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Abstract. We consider a mean field dynamo model for the ge& Parker 1989, Nozakura 1991), magnetic buoyancy (Parker
eration of galactic magnetic fields, in which the driving mechd:992, Nozakura 1993, Hanasz & Lesch 1993, 1998 and refer-
nism for the alpha-effect is the buoyancy-driven Parker instabénces therein) and detailed models of turbulence (Elstner et al.
ity, rather than the conventional cyclonic turbulence. The dorh996). Such work gives plausible evidence that the mean field
inant quenching mechanism is a buoyant velocity, which lifteeory provides a reasonable phenomenological description of
field away from the disc plane. Our modified alpha-effect is egalactic magnetic fields.
sentially nonlinear, as its magnitude depends on the magnetic Nevertheless, doubts have been raised concerning the ef-
field strength. The dynamo thus exhibits threshold behavioufeetiveness of the basic alpha-effect mechanism. Vainshtein &
the marginal dynamo number depends on the seed field geo@attaneo (1992) and others have argued that the alpha-effect
try and strength. We investigate a basic one-dimensional ‘slatill be inhibited by the growth of small-scale field long be-
model both analytically and numerically, and also present f@re the large-scale field can grow to the observed microgauss
sults from a three dimensional calculation. In some ways asirength. Although this viewpoint is not firmly established or
steady solutions resemble conventional galactic dynamo salmiversally accepted (see, e.g., Brandenburg 1994, Childress &
tions, but the fields do not decrease so markedly away from Bdbert 1995, Beck et al. 1996), the situation is perhaps a lit-
disc midplane, remaining strong out to the boundary of the dye unsatisfactory. In contrast, th@le of differential rotation in
namo region. The latter property is quite natural for a buoyangglaxies appears relatively uncontroversial (unlike the situation
driven system and may possibly be related to strong horizonfal stars), given that the transparency of galaxies allows direct,
magnetic fields detected in the halos of some spiral galaxiesf technically difficult, determination of rotation curves.

Parker (1992) suggested an alternative mechanism to per-
Key words: galaxies: interactions — galaxies: magnetic fieldsferm the conversion of the toroidal into poloidal field in the
galaxies: ISM —ISM: magnetic fields — Magnetohydrodynamiek/namo process, a step for which the alpha-effect is respon-
(MHD) — magnetic fields sible in conventional mean-field dynamos. He observed that
strong magnetic field parallel to the disc plane will be subject to
a buoyant instability (the ‘Parker instability’). This causes the
field to buckle and rise if2-shaped loops inflated by cosmic
1. Introduction rays, which in form resemble those in the cartoons of the orig-

Mean field dynamo models for the magnetic fields in spirénaI alpha-effect (see e.g. Moffatt 1978). A mean-field theory

galaxies have been generically successful, in that they prod{fPrPorating this mechanism would resemble quite closely the

magnetic fields that resemble broadly those observed (e.g. BEggitional theory, with two major differences. The buoyant al-

etal. 1996). A few attempts have been made to produce moo@?@ mechanism leads to anintrinsically nonlinear equation, with
tailored more specifically to individual galaxies, both in termig'® Magnitude of the alpha effect increasing with field strength
of kinematic dynamo models (Ruzmaikin et al. 1988 and reféMOﬁf"‘tt 1978, Sect. 10.7), anq it would ”Pt be inhibited at low
ences therein) and including alpha-quenching (Beck et al. 1¥8Plitude of the large scale field, following arguments of the
and references therein). Although these models include onljt Proposed by Vainshtein & Cattaneo (1992). _
few basic physical mechanisms and rely on a drastically simplis- 'ntrinsically nonlinear dynamos driven by magnetostrophic
tic description of the interstellar medium, they show a reassuriffgves and by buoyancy and nonaxisymmetric instabilities of
agreement between theory and observation (see, for exampy tubes were studied by Schmitt (1987), Schmitt & Bester

a recent dynamo model for M31 in Moss et al. 1998). The égsg), Schissler (1993), Ferriz-Mas et al. (1994) in appll_ca-
have been several attempts to include additional physical BpnS to the solar dynamo. These authors show that the insta-

fects into this framework. Among these are star formation (Klities lead to an alpha-effect, and then analyze conventional
mean-field equations, including magnetic buoyancy only to de-
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a velocity proportional to the mean field strengfy|. Nonlin- Consider a magnetic flux tube moving vertically upwards in
ear saturation of conventional mean-field dynamos by magnédtie galactic disc. Its vertical velocity is given by

buoyancy was also extensively studied in the numerical simu- 1/2

lations of Moss et al. (1990a,b) and Jennings & Weiss (199 = C(d/z0) " va ,

In the context of stellar dynamos, Thelen (1997) has includgfiereq is its radius,z, is the pressure scale height, is the
a buoyant alpha-effect proportional to the gradient of toroidgln, an speed and’ is a constant of order unity: with =~ =

field strength, but disregarded the buoyant rise of the MegR haye, ,; ~ v, (e.g., Parker 1979, Sect. 8.7). The rising fluid
field. Brandenburg et al. (1998) included both a field-dependefit ment expands as a result of inflation by cosmic rays (Parker
alpha-effect and explicit magnetic buoyancy into their model %92), and the fluid acquires a horizontal veloaifygiven by
stellar mean-field dynamos. _ ~the continuity equatiolVV - (pv) = 0 asv, ~ ugl/zo, wherel

An alpha-effect based on magnetic buoyancy was discus§e(ls size (we use a local cylindrical coordinate system centred
for a disc geometry in a series of papers by Hanasz & Lesgfyhe fluid element). The Coriolis force twists the fluid element
(1998 and references therein), but these authors did not Ftiducing an acceleratiom — 2 x v which results in the

cuss in detail its dependence on the magnetic field strength gaheration of vorticity directed oppositely to the overall angular

present any quantitative model of the dynamo itself. velocity : w, ~ 7day/dr ~ —Quv,/l ~ —Q, wherer ~
We investigate the properties of a buoyant alpha-effect dy-, s the characteristic time of the problem: alternatively,

namo, in a heuristic manner, taking its magnitude to be afung- _ _ can pe directly obtained from the conservation of

tion of the field strength or its gradient. Of course, by itself thﬁrzwgular momentum. However, the magnitude of the vorticity
would lead to an unlimited explosive (super-exponential) fie|d |imited from above by the v:':llubzz| ~ v4/l. As a result

growth. But the same buoyancy will lift field away from thgne magnitude of the vorticity is the minimum of the above
disc plane into the halo region, and damp the dynamo. We thys, values, oL, = max (—, —v4/l). The associated alpha-
introduce a buoyant velocity, perpendicular to the disc plangeficient is given by

with magnitude a fraction of the Al&n speed, and so propor-
tional to the field strength. In Sel. 2 we argue that this is the~ —Tupw. ~ min (2092, v420/1) . 1)
dominant saturation mechanism over a wide range of parame-

