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Abstract. We derive the expression for the mean electromotiamplify a large scale magnetic field even if turbulence is h
force in a turbulent flow taking into account stretching of tumogeneous. It has also been argued that the similar mechan
bulent magnetic field lines and streamlines by the mean flogan operate in a turbulent shear flow (Urpin 1999). Shear bre
Shear stresses break the symmetry of turbulence in such a weysymmetry of turbulence stretching turbulent magnetic fie
that turbulent motions become suitable for the dynamo actidimes and streamlines. This stretching produces a hon-zero ¢
The contribution of this effect to the mean electromotive forceigbution to the mean electromotive force even in the simple
proportional to the production of spatial derivatives of the meaase of a plane Couette flow.
magnetic field and the mean velocity thus it cannot be described, In the present paper we consider the mean electromot
in principle, in terms of the conventional alpha-effect. force induced in a turbulent fluid by shear stresses. The m

goal of this paper is to show that a non-uniform mean flow m
Key words: Magnetohydrodynamics (MHD) — turbulence Jead to a large scale dynamo action for a wide class of flows
stars: magnetic fields — accretion, accretion disks

2. The basic equations

1. Introduction The behaviour of the mean magnetic field is governed by t

conventional alpha-dynamo is an example of such amechanisgl v, gescribe various turbulent kinetic processes in plas
where the reflection symmetry of arotating turbulence is brokeh o, the amplitude of turbulent fluctuations is relatively sm
by the Coriolis force. Due to rotation, the mean electromoti\@ee’ e.g., Lifshitz & Pitaevskii 1979). Generally, this approx
force,£ = (v x b), has a component proportional to the megf) 4iion applies if the ensemble of turbulent motions is char
magnetic field, and this component may be responsible for {3gj; ¢4 py relatively high frequencies and small amplitudes th
dynamo action. Note, however, that the capacity of this mecl}fa}—e Strouhal numbe§ = vr /¢, is small:~ and? are the corre-

nism to produce the observed magnetic fields, at least in SOf&, - time and the length-scale of turbulence, respectively.

astrophysical objects, has been debated (Cattaneo & Vainsigiay s is based on a double-scale model in which attenti

1991, Vainstein & Rosner 1991, Kulsrud & Anderson 1992). i concentrated on the development of the magnetic field o
Recently, Urpin and Brandenburg (1999) have suggestggaleL much greater than the scale

the qualitatively different turbulent dynamo mechanism which Split the magnetic field and the velocity into the mean

can operate in a differentially rotating fluid. If rotation is nong 4 fluctuating part®8 = B+ bandu = V + v, whereB and

uniform, the mean electromotive force contains additional ters - .o the mean field and velocity, respectively. The lineariz

proportional to the production of shear stresses and derivatiy&s,ction equation for the fluctuating magnetic field reads
of the mean magnetic field. These additional terms may gener-

ally lead to a rapid amplification of the mean field. Obviousl@ _
this effect cannot be interpreted in terms of the alpha-dynamg: ~—

Contrary to the conventional alpha-effect, this mechanism SR assume that the magnetic Reynolds number is large for fl

Send offprint requests 1&.Urpin tuating motions and neglect dissipative effects.

VX (V xb)+V x(vx B). (1)
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Consider the incompressible flow wii = V(z,y,z) 3. The mean electromotive force in a turbulent flow

wherez, y andz are the Cartesian coordinates; the correspong- . . . . .
. : - X ) onsider the case of incompressible turbulence. Since inhomo-
ing unit vectors are,, e,, ande.. Substituting this expression

into Eq. (1), we have gene|t_y of the mean flow is sm_aII, we can split Fourier ampli-
tudes into two components as in
ob

2 TV Vb= (b- V)V =0Q, (@) =10+ o1, (12)
where whereo, represents the fluctuating velocity ©t(») = 0, and

©1 is a small departure td, caused by (). We assume that,
Q=(B-V)v—(v-V)B. () in the absence of a mean flow, turbulence is isotropic and ho-

The second term on the I.h.s. of Eq. (2) describes the advectioReeneous with the correlation tensor given by

of turbulent magnetic field lines by the mean flow and leads only P 1, )
to asmall shift of frequences in the spectral integralgit> 1V (V0i(k, w)o; (k') = 2v*(k,w) (85 — kik; /%)
(see Urpin 1999). We neglect this term in what follows. 5k + k')S(w +w') (13)
By making use of Fourier transformation,
(see, e.g., BRdiger 1989).

