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Abstract. Using the large-scale or long-time averaged mad-1. Suppression of the-effect

netic field diffusion ion, we show that the inhomogen - . . .
_etq e_dd usion equatio » We Sho t a_tt €inhomoge eOJ'Ill'énemostdn‘ﬂcultproblem is the back-reaction of large magnetic
distribution of the turbulent helicity fluctuations (more correctly, ; L
fields on the structure of turbulent motion. Taking into account

the fluctuations of the--coefficient) gives rise to the large-scale, . . ) : . .
enhancement of the mean magnetic field. This effect occ%%s back-reaction, &tliger & chhat|nov (1993), and K'Chat".
NV etal. (1994) have shown numerically that the back-reaction

even if the mean helicity is absent. This newly reported dyna . e
mechanism requires the differential rotation of an atmosphr%%Creases both thecoefficient and the turbulent diffusivity.

; o more simple approximate approach of Gruzinov & Diamond
and does not depend on the action of the Coriolis force. The e? |994) demonstrates the drastic decrease which oceurs in the

mations show that the-coefficients due to helicity fluctuations . :
y -coefficient.a ~ ao/(1 + R, B3 /12mpu?), whereqy is the

have the same (or greater) magnitude compared to the ust L . .
a-coefficients, related to the action of the Coriolis force. Hom)ﬁa?ue of thea-coefﬁuept calculated W'thOUt any back-reac;Uon,
ever, this mechanism works in the regions of the convective Zof}n@mi s n/1 leza‘lgljo é |71szIJSS|t\:$ gagﬁzcn?eeg:ﬂgs :éjtrizt;z?s
where the inhomogeneity of the fluctuation distribution is mos ( ) Y0 g a,

prominent. It is very anisotropic in character and is describ'?S the density of a fluid, andy, Ry andr are the characteristic

d ) )
by thea,,-tensor. The possible effect of this mechanism in tr}grbulent velocity, and the space and time scales of the correla-
Sun is discussed.

1on of the turbulent velocity field, respectively. Remembering
that in cosmic conditiong,,, ~ 10° — 104, one can conclude
Key words: magnetic fields —turbulence — Sun: magnetic fieltys]at thea_-coefficient is close to zero. Thus, accordir_lg o G“!Z"
_ stars: magnetic fields noy & Diamond, th(_a L_Jsuaiy-effect d_oes not occ_ur |n"c_osm|c
objects. More sophisticated numerical calculations odiger
& Kichatinov (1993), and Kichatinov et al. (1994) do not show
such large decreasing as a result of the back-reaction.
The disagreement between these authors is a result of the
Itis commonly accepted that thev-dynamo provides the basisrelationa = —n(b -V x b)/Bg. This remarkable relation
for an explanation of the 22-year cycle of solar activity (Park&as derived and used by Gruzinov & Diamond. However, the
1970, 1979; Cowling 1981;#&ller 1990; Schmitt 1993; DeLucamost convincing derivation of this relation follows from the
& Gilman 1991; Weiss 1994; ®liger & Brandenburg 1995; exact equation for fluctuating component of magnetic helicity,
Covas et al. 1997, 1998). Even old phenomenological theorids. = (A - B) = Ay-Bg + (a - b) (see Seehafer 1994, 1996).
of Babcock (1961) and Leighton (1964) partly revive accepia the following, we represent the stochastic values as a sum of
ing this mechanism (Zwaan 1996) and the conception that the mean and fluctuating components, for example, the vector
dynamo region is located at the bottom of the convective zopetential A = A, + a, with (A) = A, and(a) = 0. This
where the buoyancy of a magnetic field is suppressed (Rosne®@ct relation is valid for infinite, homogeneous and stationary
Weiss 1992). The problems of solar activity are similar to thoseagnetized turbulence. It should be noted that both approaches
of magnetic stars (Baliunas & Vaugham 1985). mentioned use the linearized governing equations for the fluctu-
There are some unresolved problems with the dynamo tigéing fieldsb andu (hereu is Eulerian turbulent velocity). The
ory (Krause 1991; De Luca & Gilman 1991). Some of thed#nits of the validity of these equations are unknown. It seems
difficulties arise from new data from helioseismology studiebkely thatthey are very restrictive. We feel that such an appoach,
concerning the revision of the angular velocity distribution irif principle, does not describe the system when it is far from the
side the convective zone. Other, more conceptual difficulties dnéial state, particularly the stationary state. For this reason, the
concerned with the existence of usuagffect as sufficiently ef- Gruzinov & Diamond (1994) formula far, mentioned above,

fective mechanism to enhance the mean magnetic field in cosifigot internally consistent. The linearized approach can thus
conditions. give us only some corrections to the initial valug. Instead,