. Another mechanism to produce the alpha-effect from mag-
ters. A novel, albeit not unexpected, feature of such a dynawgtic buovancy does not involve cosmic ravs. When a maa-
is that it will display threshold behaviour — because the ma yancy yS. 9

nitude of the effective alpha-coefficient is itself proportional tﬁetm flux tbe rises, the gas acquires a radial velocity because

the field strength, excitation will only occur if the seed field, fo::rfns]gdfs dc(tvr} gu)lll%e(rhtgree ; ?Stl?hne(gcgrj\égt'igxhdeunettr;eg];f\ﬁg/?lI
given dynamo ”“'T‘be“ exceeds some critical value. The .re|sashorter than the buoyancy timg/u 5, the gas can reach the
tively strong seed field for the buoyant dynamo may be prowd%gttom of the rising-shaped loop. Then, ~ I/, wherel
by a conventional alpha-effect dynamo; in this sense dleeaf ) T

the conventional alpha-effect is trivial, and we do not include the horizontal scale_ Of. the Parker instability, and= —(}
. . as above. The upper limit am follows from |w,| < v4/l and
in our equations.

< v = (g20) 12
We reduce the complexity of the Parker instability to a dé-? ~ " (920)"/%, so that

scriptionin tgrms ofjusttvyo parame'tefas; anda (s_ee Squ]?). 0~ —Teupw, ~ min (C,UAQ(d/g)l/27 vAzo/l> . )
We do not discuss in detail the physical mechanisms driving the

instability. Therefore questions such as the contribution of the To put these estimates into appropriate perspective, we re-
cosmic rays to the buoyancy (Parker 1992, Hanasz & Lesgll that a similar estimate for the standard alpha-coefficient
1998) are beyond the scope of the paper. Furthermore, wefgeturbulence in a stratified rotating medium is givendy=

not address such issues as the dependence of the Parker ins@(/2Q/z,, v,), whereu, is the turbulent velocity (Zeldovich
bility threshold on the field strength and scale. et al. 1983; Ruzmaikin et al. 1988, p. 163).

For a relatively weak magnetic field the alpha-coefficient is
proportional to the Alfén speed within a magnetic flux tube.
As the magnetic field grows due to the dynamo action, the
In this section we first derive an order of magnitude estimate afpha-coefficientalsoincreases (with ensuing super-exponential
the mean helicity of the buoyancy driven motions in the intersterowth of the magnetic field, in the absence of any damping).
lar medium and hence estimate the associated alpha-coeffici8aturation effects, for example associated with the lifting of the
As with the standard alpha-effect, the mirror symmetry of thmagnetic field by the vertical velocityg, eventually will halt
motions is broken due to the action of the Coriolis force ithe field growth. These processes are well illustrated by our
the stratified medium (Parker 1979, Krause &dRer 1980). A dynamo solutions discussed below.
buoyant rising fluid element expands because it is inflated by A further effect that may eventually inhibit dynamo action
cosmic rays, so itis twisted by the Coriolis force (Parker 19933. the effect of magnetic tension, in resisting the rotation of
However, twisting also results from the local motion presettie2-shaped loops by the Coriolis force (i.e. a form of ‘alpha-
as the gas slides down a buckled flux tube. We estimate theenching’). We can make a crude estimate of the importance
alpha-coefficient for each of these mechanisms below. of this effect as follows. Consider a horizontal fighy in the

2. The alpha effect due to magnetic buoyancy
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azimuthal direction, in a gas that undergoes Parker instabilégd a vertical velocity.5(z)2. We use cylindrical polar coor-
with wavelengthi. Suppose that the buckled loop is rotatedinates ¢, ¢, z), with thez-axis parallel to the angular velocity.
by the Coriolis force at speeg}, during timer. Take a local The form of this equation is quite generic and can be obtained
cartesian system of coordinates, so that= By. Then attime from simple symmetry considerations (Krause &dRer 1980).

7, By = —Byvy7/lsin(mz/l). The Lorentz force is thus Particular dynamo models differ in the specific parameterization
of the coefficients in this equation reflecting different physical
‘V X B x B‘ _ Bivgr _ I (3) Mechanisms responsible for the diffusion and generation of the
4m 412 ’ mean magnetic field.

We concentrate here on the dynamo effect associated with
magnetic buoyancy when andup are both proportional to
va (Sect[2) with the additional restriction that they must be
antisymmetric with respect to the midplane. Thus, we choose

say. Withv = QI as above, theh = B2Qr/(4l). This opposes
the componertpQv, of the Coriolis force.

We consider separately the two cases identified above.
1.7 = 20/up, v, =upl/z. Then

o a = ag fo(r)F(B/Beg) , (8)

L= (4) up = quifo(r)F(B/Be) ()
i whereF'(B/B.,) is a function of the dimensionless magnetic
Saturation does not occur as long as field, Boq = (nopv?)'/? is the characteristic field strength de-
L < 2pQupl/z. ) termined by a balance of magnetic and turbulent presspres,

and v, are respectively the density and r.m.s. velocity of the
B, drops out of this relation and thus, if the Parker instability #&irbulent interstellar mediunay, has the dimension of velocity,
launched, in this case it is never halted by the magnetic tensigris @ numerical factor defining the magnitude of the buoyant
2.7 = (20/9)"2, v, = /7 ~ 1\/9/70_ Now saturation does velocity, andf, (r) and f,(r) are geometric factors, of order

not occur as long as unity; the factorsy, andg include the filling factor of the buoy-
) ) ant magnetic ropes. In principlé; could depend on the hori-
B3O [z 2 g\? zontal field strengtt{ B? + B2)'/2. We consider briefly such

L= 4 () < 2 (Zo> ’ ) a model in SedE4l5. The results are very similar to those for

F = |By|/Beq. As the latter form allows an analytic treatment,

ie B§ < 8pgl?/z. Defining B2, = 4w pv}, and inserting as we use it as a basic model. We henceforth drop the subscript on
typical valuesy, = 10°cms™, g = 6 x 107?cnP?s™!, I = the azimuthal component of the magnetic field, Be.= B.
1kpc, zo = 0.5kpc, givesBy S 5B.q. Thus alpha-quenching  The forms[[B) and{9) arise when the buoyant magnetic field
is only effective for large-scale fields of strength considerably concentrated into flux tubes (Schmitt & $isisler 1989):
in excss of the equipartition field strength. then up is proportional to the difference between the field