+oo

b(r,t) = / dwdke™ T bk, w), 4 The velocitys, can be calculated from the momentum equa-

—0 tion. In the presence of a mean flow, the fluctuating velocity
where the hat labels the Fourier amplitude and neglecting ter%?s?ys the equation
of the order of¢/ L, we obtain from Eq. (2 b

/ %@ 2 VTt oIV T2 (14
A ot p
iwb; — by, = Qi (5) . . .
Oxy, wherep is the fluctuating pressure apds the density. Follow-

where ing the spirit of a quasilinear approximation, we will neglect the

. non-linear advective terrfw - V)v. Making Fourier transfor-
O - (21)4 / drdteik'r—iwt[(B Vv —(v-V)B]. (6) mation int andr, we obtain
™ —0o0

&(ﬁlﬁ+(ﬁ'V)V2ik ]—5, (15)

In what follows, we assume that inhomogeneity of the me p

flow is relatively small and restrict ouselves to linear terms in .
dV;/dx), < 1/7. Therefore, the solution of Eq. (5) can be repwherewl = w— k- V. Ifthe phase velocity of turbulent fluctu-

resented as ations is larger their, we havew; ~ w. With the accuracy in

) linear terms iMV; / 0z, calculations ob can be done by mak-
b=_'0O_ 1 (Q V)V. (7 ing use of a standard perturbation procedure. The unperturbed

w w? velocity, v is governed by Eq. (15) wittw - V)V = 0. Then,
Then, we have the equation foib; reads

Foo o . AR S .y .
b(r,t) = _Z-/ Mewtﬂk-? Q- i (Q-V)V|. (8) wiv1 = zk:?l — (99 - V)V. (16)
oo w w
Substitution ofb(r, t) into the definition of€ yields Taking into account the continuity condition for incompressible
’ fluid, k - 9, = 0, we obtain
E=¢E+&", 9) . &
. PN .
where v = ; {(’UO . V)V — ﬁk . [(’U() . V)V]} . (17)
0 dwdk Y e e? . o
& = _/ SWOR 1 dk! i wtw t—i(ktk)-r Calculating€’, we can neglect small correctionsirand@
o W2 because this part of the electromotive force is already propor-
Wk, W) % [Qk,w)- V]V, (10) tional to shear stresses. Therefore,
oV,
too &= _Eijk_kjjma (18)
P —z’/ dwdk | 1 et il t—i(k k) 0xm
e W
NN AN ~ Yoo
(0(k',0") x Q(k,w)) . (11) o= / dwcjkdw/dk/ei(w+w,)t—i(k+k/)'7‘

Egs. (9)-(11) represent the general expressio& fiorthe pres- o0 W

ence of a large scale flow. x (00 (K',w") Qom (k,w)); (19)
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summation is over repeated indexes. Substitu@ritpm Eq. (6) Finally, the expression for the mean electromotive force i
and taking into account the correlation properties of turbulence

(Eq. (13)), we have & = €2€ijk [2

m@aBm%_(aw aun)aBk

0z, Ox; B 0T,

} @27)

0z Ox;

The terms on the r.h.s. of Eq. (27) contain spatial derivatives
Y 9B the mean velocity and, generally, the electromotive force isn
« <5j _ 9 P) it (t—t)—ilk+k')-(r—r) ZZm —(50)  vanishing for any non-uniform flow. Note th&itloes not contain

1 oo dwdk / / / 7,2 / /
J; __3(27r)4/ 2 dw'dk'dr'dt'v:(k',w")

— 00

k' Oy, the component proportional B that is typical for the alpha-
The integrals ovetlw anddk can be calculated as in effect. Therefore the effect of shear stresses cannot be descri
oo in principle, in terms of the alpha-effect. The coefficiardf the
1 / Mei(ww’)(t—ﬂ)—i(k+k’)-(r—r') — conventional dynamo theory is proportional to the kinetic heli
2m)? ) o w? ity, h = (v-(V x v)), which is non-vanishing, for example, in a
, , Foo dw io(i—t") rotating fluid. However, apart from rotation the conditios: 0
O —r+ V(-1 / - m : (21) requires also the presence of a large scale inhomogeneity of

i o ) fluid (see, e.g., Krause &#&ller 1980). For example, it can b
The last integral in this expression can be taken from the tallg, gensity stratification but the presence of inhomogeneity
(see, e.g., Gradshtein & Ryzhik 1965), then absolutely necessary because the pseudoseakan be formed
1ot kK, from the axial vector of the angular velocify, only as a scalar
Jjm = —g/ dw'dk'v* (K, ') <5j - k,/z) production of(2 and some polar vector (e.g., the density grad
ent). In the present paper, we consider the case of homogen
(22) unperturbed turbulence where the alpha-effect should be v.
r=r—V(t—t') ishing because of this reasonning in the lowest ordéf inand

