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Abstract. It is shown that the cross-helicity effect facilitates In recent years a new mechanism has been explored
rapid growth of the large scale magnetic field in young galaxiegoshizawa 1990, Yoshizawa & Yokoi 1993, and Yokoi 199¢
This field then acts as a seed for the standépetype dynamo who considered the transport properties of inhomogeneous {
at later stages. This mechanism may be responsible for the bellence by making use a two-scale direct-interaction appro
atively strong magnetic fields observed in young high redshiftation. They argued that the induction equation for the me
galaxies. magnetic fieldB is supplemented by an inhomogeneous ter

proportional to the product of cross-helicity’ - ') and mean
Key words: magnetohydrodynamics — interstellar mediunvorticity. Here,u’ andb’ are the fluctuating components of ve
magnetic fields — galaxies: magnetic fields — galaxies: evolocity and magnetic field, respectively. In this mechanism, t
tion large-scale magnetic field can be induced by a large-scale ra
tional motion in the presence of the cross correlation betwe
the small-scale velocity and magnetic field. One problem, ho
ever, is the generation of significant cross-helicity. In order th

1. Introduction |u’-b’| becomes largey’ andb’ should have parallel (or antipar-
Observations of polarised synchrotron emission of high re@l€l) components. Alfen waves have this property. However
shift galaxies have revealed the presence of microgauss re has to be a mechanism that selects@kifwaves travelling

netic fields (Kronberg et al. 1992). Convention&® dynamo paraIIeI_ to the magnetic field from those traveIIing aptiparall
theory may not be able to explain the amplification of wedp the field. Furthermore, the smaII_ scale magnetlc field has
seed magnetic fields 10~'8 G to microgauss strengths after Je strong enough. In that sense this mechanism resembles
few 10° years. The basic difficulty is that the growth rate of 8 Poezd et al. (1993) and Beck et al. (1995), where a stro
large scale dynamo is typically some fractipwf the angular small scale magnetic field was assume_d to be generatgd 0
velocity Q2 of the galaxy. Typical numbers afe = 30 Gyr! small scale dynamo. The purpose of this Letter is tp pomt 0
and¢ ~ 0.1 — 0.5. Even in the most optimistic case, the ampli?he}t’ alth'ou'gh thg growth of the fleld by the cross-helicity effe(
fication factor aftet = 1 Gyr is justexp(0.5Qt) ~ 1065 is linear in _tlme, fields of appreglable strength can be generat

Several alternatives have been offered. Chiba & LesBM/ch earlier than by conventional dynamos, where the fie
(1994) argue that both shear and radial compression durffgWs exponentially from some seed magnetic field. Before
the early evolution of the galaxy could significantly amplify?OnSider this problem more quantitatively, we begin by brief|
the magnetic field. However, doubt has been expressed aSkgtching the nature of the cross-helicity effect.
whether the effect is strong enough and whether the neglect of
turbulent magnetic diffusion is permissible (Beck et al. 1996), Phenomenology and magnitude

Another more likely possibility is that a small scale dynamo of the cross-helicity effect
could amplify the magnetic field on a short time scale (a few . ) ) o ) )
turnover times) and would then provide a strong initial ma@s in all mean field theories one is interested in expressing t
netic field for the large scale (or mean-field) dynamo (Poezd®gctromotive force,
al. 1993, Beck et al. 1995, 1996). This initial small scale mag- _ (u x ), 1)
netic field has a typical scale é6f= 300 pc and a strength of
probably a few microgauss. Averaging in the toroidal directiaesulting from the small scales, in terms of large scale qua
at radiusk over N = 27 R/l ~ 100 — 1000 cells, this initial tities. Normally, those large scale quantities include the me
field is weakened by a factayv'N = (3 — 10) x 10~%. How- magnetic fieldB and the mean curretdt = ¢V x B /4. How-
ever, a large scale dynamo may then well be able to provieeer, Yoshizawa (1990) showed that also the mean vortic
amplification of a few hundreds after about one GiI°(yr). V x U enters this equation, whet€ is the mean velocity. A
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z-component of the electromotive force would directly generabe the following we shall see that even for the smallest value
toroidal magnetic field, unlike theQ2-dynamo, where toroidal the effect is large enough to cause an appreciable magnetic field
field is generated from poloidal by differential rotation. after a few Gyr.