Referring ahead to our numerical results, we see that teigength inside the tube and in its environment. For a quasi-
mechanism is important only whe#®, = 1, or for very super- homogeneous distribution of the buoyant magnetic fielgjs

critical solutions. . _ . determined by the vertical gradient of the field strength; then
'To conclude this sect'lon, we estlmate typical values @f w5 o« —0|B|/0~ may be more appropriate (cf. Thelen 1997,
a in the interstellar medium of the Milky Way. Fd2 = who however did not include the term). We briefly discuss

20kms kpe ', 2o = lkpe, g ~ 6 x 10™%cms™2 (at a the latter form below.

height of1kpc), v4 = 20kms~" (corresponding to magnetic  Another component of the vertical velocity is associated
field of 3 4G and density of).1 cm™? in the flux tube)d = zo  with turbulent diamagnetismyqi, = —3Vn (Radler 1968,
andl = kz with k£ (> 1) a certain constant, we obtain fromvainshtein & Zeldovich 1972, Roberts & Soward 1975). It is
Eq. @)« = min(20,20k~*)kms~!, so a suitable estimate isincluded in the three-dimensional models discussed below.

o ~ vaz/l providedk 2 1. Eq.[2) yields similar values,  We consider here only crude, exploratory models of buoy-
o =min(15C, 20k~") kms~!. Theresulting value af is close  ancy driven dynamos. Therefore our parameterization arfid

to v4 in both cases; however, we have persistently omitted ni; satisfies only a few basic requirements — that both of them
merical coefficients of order unity, so real valuesxatan be a vanish atz = 0 and thatf, « z",n > 1 for z ~ 0 in order
few times smaller than 4. thatu s be differentiable at = 0; we choose: = 1 for reasons
discussed in Se¢t. 4.1. For largewe adoptf, = 1, although

f» could well be a decreasing function af

3. The basic model o
The parameterization of the buoyancy as a large-scale ver-

We start from a standard mean-field dynamo equation tical velocity is quite natural in the context of a mean field rep-
OB resentation — see, for example, Krause &dier (1980), Rdler
v Vx(uxB+aB-nV x B) , (7) (1990). However, we realize that buoyancy has also been consid-

ered as a contribution to the diffusivity. Nevertheless, we neglect
wheren is the turbulent magnetic diffusivity and the large-scalany contribution of the vertical motions to the turbulent mag-
velocity u is taken to consist of the rotational velocit§2(r)¢, netic diffusivity. A plausible model might makgproportional
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tov4 (Hanasz & Lesch 1998). Then magnetic diffusion woul), and dropping the tildes on the dimensionless quantities,
be stronger where the field is stronger. However, the steady-stais results in
field distributions discussed below do not depend strongly 0(5114

2

z, so the functional dependence mpfon B is expected to be — = f,|B|B — sz—A|B|fb + —g 1;1 , (20)
relatively unimportant. t y ‘ 2

The governing parameters of the model are the dimensidf? - _ 94 _ R 2(|B\Bf )+ 9B (11)

B B °9 YT
less numbers t z i *
aoh a9 W2 quih The standard treatment takkgo be the slab semi-thickness.

Ro = R R, = Yo oy T We generalize this slightly, in that we talfe = sin(7z/2,)

in 0 < z < z,, and zero elsewhere, thus confining the alpha
whereh is a suitable length scale. In thes-dynamo regime, effect to the regio) < z < z, in order to investigate theéle
the first two of these combine to give the dynamo number of a dynamo passive layer in Sdct]4.3. We tgke= z/z, for

z <z, andf, = 1for z, < z < 1, where we put;, = z,/2.
D=R.,R, . Whenz, < 1, the effective dynamo number, based on the size

) o ) of the dynamo-active region, 8 = 22 D. With this definition,
Almost certainly the contribution of the magnetic buoyancy ige ritical (i.e. marginal for excitation) value & tends to a
the diffusivity is now an anisotropic tensor; its-component, finite value as.. —s 0 (see FigBb).

which is most important in a thin disc, can be estimateql as
1 ~ 27 2 .—1 ~ i . . .
glva ~2x10" cm®s™, wherel ~ 1 kpcisthe scale fromthe o appropriate boundary condition er= 0 is A = 9B /9> =
Parker instability. Using estimates of Ségt. 2 V‘_mh: 20, W€ o (We find that even parity fields are much more readily ex-
then obtainR, ~ R, ~ 3 and R, ~ 3¢h/l =~ 3¢; we present ijtaq than odd, as in conventionakw-dynamos — Sedt.4.5).
results forl < R, < 10. , _ . The usual vacuum-like boundary condition en= 1is B =
The large value of ~ 1kpc associated with the Parker iN"94/8> = 0. However the conditioB = 0 on z = 1 may
stability makes the rati&, / R., Iaa&rgerthan forconventional dy- s jnanpropriate to the physical situation discussed here, where
namos. Therefore, we can expectdynamo effects to be morefiq|q s heing advected away from the disc and out of the slab,
pronounced in buoyancy-driven dynamos than in conventionaly 4 alternative condition. such as/d: =0onz = 1
ones. This may facilitate the generation of nonaxisymmetr[j‘qight be more suitable. In fact, the only effect of settidg- 0
and dipole fields. On the other hand, the larger vertical extentQ{”, _ 1 in this slab model is to generate a boundary layer in
t_he _dynamo active_region will act tq suppress nonaxisymmg\ll;_hichB 0, nearz = 1. This boundary layer steepens| &
ric fields, so the existence and persistence of nonaxisymmelfiGreases. Outside of the boundary layer, the solution is almost
solutions will depend on details of the model. indistinguishable from that found with the boundary condition
The fundamental difference between dynamos based 98 9. "~ (. The value of D| at which excitation first occurs
magnetic buoyancy and conventional dynamos is that the f%r'slightly larger when the conditioB = 0 is used or = 1.
mer are intrinsically nonlinear and, apart from sufficiently large Egs. [ID) and (1) follow fronf{7), with s, & o< |B|. If we
R, and/orR,, they require a sufficiently strong initial ﬁeldstakeuB a o —8|B|/9z when8|B|/éz <0 émd 0 otherwise
for the dynamo instability to occur. This field can be providegt Thelen 1997) thelh’B| must be replaced by-d| B|/dz in
ab initio or generated by a conventional dynamo. We anticip s.[ID) and[CI]l,) and we may take = f, — 1. We were
that the regimes of weak and strong initial field have distinghape to find any physically nontrivial solutions in this case.
excitation conditions. Some aspects of this issue are exploigd oy 4t steady solution of the equationsdis= constant and

