocity shear of the form(z) o sinz
was applied to helically driven turbulence in a periodic pox
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Fig. 22. Butterfly diagram ofB,;, continuation from the run Fig. 23. Butterfly diagram of3,,, continuation from the run
of BBSO01, but withy = 2 x 10~*. Run (iii) of Table[b. of BBSO01, but withn = 102 (five times larger than in

Fig.[22). Run (i) of Tabl¢]5.

oscillatory solutions were confirmed also for non-mean field
dynamos. The outstanding question, however, is whether thenamo numbers based on she@ds, = S/(nrk?), is be-
resistive time scale, which is now known to affect the saturaveen 40 and 80, whilst the total dynamo numbBr &
tion phase of the dynamo (B01, BBS01), also affects the cyele,Cy,) is between 10 and 20 (see BBS01), and hefige=
period. This question could not be answered conclusively dy (nrk;) ~ 0.25. Thus, shear dominates strongly over the
BBS01, because only one run with one value of the magnetieeffect (C,/C,, is between 150 and 300), which is typical
Reynolds number was considered. for aQ-type behaviour (i.e. oscillations) rather thafrtype

In the meantime we have accumulated data from anottghaviour which would start whefk, /C., is below about 10
run that had twice the value of the magnetic Reynolds nurfe.g. Roberts & Stix 1972).
ber. The flow is driven by a forcing, which consist of two  Another possibility is that an oscillatory and migratory
components: a term varying sinusoidally in thelirection dynamo is still possible, but it takes longer for the system
with wavenumbet: = 1 driving the shear and a term consistto settle onto this solution. Unfortunately the presentgim
ing of random Beltrami waves with wavenumbigr= 5. As  tions have become prohibitively expensive in terms of com-
in BBSO01, the ratio of the magnitudes of the two componergsiter time that this run cannot be prolonged by much fur-
of the forcing function is about 1:100, resulting in a sheat Vther at this time. Instead, we have calculated a model with
locity that is in the final state about 50 times larger than thgrger magnetic diffusivity and found cycle periods that ar
poloidal rms velocity of the turbulence. This is large enoughow somewhat shorter than beforz(...800 compared to
so that we can expect to be in the so-called)‘regime’ 1000...2000 in BBS02), but in diffusive units they are sim-
where oscillatory solutions are the rule. ilar (0.7...0.8 compared td).5...1.0 in BBS02); see Fig[ 23.

Corresponding butterfly diagrams of the toroidally avefFhis suggests that the period in this oscillatory dynamdills s
aged toroidal field components are shown in Fifj. 22. The twontrolled by the microscopic magnetic diffusivity. A more
diagrams are for two different-positions,» = Fr and at detailed comparison of various parameters with the other ru
o = 0, where the sheas = du'”/dz takes on its nega- Presented above and with that of BBSO1 is given in Tgple 5.

tive and positive extremum, respectively. The simulati@sw
restarted from the run of BBSO1 at the time- 6 000 and run
until ¢ = 13 000 with  reduced by a factor &.5 with respect
to BBSO1. It turns out that the resulting magnetic field sisffewe now want to address the question whether magnetic he-
a major disturbance after the magnetic diffusivity is restlic licity can vary in space and time such that it is actually un-
by just a factor of 2. More importantly, a clear pattern of ghanged in the frame of the dynamo wave as it propagates.
migratory dynamo wave is now almost absent. Instead, tithe background of these suggestions is as follows. Although
toroidal flux pattern appears to just wobble up and down {Re sign of the magnetic helicity in each hemisphere remains
the z direction. the same (and is opposite in the other hemisphere), its value
One possible explanation for this result is that the dgtill changes somewhat as the cycle proceeds. It is conceiv-
namo wave was just very close to the threshold betweahle that even a small fractional variation may prove incom-
oscillatory and nonoscillatory behaviour. This is not vergatible with the Parker-type migratory dynamo operatingon
likely however: the estimates of BBSO1 indicated that thrgynamical time scale. One possibility worth checking ig tha