The effect of a mean vorticity is caused by the inertial termin
the momentum equation and the stretching termin the 'ndUCt'QnAppllcatlon to galaxies
equation (see Yokoi 1996). To leading order of this effect, the
momentum and induction equations for the fluctuatiarignd In order to generate cross-helicity there must be small scale

b, read dynamo action. This is typically a fast process occurring on the
P time scale of afew turnovertimes. If the growth rate of the small-
— =—0-V)U + .., (2) scale dynamo is exactly one turnover time the amplification
ot factor after 30 turnover times would b&° ~ 10*3.

ov’ , Let us now consider in more detail how the cross-helicity
ot +O VU + .., ) produces large-scale magnetic fields. Taking into account the

where the dots refer to further terms that have been ignored ?6?,ndardx -effect, turbulent diffusivity and cross-helicity effect,
induction equation for the mean magnetic field can be written

the purpose of the present illustration. Taking the cross prod ?h form
of those equations with’ andw’, respectively, we obtain efo

O x o) = b x (- VYU +u x (6 - VWU +...  (4) m = Vx(UxB)+Vx(aB)

ot VXV xB)+8S, (6)
We assume isotropic turbulence withb,) = 151k<u’ b'),
replace the integration after averaging by a multiplication wi
some correlation (or turnover) time and obtain

E=27u V)V xU+.. (5)

mheren is the turbulent diffusivity and the source ter$,=
X (AV x U), is caused by cross-helicity, = 27(u’ - b').
The source term can be written as

S=AVXx(VxU)—-(VxU)xVA\ (7)
Note that the electromotive force associated with a non- L L . .
vanishing cross-helicity(w’ - ') # 0, gives a non-zero con- If the mean motion is rotation, i.&/ = sQe,, with s being the

tribution to the field generation even(¥ = const. cylindrical radius, then

In order to get some idea of how important this effect could ) 5, 00 200
be we now take a look at three different data sets of thre-= 2 { (5 &p> - s’eg (AQ + as)]
dimensional turbulence simulations. We first use data of strati- 1 9\
fied convection of Brandenburg et al. (1996). In this simulation 5 e¢V( Q) -Vi+ = 2 9p V(s%Q) . (8)