in Sect[4.4. . A = constant. With the boundary conditidh = 0 atz = 1,
We consider two types of models. In Sédt. 4 we describe afik sojytion is trivial. For'B/dz = 0 at= = 1, this solution

investigate a local slab model, in the spirit of that described Ry, o B, = 0 andB an arbitrary constant. Although we cannot
e.g., Ruzmaikin et al. (1988). In Selct. 5 we examine a threg, e that this solution is unique, modest numerical experimen-
dimensional dynamo model. tation did not find any non-trivial solutions. Withp o |B,
a x —0|B|/d=z, we found only steady solutions with such field
4. Alocal analysis distributions when differs significantly from zero only ?n a
boundary layer near = 1. Such solutions appear physically
The standard local slab approximation (see, e.g., Ruzmaikinugtompelling and we do not consider them further. Note that
al. 1988, Sect. VIL.5), removes the explicit radial dependengfese analytical arguments do not exclude oscillatory solutions
from the problem by assuming/or = 0 everywhere, except with such a choice of andu . However, as noted, such solu-
in the dependence 6f onr. We further consider axisymmetrictions were not found during the numerical experimentation.
solutions, soB, = —9A/0z andB, = r~'9(rA)/dr, with
A the ¢p-component of the vector potential, and we continue t
denoteB, = B. Eq.[1) is now nondimensionalized in terms
of a characteristic length, and a timeh?/n, and we write Before discussing numerical solutions of Egs] (10) &nH (11), we
B = B/Bey, A = A/(R,hB.q). Using expressiong [8) andpresent their approximate steady state solutionfgrs- 1. In

We are mostly interested in fields of even parity, for which

.1. An approximate solution
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the steady state, Eqs.{10) ahd](11) reduce to Eq.[I2) vanish at = 1, B = constant is the unique solution;
" o " this can be easily proved using the Cauchy-Euler approxima-
B" — Ry(foB°)" — Ro /s BB tion method for the proof of the existence theorem for ordinary
+ R} f,B(fyB*) + DfoaB*> =0, (12) differential equations (see e.g. Hurewicz, 1958). Our numerical
B 1 . N solutions show that the boundary conditiBiil) = 0 results in
By =—-D7B"+ RD™ (£, B7), (13) a boundary layer near = 1 as|D| increases but the solution

where prime denotes differentiation with respect Ve con- remains close to that fag’(1) = 0 outside the boundary layer.
sider B(0) > 0 here; the casd(0) < 0 will be discussed ___!tcan be easily verified that bothd, B) given by Eqs [(I5),
separately. (16) and the correspondirig-A, —B) are solutions of Eq{12)
The steady state is described by a third-order, rather tH8h 0 < 0if fo > 0-atz > 0. For D > 0 there are no
fourth-order, equation. This is true also for conventiomat Nontrivial solutions since the signs & and D in a relation
dynamos. One of the four boundary conditiorgp) = 0, is Similar to Eq.[I5) do not match fof, > 0. For f, < 0,
a consequence of the relatiof(0) = 0, f.(0) = 0 and nontrivial solutions exist only foPD > 0. Explicit expressions
the steady-state governing equation, so we are left with thf@é the solution are given in Appendix A. _
independent boundary conditions (Kvasz et al. 1992). Substituting the asymptotic solutidn {13).16) into Eql (12)
It can be expected thaB| > 1 when|D| > 1. Assum- and comparing t_he terms included in _E[E](14) with t_hpse ne-
ing that there are no boundary layers (86 = O(B)), the glected, we obtaiD > R, as the condition for the validity of
orders of magnitude of the consecutive terms in [Ed. (12) 4he asymptotic solution. The solution may be inapplicable for
B, B2, B2, B® and DB2, respectively. Retaining terms withVery smallz, because the termB” « 2! andB"’ « 22 are
the highest powers dp andB, we obtain the following lowest- N0 longer negligible.

order equation: In the following sections we discuss numerical solutions of
the initial-boundary value problem for Eqgs.{10) afd](11) for

R} fyB(fyB*) + DfaB* =0 (14) bothz, = 1 (a slab surrounded by vacuum) and < 1 (a
dynamo active slab within a layer in which the alpha-effect

for D > 1. The physical meaning of this approximate SO'“tiOUanishes).

is that the steady state is established when buoyant rise of mag-

netic field from the dynamo active regidn| < z, (the first

term) balances the dynamo action (the second term), wheréas Slab surrounded by vacuum

magnetic (_jiffusionB”’) is less important_. Eq:(:z14) can be easpa first took the simplest model, putting = 1, z, = 0.5,
lly solved in terms of the dependent varialfigB” to yield the  j,qing as initial condition an arbitrary seed field given by

following solution finite atz = 0:
. B(z)=sinmz, A(z)=2(1-2). 17
_ D 1 [T oy (15)
2R?2 b 0 f3/2 ’ We chose a ‘standard’ value &f, = 1, and variedD. We solved
b Egs.[d0) and(11) by a simple time-stepping method, and found
and the corresponding leading term in the asymptotic expansinat the field evolved to a steady configuration whkr D, ~

for B, is —(13.0~13.5). Steady solutions were found for larger values of
R, 1 f |D|, although an increasingly fine spatial grid and small time
B, = B(beQ)’ =7 fi B. (16) step were needed &B| became large. The critical value of the
b Jb

dynamo number iD., ~ —8 for the analogous problem with
We note that iff, o z, then Eq.[{Ib) yields an even-paritya conventional alpha-effect — see e.g. Ruzmaikin et al. (1988,
solution without a boundary layer at= 0 only whenf, « z Sect. VII.5). Itis reassuring that the excitation conditions for the
asz — 0. More generally,B ~ z!*™m=2" for f, o z" and mean-field disc dynamo change so little when different physical
fa < 2™. Thus,B(0) =0forn < (1+m)/2andB(0) — co mechanisms leading to the alpha-effect are chosen.

for n > (14 m)/2. Hence, the choicé,, f, x z for z <« 1 Results are summarized in Table 1, and the dimensionless
is unique if there is to be no boundary layerat 0 and if f, field components3(z) and B,.(z) are plotted in Fid.IL for the
and f, behave similarly at ~ 0, i.e.,n = m. caseD = —15. Note that transformation to physical units re-

With fy, fo o z for z — 0, the solution [(Ib),[{(1I6) for- quires thatB is multiplied by B., whereasB,. must be mul-
tuitously satisfies all boundary conditionB;(0) = A’(1) = tiplied by R, Beq. Thus the ratiaB, /B, in physical units de-
B'(1) =0. pends, for a given value dp, on the relative importance of the