their expression demonstrates the drastic decreasing of

1. Introduction
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From the relatiofu x b) = aB, which is valid for homo- important to pay special attention to the role of helicity fluctu-
geneous turbulence, we can use the estimatien ugby /By, ations. Kraichnan (1976) was the first to consider the influence
whereb? = (b?). The relationshi;y = —n(b -V x b)/B2 of helicity fluctuations on the value of turbulent diffusivity,
gives another, independent estimatior: nb2 / B3lo, wherel,  He found that such fluctuations (in effect, the fluctuations of the
is the characteristic scale of the magnetic fluctuations. The soecoefficient) lead to a decrease in turbulent diffusivity. Kraich-
lution of these coupled relationsds=: uq(uolo/n) > uo and nan did not excude the possibility of the negative diffusivity (see
by =~ Bo(uolo/n) > By. Of course, these are maximal estialso Moffatt 1978).
mations because we did not take into account unknown angular A more detailed consideration of thefluctuations is pre-
dependencies of the vector equations considered. sented in the papers of Hoyng (1987a,b, 1988, 1996), Hoyng

The problem of the back-reaction of the magnetic field ont al. (1994) and Hoyng & Schutgens (1995). In these papers,
the turbulence itself has another side. Zeldovich (1957), for thew effects of the dynamo theory were discovered, in particular,
case of two-dimensional turbulence, has shown the existetice excitation of higher eigenmodes of the oscillations. We note
of very large magnetic fluctuatiortg .. ~ R,,B32, where the very interesting discussion on the interpretation of various
By is the initial magnetic field. This estimation was acceptaépresentations of the average and their relation to observable
also for three-dimensional turbulence (see Vainshtein & Roslues (Hoyng 1987b).
ner 1991; Vainshtein & Cattaneo 1992; Gruzinov & Diamond Vishniac & Brandenburg (1997), using a numerical simu-
1994). According to this estimation, huge magnetic fluctuatioretion of the magnetic field evolution in accretion discs have
first acquire equipartition with the turbulent kinetic energy aniwund that the fluctuations of the-coefficient itself, with the
alter the character of turbulent motions. This occurs when thero average,, = 0, give rise to the enhancement of the mean
mean magnetic field is far below the equipartition level. Thusjagnetic field. Sokolov (1997) has presented some theoreti-
the fluctuating field changes the turbulence, not the mean magtreasons to explain this effect. Silant’ev (1999) constructed a
netic field (Vainshtein & Rosner 1991; Vainshtein & Cattanegeneral mathematical theory which demonstrated that the effect
1992). of magnetic field enhancement occurs if thdluctuations are

The detailed consideration of this case has demonstratkstributed inhomogeneously and if differential rotation of the
that the estimation? ~ R,,B? exists only at the momert, conducting fluid exists. It is interesting that the enhancement
of the maximum fluctuations of the vector potential and givekoes not relate directly to the action of the Coriolis force.
the relative level of magnetic fluctuations compared to the mean Why does the turbulent helicity fluctuate, and what is the
magnetic field. Moreover, this estimation changes drasticallygbnnection between these fluctuations anfuctuations? We
one takes into account that the diffusion approximation, usedtgte that the turbulence itself consists of separate eddies which
Zeldovich, gives the additional relation between all the involvedteract with each other, diminish in size and disappear due to
values, namely3 ~ wuglobg/Bo. As a result, the estimation viscous dissipation. Every eddy has its own angular momentum,
of magnetic fluctuations at the momentacquires the form: corresponding to right-hand or left-hand rotation. This results
bo(ta) =~ (uolo/n)Bo(ts). This is(Ry/ly) times smaller than in regions which contain fluid rotating in different directions.
the usually-accepted value. Due to their common origin and their interactions, there exists

For the spectra of turbulence with a slow decrease in tkeme space and time-correlation between these rotating eddies.
inertial interval (as in the Kolmogorov spectrumy/, ~ nand This correlation exists even if rotations of opposite signs are
te = tp, Wheret, is the moment of the maximum @f. For presentin equal amounts (the absence of the Coriolis force). For
this case one hdg ~ By, i.e. the level of fluctuations is nearexample, in many cases, a neighboring eddies will be rotating
the level of the mean magnetic field. The estimatipr: By is in the opposite directions.
valid at the timet, both for 2D and 3D-turbulence. We know (see Krause & &ller 1980) that left-hand screw

For spectra containing a sharp decrease, have Ry and motions produce the-effect witha: > 0 and those of the right-
in the nonstationary case the relative energy of magnetic flland screw givex < 0. Let us present the-coefficient as
tuations can acquire very large values compared to the eneaggyum of the mean and fluctuating pars= ag + o’. The
of the mean magnetic field. This occurs as a consequencepvious consideration shows that there exists the nonvanishing
the different laws governing the decrease in these parts of th®-point correlation function
magnetic field. The mean magnetic field decreases accordingt
the characteristic turbulent mixing time, and the fluctuationéi& 2) = (o (r, ) (v, 1)) (1)

according to the ohmic diffusivity time, i.e. more slowly. If the mean valuey, = 0 or itis sufficiently small, then only
Thus, we see that usualeffect is not suppressed enougfthe correlator (1) is responsible for the large-scale enhancement
to be excluded from consideration in cosmic ObjeCtS. of the magnetic field. The existence of the mean valyds
provided by the action of the Coriolis force in the differentially