ér/to, atleast. This point can easily be checked by direct calcul
tions. Indeed, calculating helicity in terms of Fourier transform

o0

ox!

n

t
x/ dt'(t' —t) x e ('=1) 9Bm
—o0

Sinced B,,, / 0z}, is slowly varying function and does not chang
significantly on a time scale of the orderofintegration over ) . 4 . R N .
dt’ gives (1/w'2) (8B, /O,) with the accuracy in the lowest W& OPtain that is proportional to(wg - (k x ;) + 1 - (k x 0p))

orderin¢/L andr /t, (to is the characteristic time scale of meatf’ |t|h the acgur?cy n fl;)near;erms . Eq. (12);(1:]01 c]?ntaltr;]s
quantities). Finally, only a production ofvy and even powers ok, therefore the

expression foh should contain only odd powers kfafter en-

g — 2£25ijk% 9By, (23) semble averaging. If the unperturbed turbulence is assume
‘ Oxy, Oxy’ be homogeneous and isotropic (see (13)), integration dker
where will give a vanishing contribution, and < o = 0 in our model.
oo Thus, the suggested mechanism works under the condition w
02— é / d“"zlk 02 (k, w). (24) the alpha-dynamo is unoperative.
0o w

We assume that the ensemble of fluctuating motions does Rohiscssion

contain waves withv = 0 thus the spectral power of turbulence

goes to zero ab — 0 and there is no singularity in the integralFor illustration, consider the behaviour of the mean field in

(24). turbulent flow between two planes,= +L. Assume that the
Contrary tof’, the componer€” should be calculated with mean velocity of the flow is given by = e,V (z). In the

taking into account small corrections in the fluctuating velociifiduction equation, the electromotive force (27) has to be co

and magnetic field. With the accuracy in linear terms in she@lemented by the standard term representing turbulent magn

stresses, we have diffusivity and the advective term}y/ x B. Then, the induction

equation reads

& — i /+OO Mdw/dk/ei(erw’)tfi(k+k’)~r q

B B
—oo v . aa— V(x)%— —e,B,V'(z) =V x E+nAB, (28)
(Do (K',w') x @y (k,w) + 01(K ') x Qo(k,w)).  (25) y
Substitutingd; into this equation and making the same tran¥/here
formations as deriving the expression (23), we obtain 1 [+ k2 L
n:,/‘ ﬂ%;ﬁ%Jmmh (29)
& — 2. 0By ( 0V; B oV, (26) 3/ w* + wh,
! 9% 0z \ Oz oz; )

is the scallar turbulent magnetic diffusivity (see, e.g., Krause
Note that(dV; /dx,, — OV, /Ox ;) determines a large scale vorRadler 1980)w,, = v, k?, andv,, is the molecular magnetic
ticity of the flow thus the compone&” of the mean electro- diffusivity. Note that the dissipative term does not appear
motive force is non-vanishing only for the flow with a non-zerthe expression (27) because we neglect the magnetic diffusi
vorticity. from the very beginning for the sake of simplicity.
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The evolution of the mean field is determined by the be-=ig, V(1 — £2) + 70 — nA%, (36)
haviour of itsz-component which turns out to be not influenced

_ 2 2Y72p4 2 2 __ 2 2 2
by B, and B.. However, these two components are generat@ier® = 4&:q,Vot*/nL?, andA® = (n7/2L)" + q; + ¢z.

from B, due to either the stretching effect or the turbulent ele¢h€ first term on the r.h.s. of Eq. (36) describes oscillations of

tromotive force thuss, andB. are coupled td3,.. The equation the magnetic field caused by advection of field lines by the
mean flow, the second terms represents the generating effect

for B, is
, of the electromotive forc€, and the third term describes tur-
0B, OB, o .. 0°B, bulent dissipation. Note that always gives a positive contri-
o Vi) oy 20V (@) 0x0y + 1AL (30) bution to~ resulting in a generation of the magnetic field for

. . any wavevectors. The generating effect becomes stronger for a
Consider as an example the shear flow witftr) = V(1 — y g g 9

. : lower magnetic diffusivity (or, in other words, for a higher con-
2 2
x/L7). The solution of Eq. (30) can be represented in the forHquctivity). For arelatively large magnetic Reynolds number, we

B. — e’yt—iqyy—iqzz—ié2quoa:2/nL2f(x) (31) havey, > nA? and the flow becomes unstable to a generation
‘ ’ of the mean field. Note that only the field components which
whereg, andg. are the wavevectors in the andz-directions, depend on thg-coordinate can be unstable.

respectively. Then, the equation féreads
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where¢ = z/L, a = —L[y — ig,Vo + n(q;+3)]/n, andb =
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