Forz > z,, 2, EQs.[(15) and_(16) yield = constant and alpha-term and the shear from the differential rotation. Larger
B, = 0. ltcan be shown that this is an exact solution of the comalues ofR;,, corresponding to increased advection of field away
plete Eqs.[[I2) and{13) with the boundary conditi®iil) = 0 from the disc plane, not unexpectedly make the dynamo harder
for those values of wheref, = 0 andf, = 1. Indeed, consider to excite — see Tablé 1. In Fig. 1 we also show the approximate
aneighbourhood of = 1: thenB’ = 0 from the boundary con- solution (with the boundary conditiofB/0z = 0 atz = 1).
dition, B” ~ 0 from Eq.[d38) sinceB,.(1) = —A’(1) = 0, and There is a fair agreement between the approximate and numeri-
then B = 0 due to Eq.[(TR). Since all the derivatives enteringal solutions, even for this relatively low valuebf= —15. For
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Fig. 1. The steady-state solutions of Es](10) dnd (11) for the dimen-
sionless azimuthal and radial field componeftgsolid) andB, (bro-
ken). The corresponding approximate solutions, Egs. (15 and (16), 5
shown with dotted lines. Here, = 2z, = 1, R, = 1 andD = —15. 10F
N S5f
Table 1. Steady-state solutions of EqS.J10) andl (11)dor= 22, = o 4| S
1 and the seed field given bl {17). The values of the dimensionle <
azimuthal and radial field component8, and B,., are given at the E—.Ng -5r
slab midplane: = 0 for various values of the dynamo numh@rand -10|
the buoyancy numbeR,. These dimensionless values transformt _;g| _
physical field strengths as specified in Sekt. 4. —ool — -
D B0) B.(0) 0.0 0.2 ] 0.6 0.8 1.0
Ry=1 Fig. 2. Dimensionless field componentX z) (solid) andB, (z) (bro-
13 decays ken) for the one-dimensional model with = 2z, = 0.5andR;, = 1.
135 85 “11.0 Upper panel:D = —23 (marginally supercritical solution)pwer
14 88  —115 panel: D = —50 (strongly supercritical solution).
-15 96  —12.6
—20 134 —18.3
—50 369 —54.9 .
~100 762 —117.0 4.3. Slab surrounded by a passive halo
Ry =5 We next discuss models that simulate the presence of a passive
10 decavs halo by takingz, < 1. We again used the seed fidld|(17) in all
a1 o {0 15 the calculations reported in this section. We summarize results
_42 08  —017 from calculations withz, = 0.5,0.3 and 0.2 in Tabl€]2, with
50 12  —0297 1 < R, < 10. The dimensionless field componet$z) and
~100 2.7 —0.73 B,.(z) for the marginally and substantially supercritical cases
—200 5.8  —1.70 D = —23and—-50 at R, = 1, z, = 0.5, are plotted in Fid.12.
Comparison of the two panels of Hig. 2 shows clearly the
Ry =10 development of the boundary layer neae 1 as|D| increases.
—80 decays A notable feature of our results is that the radial fiBldis con-
—82 037 -0.04 fined to the regiofz| < z,; this can be also seen from EQ.{16).
-8 042  -0.05 We illustrate in Fig:B how the system responds to variations in
—100 057 —0.07 Ry, andz,. The spatial distributions o8 and B, do not change
_288 ;'23 _8;2 much asD andz, vary, but the field strength increases| &y

increases ok, decreases, aB(0) x z,!, B.(0) x z;!, at
fixed D (= 22 D) and R, with 2z, = %za, in remarkable agree-
ment with the approximate solution of S&ctl4.1 and Appendix A

larger values of D|, where the approximate solution is strictlynote thatD, and notD, appears in this Appendix).

applicable, the agreement is remarkably good (see alsdl Fig. 3c).|D..| increases linearly wittR,, (Fig.[3a), and the slope in-
We noticed that this model does display threshold behavioareases as, decreases. WheR; = 1, | D.,| decreases mono-

in that if D is fixed at a supercritical value, then excitation onlyonically asz, decreases at fixe®,, and reaches the value

occurs if the strength of the seed field exceeds a certain valle, ~ —3.5(Fig.[3b); it is surprising that EJ_(B2) gives an es-

We discuss this phenomenon in more detail in $eck. 4.4.

timateD., ~ —4 that is so close to this value. The detailed
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[¢] T

Table 2. Results for the one-dimensional model with< R, < 10, N
za = 22, < 1 and seed field (17). The columi0) andB,-(0) give i (a) ]
respectively the values @& andB, atz = 0; D = 22 D. -lor AN i
L N i
720 | - N N -
D D B(0)  B.(0) &t N |
—30F N 4
20 =05, Rpy=1 | N i
—22 -5.5 decays 40 ]
—22.5 —5.6 4.9 —4.5 L ]
-23 5.8 5.1 —4.8 50 ‘ ‘ ‘ ‘
-50 —12.5 155 198 0 ¢ YR, ° 8 1o
—100 —25.0 345 —48.5
—200 —50.0 73.8 —110.0 0
20 =05, Ry=3 —Er
—55 —13.8 decays A
—-57 —143 1.0 —0.2 el
—60 —15.0 1.2 —-0.3 QS r
—200 —50.0 7.2 —3.2 -8
710 =
20 =05, Ry=5 -
712 =
-90 —-225 decays L
-9  —23.8 0.6 —0.08 “180 02 04 06 05 1.0
—-100 —25.0 07 —0.11 Za
—120 —30.0 1.1 —0.22
—200 -50.0 24  —0.58 =00
2a =05, Ry=T7 100 ]
—~130 —32.5 decays S ]
~135 —338 046 —0.05 q °
—150 =375 0.63 —0.08 P [ - -
—200 —50.0 1.06 —0.16 % -100 e |
Za =05, R, =10 ~200 |- e ]
/
—185 —43.8 decays | ./ ‘ ‘ ‘ ‘ )
—-190 —475 030 —0.02 2980 0.2 0.4 0.6 0.8 1.0
—200 —-50.0 0.37 —0.03 Za
—500 —125.0 155 —0.20 _ _ _ o _
Fig. 3a—c. The one-dimensional modedk the variation ofD., with
20 =03, Ry=1 Ry fqr za = 0.5 (so_lid_) andz, = Q.Q (broken), from the numerical
45 —405 decays solutions;b the variation ofDc; with 2. when R, = 1, from the
A6 414 35 19 numerical solutions; B (solid) andB, (broken) at: = 0 as functions
_50 45 48 _39 of z, for D = —50, R, = 1 from the approximate solution of SEct.¥.1
—100 90 179 —904 and from the numerical results (circles). In all casgs= 2z.
—556  —50.0 123.0 —183.0
20 =02, Ry=1 . .
90  —-36 decays dependence_ ab., on z, is more complicated for other values
_93  _37 29 —0.9 of R, (see FiglBa and Table 2).
—100 —4.0 4.8 —2.3
=250 -100 295  -36.0 4.4. Threshold effects
—500 —20.0 66.9 —91.7
—1250 —50.0 184.0 -—275.0 The marginal dynamo number for the buoyant dynamo is not
uniquely defined, as it depends on the strength and geometry of
2a=02, By=5 the seed field. Our investigations have all taken the same, arbi-
—900  —36.0 decays trary, seed field. We did note that if the value/ofs appreciably
-950 -38.0 036 —0.014 greater than thé,,,. value of about-13.5 for R, = 1 indicated
—1000  —400 048 —0.023 by Table[1, even a massive increase in the seed field strength
—2000 —80.0 219 —0.250