an initially weak magnetic field is amplified exponentially by
dynamo action until saturation occurs. The magnetic field h&A§ mentioned above, the cross-helicity dynamo produces only
no large scale component, so we refer to this dynamo as a snigiioidal magnetic field, provided the mean flow andre ax-
scale dynamo. However, this (local) simulation has been carriedmmetric. However, if2 or A are nonaxisymmetric this dy-
out at30° northern latitude, so the turbulence has net helicitgamo can directly generate a poloidal magnetic field, even if
The resulting value of the relative cross helicity,-b') / (usb;), the a-effect is negligible. Evidently, in the case of rigid rota-
whereu, andb, are the root-mean-square values of the velocition, V x U = 2§ =const and cross-helicity gives a non-
and magnetic field, respectively, is around 0.03. zero contribution only if\ is nonuniform. The effect of cross-
Simulations of rotating shear flow turbulence (Brandenbufglicity is vanishing for rotation that is constant on cylinders
et al. 1995) give a lower value for cross-helicity. Here the tuwith © oc s—2. Note that Yokoi (1996) proposed the solution
bulence is the result of a magnetic shearing (or Balbus-Hawldg)= (\/n)U. However, this cannot be correct, because it pre-
instability, where the magnetic field, in turn, is generated Kicts nonvanishing magnetic fields foroc s=2 as well as for
dynamo action. In this case the resulting relative cross-helicpgtential motions wittv x U = 0.
is3 x 107%. Let us now estimate the rate at which the cross-helicity pro-
Simulations of the turbulence driven primarily by supernovéuces large-scale magnetic fields. Note that contrary to the con-
explosions are perhaps more directly relevant to galaxies (Kovgintionak-dynamo, the cross-helicity dynamo does not require
et al. 1998). The resulting value of the relative cross-helicig/non-vanishing initial magnetic field thus the growth of a large-
is 5 x 10~3. However, the simulations have not yet been ruscale field can start even if the seed field is zero. Obviously,
for long enough (just 5 Myr) to allow for the development ofluring the initial stage of generation, when the magnetic field
a statistically steady state. This may also be the reason vidiyveak, the growth is completely determined by cross-helicity
the sign of the cross-helicity is the same on both sides of taed follows approximately a linear law,
equatorial plane. In the first two cases the signwf- v')is 5 . ¢ )
positive above the equatorial plane and negative below. '
In conclusion, based on a variety of different simulations wia the course of further evolution the-effect and turbulent
expect the relative cross-helicity to be in the radgel 0~2-+—*.  diffusion also become important. For the purpose of illustration
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letus neglectin Eq. (6) the induction term caused by differentisiimilar to that described by Brandenburg et al. (1993). We sol
rotation. Consider the case when both rotation and turbulertbe dynamo Eg. (6) in a sphere< R, wherer is the spherical
are axisymmetric and the rotation law differs fréinoc s72, radius. Outside the sphere avacuum is assumed, so the mag
which is likely to be the case for young galaxies. The effects fiéld continues as a potential field. Inside the sphere the profi
a-generation and turbulent diffusivity can roughly be modelleaf «, A, n, andS? are given by

by corresponding inverse timescatgs and,,, respectively,

o
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-

: . : « A z 1 z\2
thus the model equation can be written in the form — =" ="exp{=|1— (7) +¢, (24)
. (67} )\0 H 2 H
B = (Yo —)B+S. (10)
The general solution of this equation is n= 1+ (04 — 7n) exp {_; (;)1 7 (15)
B = S e(Ya=1n)t _ 1} + Boelre—mm)t, (11) s
Yo = T Q=1 (r3+r2) % (16)

whereBy is the initial field. The first term on the r.h.s. describes
the effect of cross-helicity combined witkgeneration and tur- Here,e quantifies a small perturbation of the otherwise purel
bulent diffusivity, the second term corresponds to the standa&atisymmetric profiles ofv and \; see below. The magnetic
a-dynamo. Let us assume thag = 0, so that thex-dynamo in  diffusivities in disc and halo argq and,, respectively. In
its standard form does not work. Then the behaviour of the magest of the cases we included a nonlinear effect in the form
netic field is essentially determined by the dynamo parameterguenching, i.e. we replaee, by oo /(1 + B*/BZ,).

C = va/y,. If C > 1, the magnetic field can grow expo- The parity of the magnetic field generated by the cros
nentially with the growth rate typical for the standard dynaméelicity effect is odd, i.e. dipole-like. This is becausés anti-
Although the initial field may be zero, a significant mean magymmetric about the equator. On the other hand, the parity
netic field is generated by the cross-helicity effect, before thige most easily excited mode of the& dynamo is even, i.e.
exponential growth becomes important. The field amplificatisfuadrupole-like (Parker 1971). The only way that the parity cé
can then only be stopped by nonlinear effects” Ik 1, after change is by some ‘impurities’ in the system that give rise {
the initial growth, which lasts- (v, —~,) !, the field reaches a a transfer of energy between purely antisymmetric and pure
saturation value depending on the magnitudes of cross-heligimmetric modes. We have therefore introduced in Eq. (14

and turbulent diffusivity, terme of even parity with
Bs & S(7y—7a) "t & 3x1072 7% (H? /n) (Q1/5) uby,(12) 1 /22