5.2. Can magnetic helicity ride with the dynamo wave?
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Table 5. Summary of the main properties of the threetoroidal flow pattern clearly traces the toroidal magnettdfi
dimensional simulations with shear. Herg/(csk1) is the pattern. More recently Howe et al. (2000) found another
magnetic diffusivity in units of the sounds speed and thehorter period of 1.5 years which has been seen in helioseis-
wavenumber of the domain, and,. = 27 /T, is the cycle mological data. If this can indeed also be interpreted as the

frequency. In Run (iii) there is no clear cycle visible. result of a similar magnetic field pattern (which is as yet un-
detected) then this would suggest the presence of multgle p

RUN o) (i) (i) riods in the solar dynamo wave (cf. Covas, Tavakol, & Moss
] (cke) 10° 5x107 2x10° 2001).
v/n 5 10 25 In the discussion above we had mainly bulk motions in
(w2 /(nk1) 30 80 200 mind that would result in a transport of magnetic helicity.
<ﬁ2)1/2/(nk1) 600 1200 2500 This does not need to be the case because magnetic helicity
(b%)/B2, 4 6 20 can also be transported along twisting magnetic field lines.
<EZ>/ng 20 30 60 This was used in the approach by Vishniac & Cho (2001),
(<§i>/<§2>)1/2 0.018 0.014 0.008 who proposed a dynamo effect based on a non-vanishing di-
w(T-B)/B%) 011 0.06 0.014 vergence of the magnetic helicity flux. If magnetic helicity
weye/ (Mk?) 8...9 6...12 > 107 were to ride with the dynamo wave, then this could perhaps

correspond to the anticipated magnetic helicity flux. Unfor
tunately, in the parameter regime currently accessiblere s
ulations the effect proposed by Vishniac & Cho has not yet
been confirmed (Arlt & Brandenburg 2001). We may there-
fore conclude that transport or advection of magnetic iglic
by meridional flows remains a possibility, but has not as yet
been verified numerically.

5.3. Helicity loss in the presence of surface shear

The calculations of BDO1 had the shortcoming that large
scale shear was absent. Of course, shear does not produce
net magnetic helicity, but it can lead to a spatial sepanatio
which could be particularly useful if there are surfacesgea
scale shear in the equatorial plane would wind up a poloidal
field and hence would lead to magnetic helicity of opposite
sign in the northern and southern hemispheres. In helically
forced turbulence simulations, the various effects havg on
been studied in isolation: shear and helicity in BBS01, sur-

F
' ‘ a8 face shear but no helicity in Arlt & Brandenburg (2001), and
0.5 1.0 1.5 2.0 25 a0 different helicities in the northern and southern hemispbe
nkit in Brandenburg (2001b).

Fig. 24. Butterfly diagram ofB,, for the run of BBS01 with Surface shear may allow for the direct production and
n =5 x 10~*, compared with the corresponding diagrams afansport of magnetic helicity of different signs in the two
u, andz, for the same time interval. Note the presence oflgemispheres on a dynamical time scale. Consider a differ-
‘torsional’ oscillation inw,, i.e. a superposition of the drivenentially rotating star permeated by an initially uniformgna
shear flow (second panel), but the absence of any similar patic field parallel to the rotation axis. The differentiata-
tern inw, (last panel). Run (i) of Tablﬂ 5. tion will wind up the magnetic field in different directions i
the two hemispheres, where the field lines describe oppsite
oriented screws. Such additional production and tranggort
the magnetic helicity pattern could propagate togethel wignagnetic helicity on a dynamical time scale may be impor-
the dynamo wave. In that case the magnetic helicity woulgint for the magnetic helicity problem. On the other hand, fo
be conserved in a Lagrangian frame moving with the waugis idea to be relevant we have to have a pre-existing large
but not in an Eulerian frame. If this transport is due to adcale poloidal magnetic field, so this issue does not seem to
vection, we would then expect systematic sign changes of address the problem of resistively limited field saturation
in a space-time diagram, which does not seem to be the case|, order to find out whether large scale surface shear is
however; see Fid. 4. important we have considered a model similar to Run C2 of
What does seem interesting, however, is the presencefolt & Brandenburg (2001), i.e. with finite shear in a layer
what is usually (in the context of solar physics) referred wf thicknes27 and a quiescent (non-turbulent) halo with no
as a ‘torsional’ oscillation (Howard & LaBonte 1980). Theshear outside. As before, the shear is giverubiz), while
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the boundary to the halo is at = 4. However, in con- =1 ' B ' '
trast to the nonhelical calculations of Arlt & Brandenbur¢ 10 [ ' —e
we have now included a helical forcing that is negative (po =
itive) above (below) the midplane. The results are in mar 10 r
respects similar to the runs of BDO1 with a halo: around tt [
time of saturation there is a strong negative burst of sm 10
scale magnetic helicity together with positive small scale F
rent helicity. The resulting magnetic helicity fluxes botito 10 ™~ -
of the turbulent domain as well as upwards on the two bour r
aries are fluctuating about zero. Thus, the addition of stoeal 13_5 -
the halo runs of BDO1 seems to have only little effect on tt