does not give rise to a nontrivial steady solution.
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Fig. 4. The variation of the critical dynamo number as the strength
the seed field is altered for the one-dimensional model With= 1 T T
andz, = 2z, = 0.5; go controls the seed field strength — see $edt. 4. t

Fig. 5. The dependence of azimuthal figRlat = = 0.02 on time, for

. i Lo . TS
In order to investigate the threshold nature of our mod&€ one-dimensionalmodelwith. = 2z, = 0.5, Ry = 1,90 = 10

more thoroughly, it is necessary to be a little more careful afRdpL = —230.

systematic in the choice of the seed field. The problem is that

a seed field of arbitrary spatial form contains only a relatively, e ahove. This is consistent with results from calculations
small projection onto the growing or steady solution. Note that , - .~ | \with boundary condition§A4/9z = B = 0 on

we cannot cast our discussion in terms of eigensolutions in this_ appropriate to a purely odd parity field, where dynamo

essentially nonlinear problem. It can be expected that, if SUCR &.itation only occurred at much larger values bf than for
seed field is to have a projection large enough for excitation gt ayen parity solution.

small values of D], then its overall magnitude must be much e 5156 experimented with a buoyant velocity of magnitude
greate_r. This results in the presence initially of Ifarge ”O”I'neﬁfoportional toB2. Unsurprisingly, the action of the buoyancy
terms in EqsL(10) and{11), which cause numerical problemg, jimjting the field at finite amplitude was now much stronger.

Thu;, forthe calculatiqns discussed in this secti.on, we Ch%ﬁr limited results strongly suggest that the overall conclusions
a seed field whose form is close to that of a growing solutiog, ., relatively little altered by this modification.
We investigated the casg, = 0.5, 1}, = 1, and took the seed A\ ther modification was to makeandu 5 proportional to
to be approximately the steady solution at marginal excitatie tota| horizontal field strength, rather thanRoln terms of
multiplied by an arbitrary scale factqjy say. The results ob- the dimensionless quantities, we putus « (R2 B2+ B2)!/2
tained forD., asgo varies are shown in Figl 4. We see thgt folith R. — 2 and used the seed field{17). The nature of our
go 5 0.1 there is a distinct threshold effect, wifh, Xg, "~ results was little altered. For example, whBp = 1, z, =
Forgo < 1 the threshold effect is absent, afll, is almost 9, — .5, we found that the critical dynamo number changed
Independent Ob(), ie the excitation criterion is approx|mate|yinsigniﬁcanﬂy t0—22 < Dcr < _21' and that the solutions

independent of the seed field strength, if it is strong enougBy p — —23 and—50 quite closely resembled those shown in
In the first case, with a weak seed field there is an initial staggy 3.

of field amplification by differential rotation, before dynamo
action begins, whereas for largg the dynamo is launched im- _ _
mediately. Qualitative arguments to understand this behavidurA three-dimensional dynamo model

are given in Appendix B. The mean-field dynamo equatidi (7) is now solved in cylin-

We show in Fid.b the beghawour.dﬁ at a point near to qyicq| polar coordinate$r, ¢, z) using the three dimensional
2 = Owithtime whery, = 107°. Thereis aninitial quasi-linear o o, fie|q dynamo code described by Moss (1997). Guided by
growth, followed by a superexponential phase and eventual i, ious experience, and the results of $ect. 4.5, that quadrupo-
uration. We return to this briefly in Sect. 6 and Appendix B. |4 fie|ds are much more easily excited than dipolar, we solved
Eq.[) only in the regiorr > 0, using boundary conditions on
4.5, Other calculations z = 0 that impose quadrupolar parity on the solution. The code
. was modified to include a ‘buoyant alpha’ effect as in ED. (8) and
We performe_d palculatlons over th? rang_b < z<lremov- 4 buoyant velocity as in E4.J(9), much as described in Bect. 4,
ing the restriction to a predetermined field parity (quadrngkcept that now we fully include the alpha-effect terms, and do

lar/even in the above), starting with a seed field that contain make thexw approximation. The diffusivity is assumed to
components with both odd (dipolar) and even (quadrupoIeH pend or, with '

symmetry with respect te = 0. For the range of supercrit-
ical dynamo numbers investigated, the field evolved rapidly {771 s z2< 2y,

to an even parity state, corresponding to the solutions de= 0 * 1, z2>2z,, (18)
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with a smooth transition i, < z < 2z,. The geometrical
factors are taken a8, = f14(2) faa () with

Fio = sin(7z/24) , 2< za,

=0, Z> 2o,
oo = 1, r <0.8R,

22 7 1 (R-7r)/02R, r>08R,
and

_Jz/m, z2<z,

o= { 1, 2> 2.
Usually, z, = 2z = 0.12R, z, = 0.15R, and values), =

6 x 102°cm?s™!, n; = & were adopted, giving a disc plane
value ofp = 2 x 10*cn?s™!; here R is the radius of the
computational grid (hominal galactic radius). We used a Brar
rotation law,

1+ (r/ra)2)"
with r,, = 0.2R.