€=¢€pexp |—= (—) , a7)
where we suppos@u’ - b') = 3 x 1072~ 4u,b;, ~, = n/H?, 2\H

andH is the semithickness of the disc. Detailed analysis of d%ereeo < 1controls the magnitude of the symmetry-breakin
on high-redshift damped Lymam-systems which are widely offect.

believed to be the progenitors of current massive galaxies showsyyse present the results in dimensional form assunfing
that models with discs that rotate rapidly and are thick give;q kpc, na = 1kpckm/s. We assume the turbulent velocitied
better fit to observations (Prochaska & Wolfe 1997). The MQgfthe halo to be larger than in the disc, so the turbulent magne
likely values of the rotational velocity and thickness are 22(§qffusivity in the halo is enhanced and we assumpe= 107,.
km/s andH = 0.3s, respectively. Assuming the characteristiqye assumey — lkpe, 7o = 1.5kpc. We also tried larger
length-scale of turbulence to be comparableftoandn = yalues offf, but the nature of the dynamo changed then consi
3u¢H we obtain for the saturation field erably (the fields became oscillatory and of odd parity). With t
By ~ 3 x 1072 74(Qr)b;. (13) set of parameters phosen the critical value.@for dynamo.ac—

) . o . tion (when\q = 0) is0.48 km/s. We takeB., = 107° G, which
The turnover time- in galactic discs is ~ 107 yr, and so even (et in a saturation value of the maximum field in the disc ¢

for rapidly rotating disc§)r ~ 0.1—0.3. Thus, it seems that the 5 few uG. Assuming a relative cross-helicity fx 1024
cross-helicity effect alone may not be able to generate a laigg fing Ao = 27 X 3 x 10~ 24 4,b,, OF
3 1

scale magnetic field in galaxies — in contradiction with the con-

clusion obtained by Yokoi (1996). However, the field given by, = 2 x 10~ ~'* (10 Gyr G km/s), (18)
Eq. (13) is only 2—4 orders of magnitude weaker than observed

magnetic fields in galaxies. Therefore, as seen from Eq. (1%})ere we have assumed= 107yr, u; = 10km/s, andb; =
the a-effect may well be able to amplify the field produced by ~°G. In those cases wherg is non-vanishing we chose an

cross-helicity to the typical galactic value of a fes@ after a aPProximately ten times supercritical valug, = 5km/s.
few revolutions. We start off the calculation with a weak initial magnetic field

of about10~!8 G, but note that this initial field is completely
unimportantin all cases, except whign= 0. We show in Fig. 1
the evolution of the magnetic fiel® (the maximum value at
The estimate based on Eq. (13) is quite rough. Therefore we namy given time) and the field parify = [E(S) — E(4)] /[E(S) +
consider an explicit model numerically. The method adoptedf& )], whereE(%) andE(Y) are respectively the energies in the

4. Numerical solutions
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- the absence of the cross-helicity effect tifé dynamo leads to
exponential growth starting from a weak seed magnetic field.
7 In that case the field strength at a time3®&yr is still only

1 10~ uG —too weak to explain the magnetic field observed in
young high redshift galaxies.
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_ 5. Conclusion

e

L 105 104 103 102 100 1©© | \We have shown that in the presence of the cross-helicity effect
t [10Gyr] . . .. .
187 the large scale field reaches equipartition field strengths much
1o ‘ ‘ ‘ sooner (afted — 6 Gyr) than with a conventional2-dynamo.

0.0 0-5 . [1ld(c);yr] Lo “0" The growth of the large scale magne_tip fields_is significantly
enhanced. The presence of cross-helicity requires the presence
of a small scale magnetic field that correlates with the velocity

1.0 ——————— in such a way that the two are either preferentially parallel or
i 1 antiparallel. Simulations show that this may indeed the case,
05L _ x = 2x107° 7 although the magnitude of the effect is still uncertain. More
E N 1 workis nge.ded to es_tabllsh the eX|§tence and significance of the
! o0 cross-helicity effect in realistic settings.
& 00} A =0 —
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