evolution of helicity fluxes. 10

The evolution of the magnetic and kinetic energies
shown in Fig. After about 0.08 resistive times the dynan .00 005 0.10 015 020 0.25
has entered the saturation phase which is then completed
ter 0.15 resistive times altogether. This is now much fast
than in the case of periodic boundaries. I@ 26 shows ima
of the mean toroidal magnetic field. Especially near the tow
boundary of the disc surface (dash-dotted line) one sees
ejection of magnetic structures.

As can be seen in Fi§. P7, the magnetic field structure
markedly different att = +7 compared tor ~ 0, where
it is stronger and pushed to the disc boundaries. This fie
expulsion to the boundaries could well be the result of ust
field migration that is expected in the presence of shear ¢
helicity. In terms of mean-field theory with positivein the
upper disc plane and negative below, we expect field propa
tion away from (towards) the midplane when shear is positi S
(negative). This is indeed consistent with our model whe 0.00 005 0.10 0.15 0.20 0.25
shear is positive (negative) at= 0 (z = +). nkit
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_ Fig.25. Semi-logarithmic and double-linear plots showing

6. Conclusions the evolution of kinetic and magnetic energies (dotted and
solid lines), compared with the magnetic energy of the az-

In an attempt to clarify the problem of resistive versus dymuthally averaged mean field. All quantities are normalise
namical time scales in models of the solar dynamo cydig the kinetic energy of the cross-stream motioﬁggt)
we have tied up a number of loose ends that had been leffers to the total kinetic energy including the shear. Tae r
open after the first exploratory simulations of BO1, BDO%jo of the kinematic growth rate to the resistive time at &arg
and BBSO1. There are two distinct issues that may or mgyales is herg/nk? = 160.
not be controlled by the resistive time: the time it takes for
the large scalefield to reach saturation and, once saturatic»
is reached, the time scale on which the the large scale fi
can undergo cyclic variations as seen in the sun.

Looking back at Fig[ll in the introduction we can still ex
pect various approaches to be successful, although many (»
ers now seem to have been eliminated. One possibility w
that the dynamo may still operate on a fast time scale if, lil
in the kinematic case, the wavelength of the dynamo wave
shorter than the extent of the system, and possibly only sor HE gy BB TE OO B 9
what larger than the scale of the forcing. The main proble.
would then be to keep the process fast and to prevent the &ig. 27. Butterfly diagram of the mean toroidal field of
namo from developing scales as large as the box size. HBig. @ atr = +7 andz = 0. The lines at: = +7 mark
this may happen in reality is not clear. It may well be corthe boundaries of the turbulent slab.
nected to the geometry of astrophysical dynamos which have
spherical or disc geometry and are not box-like. This corre-
sponds to Alternative A in Figﬂ 1. The argument against thpssibility is that even at intermediate scales the evafuii-

T=1m
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t=1100.0 E=1800.0 t=2100.0 f=2800.0

-3 - -1 @& 1 & 8 -3 -2 -1 0 1 & 3
= x

Fig. 26. Loss of magnetic field through the upper and lower boundahieages of the mean toroidal field are shown at
different times. Shear is positive (negativeyat 0 (z = £7).n = 10~* andv = 5 x 1073. The lines at = 7 mark the
boundaries of the turbulent slab.