We scale by measuring lengths in units ®fand time in

units of R?/ny. Henceforth all units are dimensionless, uny
less explicitly stated otherwise. The governing parameters o

the problem are thu¢, = QuR?/ng, C, = agR/ny and
Cy = quiR/1n9. These parameters are similar®),, R, and
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Fig. 6. B (solid), B, (long-dashed) an8., (short-dashed) as functions

of zatr ~ 0.5for Co = 2,C, = 10,C., = 5% 10°, 24 = 2, = 0.12
andz,, = 0.6. The signs of all the field components are the reverse
of those in the one-dimensional solutions discussed above; this has no
h%/sical significance.

tude seed field, containing = 0 andm = 1 components, we

R, defined in Secltl4, but defined in terms of a different scalleund axisymmetric, steady dynamo solutions for only a limited
length,R. In order to compare the three-dimensional solutionangeC,; < C, < Cqua. ForC, < Cy1, only decaying solu-
with the one-dimensional ones presented in $éct. 4, note ttians were found although, as in the one-dimensional model of

R, = C,(h/R)*n; d(InQ)/dInr, R, =
Ry = Cm]l_lh/R.

Eq. (4) is solved on &, x N, x N, grid, covering) < r <
1,0< ¢ < 27,0 < 2z < 2,. We adopted”,, = 5 x 103, and
investigated a range of values@f, andCy.

On z = 0, boundary conditionsB, = 0, 9B,./0z

“1; “h/R, and

Sect[4.2, the range @i, values could probably have been ex-
tended to lower values with a larger seed field. €gr> C.,2,

the solutions were not limited at finite amplitude, but eventually
entered a phase where the fields grew without limit. When the
spatial resolution was increaséd,; was little altered, bu€’,»

did increase somewhat. Thus it is unclear whether the upper

0B, /0= = 0 are imposed, selecting solutions with quadrupoldimit, C,», at which steady solutions are found, is a real prop-

parity. On the other boundaries there is some freedom of choi
We use rather arbitrary open conditionsog- z,,, consistent
with B, and B, going to zero at least as fast as a vacuum fiel
Onr = 1, we assume thai(rB,)/0r = B, = 0. Previous
experience with the code has shown that the solutions over

edy of our model, or due to limitations of the numerical model.
(For Cy, = 10, we foundC,; ~ 1, C,2 ~ 5, and the value of
dach of these limits increases with.)

The unlimited field growth is undoubtedly an artefact of
thur simplified model, and it should not occur in more realistic

bulk of the computational volume are insensitive to the exattodels. We note that, in order to avoid a similar problem, Bran-

choice of these boundary conditions.

denburg et al. (1998) adopt a form fag that grows withB

Preliminary calculations established that for steady solfaster thany. Furthermoreq cannot grow without bound &3

tions to be foundy,, had to be ‘large enough’ — in practice
zm = 0.4-0.5. The influence of the choice af,, is discussed
further in Secf.5]1. We also verified that whép = 0, solu-

increases since its guaranteed upper limit is the speed of sound;
this can also prevent runaway solutions.
The most noteworthy property of these models is the strong

tions with decaying fields are obtained at large times, i.e. thexgvection of azimuthal field into the halo, whilst the radial field
is no spurious field amplification caused, for example, by tliglargely confined to the region < z,. In Fig[8 we plotB,.,

open boundary conditions. We found thét = 31, N, = 21

and, withz,, = 0.6, N, = 31 gave adequate resolution. Al-

By andB, as functions ot in the steady state at radits= 0.5,
for C, = 10 andC,, = 2.

though the code allowed the possibility of nonaxisymmetry, we The other aspects of our solutions are quite similar to those of

only studied axisymmetric solutions.

5.1. The three-dimensional solutions

We made exploratory calculations, taking = 0.6, with sev-
eral values ot} in the range 5-20. Starting from a finite ampli

conventional mean-field dynamo models. We present i Fig. 7
vector plots of the magnetic field in the disc plane, and in a
meridian plane for a typical solution. (Note that in the latter

figure, the circular plotting domain is an artefact of the graph-
ics routine: the computations were performed in a cylindrical

domain.)
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Fig. 7. Magnetic field vectors fo€, = 2, C;, = 10, C., = 5 x 103,

zm = 1. Upper panel:the horizontal component in the disc plane;

lower panel:the poloidal component in a meridian plane.

number is required for the excitation of this field. (We have
not considered here oscillatory and odd-parity solutions ana-
lytically, nor discovered numerically any oscillatory solutions.)
We envisage the buoyant dynamo possibly being a continua-
tion, in a strong field regime, of conventional mean-field dy-
namo action at earlier stages. Even simultaneous action of the
two mechanisms may be possible. The buoyant dynamo needs
a seed whose scale is comparable with that of the normal modes
of the Parker instability. Therefore, in contrast to a conventional
mean-field dynamo, a small-scale field cannot be a seed for the
buoyant dynamo. A suitable large-scale field may be provided
by a standard mean-field dynamo.

Nevertheless, some features of the buoyant dynamo dis-
cussed here are very different from those of conventional mod-
els. One such feature is not unexpected: the azimuthal field is
not confined to a relatively thin disc, but pervades the halo re-
gion. This feature appears slightly more weakly in the three-
dimensional model than in the one-dimensional (with< 1).
However, in each case the radial field is quite strongly confined
toanarrower disc region. It may be that our models overestimate
the Ble of the buoyant velocity far above the disc (see the dis-
cussion at the end of S€lcl. 2). It can be expected that additional
downward flows will also be present in this region, associated
with galactic fountains. Some associated effects were discussed
by Brandenburg et al. (1995).

Another difference is that in our buoyant dynamos the
magnetic field has larger pitch anglgs = arctan B, /B,
(here B, and B, are dimensional) than found in the stan-
dard mean-field models. For the three-dimensional model with
C, = 2, Cy, = 10, p typically is in the range-(20°-30°).

The one-dimensional model yields the following estimate for
the pitch angle at = 0 from Egs.[15) and(16) (see also Ap-
pendix A; note thaff,/f, — = for z — 0):

B,
p = arctan ——

TRa
~ —arctan Ry (29)
whereR, = R, /zo andR;, = Ry/z, are the effective dimen-
sionless numbers defined by analogy with dimensionless
field components are used in the first equality. Taking= z,
andR./R, = C,/C, = 0.2 as in FigsL6 anf]7, we obtain
p ~ —30° in accordance with numerical results in three dimen-
sions. Still for the nominal value®,, = 3 andR; = 1-10 esti-

We also investigated the effects of moving the boundanyated in Seck.]3, we obtain unrealistically large valugs (@6r
zZ = zm, from z,, = 0.6 to z,,, = 1.0. For this test we kept the smaller values aR;,) as compared with the observed values
the same values aV, and V4, and the same effective spatial-(10°-40°) (Beck et al. 1996). However, if a passive halo is

resolution in the:-direction, so we increased, by a factor 5/3.

present wherez #+ 0 buta = 0, then the pitch angle is much

The solutions withz,,, = 1.0 were found to differ negligibly reduced there because the azimuthal field is still strong, but

from those withz,, = 0.6 in that the fields inz < 0.6 were
almost unaltered by this change.

6. Discussion

B, =~ 0. When such a system is observed in synchrotron emis-
sion, the average pitch angle will be abdtin p) ~ z, tanp
with z, ~ 0.5, in better agreement with observations.

A novel feature of our buoyant dynamos is that they can
have an intermediate regime with superexponential growth, cor-

Many features of the solutions presented here resemble quésponding to the solutio o (¢t — to)~! of the equation
closely those of conventional galactic mean-field dynamo equ#B /9t = «(B)B with a(B) = B — see Fid.b. This may be
tions. In particular, the preferred magnetic field is of even parityglevant to explaining strong magnetic fields in young galaxies
horizontal and non-oscillatory. Moreover, a negative dynanfBeck et al. 1996). In our models, this explosive growth is even-
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tually halted by magnetic buoyancy or becauseventually B~ — D ﬁ
becomes independent of the Aéiw speed. R? 2z,
1, z< 2,
7. Conclusions 1+ [1 — cos m] i 2 <2< 24
Zo | 2m222 7 -

We have demonstrated that an intrinsically nonlinear mean-field 52
galactic dynamo with an alpha-effect associated with the Parker I+ =%, 20 <2<1,

instability in the disc, and quenched by an associated buoyancy, ™%

can have steady solutions in the parameter range typical of spiral

galaxies. The preferred field is non-oscillatory and has anevgn Dz

parity with respect to the midplane. In the one-dimensional ‘lo-" "~ T R} 22

cal slab’ models of Sedt] 4, saturation seems to occur for any 1 , 2< 2z,
supercritical parameters (i.e. when the seed field strength and -, 22 (1 —cosmz/zq)] . w2

modulus of the dynamo numbgb| are large enough). In con- % | - |1 97227 Sl B <2 S Zas
trast, in the three-dimensional model of SELt. 5, it is unclear | 0, 20 <2<1.

whether saturation can occur wh€p exceeds a certain value,
for a given value of’},.

Galactic dynamo mechanisms of this sort have been
cussed by a number of authors, beginning with Parker (1992))e approximate steady-state solution developed in [Sekt. 4.1
and including Hanasz & Lesch (1998). However, to our knowannot be used to estimate the marginal dynamo number. Here
edge, this is the first time that such a mechanism has beenvite-obtain a very crude approximation which demonstrates the
cluded in a complete galactic dynamo model. As mentioneddnnnection between the critical dynamo number and the initial
the Introduction, the concept avoids the objection raised to thiagnetic field. Let us replac@/dz by 1/L and §%/92? by
standard mean field dynamo theory, that the growth of smaill /L? in Egs.[10) and[(11), wheré is some characteristic
scale field will suppress the conventional alpha-effect befoseale. With such a simplistic approach, we replacend f,, by
the large scale field strength can approach equipartition valugsity. Consider the marginal caéd3 /0t = 0 with B > 0 (we
The major difference in the fields calculated compared witkcall thatB denotes the azimuthal field component). We deal
those of earlier models, is the marked advection of field into théth the result as with a system of linear equations Aoand
halo. In this, there are similarities to the calculations of Brad3, albeit with its coefficients as functions &f. This yields the
denburg et al. (1993), where a quasi-radial galactic wind wimlowing ‘dispersion relation’:
assumed. However, there the poloidal field was extended radi- B
ally, whereas in the present case the field in the halo is aimé&e B + L
purely azimuthal. , First assume that the initial magnetic field is we#k,<

We realize that our models are very simple, and that we COLdIgbL)_l_ Then
have introduced modifications to make them arguably more re-
alistic. However, in this investigation, we have contented ouB., « B~ ! .
selves with an examination of the basic properties of buoyancy
driven galactic dynamos. Here the marginal strength of the magnetic field at which the

buoyant dynamo is launched differs from the seed field because
Acknowledgementsie are grateful to A. Brandenburg for helpfulthe latter can be amplified by differential rotation prior to the
discussions and critical reading of the manuscript and to the referggyrt of the dynamo action. This intermediate regime viith

M. Hanasz for a number of useful comments. This work was partial owing linearly in time can be seen in one-dimensional sim-
supported by ECHCM contract ERBCHRXCT940483, PPARC Gra| . . . .
GRIL30268 and RFBR grant 96-02-16252. D.S. acknowledges fin lations discussed in Se. 4, see also[Big. 5. Thus, we have

cial support from the Royal Society and the University of Newcastle; ~ R,Bot, where B is the seed field. Replacing., by
D¢y /Ry ory We have

dib\éz)pendix B: the marginal dynamo number

YRyB+L M2 =0. (B1)

Appendix A: an explicit form Dy, o 30—1/2
of the approximate steady state solution
] ) as obtained in the numerical solutions of Seci. 4.4, with
For f. andf; given, as in Sectl4, by replaced by, for a weak seed field (note tha., < 0).
sin(7z/2a) , |7 < za The other solution of EIB1)3 = O(DR,; ?), obtained
fo = {O 7 2] > 2a , for R, B > 1, is the steady-state solutidn {15). If the seed field
is stronger than this, it decays until it reaches this steady state.
Consider now a seed field of intermediate strendth=
O(DR;2); then the dynamo can operate in an optimal regime
wherez, < z, are certain constants, EQ.{15) can be integratadere the field growth timeg is minimum. The growth time can
as (with only leading terms s,/ z,, retained) be estimated from a similar ‘dispersion relation’ for Efs] (10)

f _ {Z/Zba ‘Z|SZ(),
Jb —

1, ‘Z|>Zb,
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and [11) by replacing/ot by 1/75,9/0z by 1/L andd? /92>  Jennings R., Weiss N., 1991, MNRAS, 252, 249

by —1/L2 as Ko C.M., Parker E.N., 1989, ApJ 341, 828

Krause F., Rdler K.-H., 1980, Mean-Field Magnetohydrodynamics
5l ~ (-DBL™YY? - R,BL™' — L2, and Dynamo Theory. Pergamon Press, Oxford

. . Kvasz L., Sokoloff D., Shukurov A., 1992, Geophys. Astrophys. Fluid

so that the minimum value ofs is 7.} ~ —1DR, ' — L=2. Dyn. 65, 231
The marginal effective dynamo number then follows fronyoffatt H.K., 1978, Magnetic Field Generation in Conducting Fluids.
TI;iln =0as Cambridge University Press, Cambridge
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