wards larger scales (i.e. the motion of the secondary bump in The purpose of this review was to outline the present sta-
the spectrum, cf. FiO a@ 11) seems to occur on a resistive of our understanding of nonlinear large scale dynamos.
time scale. This can be seen from the reduction of the spégdngs are developing rapidly with new simulations appear-
of the spectral bumpy,.., as the resistivity is reduced (Ta-ing every month. So far it has mainly been a process of elim-
ble[d). So the forcing scale may have to be not much smalleation, because many different ideas have been around, and
than the scale of the dynamo wave. Other plausible mecleanstantly more ideas are appearing. The least explored cas
nisms could be based on naneffect dynamos. Examplesis that of dynamos in realistic spherical geometries.

are negative magnetic diffusivity effects (cf. Zheligoyst

al. 2001), the incohereni-effect (Vishniac & Brandenburg ~ Although a number of direct simulations of MHD tur-

1997), and the Vishniac—Cho effect (Vishniac & Cho 2001pulence in spherical geometry have been analysed (Gilman
These are all subsumed under Alternative B in E|g 1. 1983, Glatzmaier 1985, Glatzmaier & Roberts 1995, DreCker,

- . . R'Lildiger & Hollerbach 2000, Ishihara & Kida 2000) the issue

The remaining alternatives are 3" based on convenu'o'rbq fast versus resistively limited growth has not yet been in
a effect dynamas, S0 they have finite net r_nagnetlc heI'C'%stigated. This is indeed not an easy task. In order tandisti
(although of opposite sign in the two hemlsphqres). In o Juish between the two possibilities, one would need to yerif
der forthe_dynamo to operqte fas_tgnough, res_lstlve magn plicitly whether a large scale field is generated on resis-
reconnection (W'_th magnetic helicity destruction) has e tEive times, or on a time scale that is independent of and much
fast enough. .Th'S COL."d only bg th? case near th? .Surfasﬁﬁ)rterthan the resistive time scale. In addition, if thelaie
where th'e microscopic magnetic .dlfoS'IVIty is sufﬂmentl;ghow cyclic variability (which is desirable for solar dynam
large. This corresponds to Alternative C in Fﬁb 1. models), the cycle length needs to be (asymptotically)-inde

The other possibility is that the dynamo may worlpendent of the resistive time if the dynamo is fast. One reaso
through losses of magnetic helicity opposite signpossi- why such numerical experiments are difficult is that only at
bly at intermediate scales, for example near the surfage (eelatively large magnetic Reynolds numbers (which require
in coronal mass ejections and active regions) or across tligh numerical resolution) the resistive time scale be@mme
equator. This is referred to as Alternative D. The simutsio sufficiently long so that it can clearly be distinguishednfro
presented in Se.3 have shown that this is in principse pdhe dynamical time scale. A relevant dynamical time scale is
sible. The problem here is that, so far, none of these mechize ratio)/(nk?) which has to exceed a value of around 20—
nisms have been seen to occur naturally in any of the siB0 before one can see that resistively limited growth oreycl
ulations investigated so far. It is therefore important twven periods have occurred (see BO1). At the same time the resolu-
toward more realistic simulations, perhaps in sphericahge tion must not be too high because otherwise one may not be
etry, with strong vertical stratification which could cdbtrte able to run the simulations for long enough before any large
to keeping the large scale field within the convection zoae \§cale field has occurred. The same is true of hyperresistivit
turbulent pumping, but allowing fields above a certain threswhich tends to make the large scale resistive time scale ex-
old to escape through the surface. tremely long so that nothing can be said about resistivety i
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ited growth. This explains why the issue of resistively tieai

Ferriz-Mas, A., Schmitt, D., Schiissler, M.: 1994, A&A, 28319

growth is not yet well understood in more realistic geoméeld, G. B., Blackman, E. G.: 200@stro-ph/0111470
tries. Nevertheless, it would be worthwhile reanalysintadafinn. J., Antonsen, T. M.: 1985, Comments Plasma Phys. Con-

from recent, high-resolution dynamo simulations in thétig

of resistive limitations on the duration of the saturatitrape
and, if applicable, the cycle period.
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