1.2. The fluctuations of turbulent helicity rotating atmosphere. In contrastig, the fluctuations/’ are not

. . . related to the effects of the Coriolis force, and the helicity of the
There always exists the apprehension that some important pRygocity H, = (u- V x u) needed to construct the—values
ical process, which has a sufficiently large contribution, is ngitrinsically exists in the turbulent eddies (as explained above).
being included in the analyses. For this reason, we feel that itti%eemS, for this reason, that the Suppression’afa'ues by
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the large magnetic field differs from the suppression ofithe Substitution of Eq. (3) into the initial diffusion Eq. (2) leads
coefficient. To suppress the turbulent eddies is more diffictdt the basic stochastic equation:

because this requires the suppression of the angular mom

of the eddies. For this reason, it is possible that the mean va? (n +Bo)V’B —ayV x B -V x (Uy x B) =

of A(1;1) = (/(r,t)?) = oF is larger than the value?, and ¢

the new mechanism for magnetic enhancementis more effecve: o/ B + V x (' V x B). (4)
than the usuadw-mechanism.

The origin of the a-effect is rather complex. The- Forsimplicity we have assumed thatandg, are constant. The
coefficient itself has a statistical nature. Thus, the existenceright-hand part of this equation, depending on the fluctuations
the correlation function, Eq. (1), implies the existence of a see-(r,t) and 3'(r, ) is a stochastic function of the positian
ond, large-scale or long-time averaging. In all the mentionéétd timet. Using standard technique (see Dolginov & Silant'ev
papers, the procedure of such a second average was used982; Silant'ev 1992) one can average this equation and obtain
principle, it is possible to develop the theory using only or@new equation for the mean magnetic fillg:
average. For such a theory, we need to know the dynamics
the evolution of the four-order velocity correlators to describeaT0 — (0 + Bo)V?*Bo—apV x Bg—V x (Uy x By) =
the valueA(1; 2). This is too difficult in practice. However, the

procedure of double averaging used previously makes it pd&-x Fy, (5)
sible to study the effect of helicity fluctuations (as fluctuations
of thea-coefficient) in a fairly simple manner. At present, sucfoi = @i; (t; 1) Boj (v, t) + Bijk (r, 1) Vi Bo; (r, 1). (6)

an approach is the only one that can be used to study helicity Egs. (5) and (6) describe the turbulent magnetic dynamo in

fluctuations. e L .
. . . . the diffusion approximation. The electromotive forfEg con-
The goal of this paper is to show qualitatively and quantita: .
. . . . ists of two terms. The pseudo-tensats andj;;;, generalize
tively the main features of the new mechanism to describe the - A
hé pseudo-scalar-coefficient and the turbulent diffusivity.

large-scale amplification of magnetic fields — the amplificatio]trnhey describe the influence of the helicity fluctuatianér, £)

due to turbulent helicity fluctuations. This mechanism is aver- . e
agedaw-mechanism of the correlated fluctuations of turbuler‘?tnd the fluctuations of turbulent diffusivify (r, ) on the evo-

e . . Iution of the large-scale mean magnetic fi8g(r, t).
helicity. It is not related to the existence of nonzero mean he- One can prove that the series of iterations of (5) using the
licity and does not require the action of the Coriolis force. This P 9

; (0) 4.
mechanism gives rise to the independent tensor fig)ér, ¢) Green functiorG;;’ (1; 2) of the left-hand part of (5) converges

i ; i . . ;
which can be used in the magnetic field induction equatiorr?‘.p'dly' This occurs because the left-hand side mainly describes

Some discussion of possible applications of this mechanisn Process of turbulent diffusion and amplification of the mean
solar magnetic activity problems also is given. magnetic fieldBy. We give the expressions fat; andg;;;, as
a result of the first iteration of (5):

o (r,) = agi(1) =
2. Basic equations ! !

t
We begin our investigation from the known magnetic diffusior/ dr’/ dt’ejangfL) (r,t;0 ) (v, t) V. ' (v, 1)), (7)
equation (see Cowling 1981): 0
OB Here, ey, is the unit antisymmetric_ pseudo-t_ensegy(z =
— VB = Vx(UyxB) + VxaB 4+ Vx(fVxB). (2) —€yz: = —€zzy = 1, €tc.). Below and in that which follows we
ot shall use the convenient notatiorf$r,,, t,,) = f(n), dr,dt, =
dn,dr'dt’ =d2,R =r—r1',7 = t—t'and so on. The formula

Here Uy(r,t) is the velocity of regular motion. The- ¢ i lex than that f q h
coefficient and turbulent diffusivityj, are stochastic functions or ﬁi-j’“_ IS more complex than that fax;; and we use these
fmbolic notations:

and can be presented as the sums of mean and fluctuating pﬁY
ale,t) =ag+a/(n,t),  Bt)=Fo+ A1), (@) PurD)= */d? [ejrn Gl (1:2)(a’ (1)(VIPa! (2)Ri)) -

Eq. (2) for the casd&J, = 0, #'(r,t) = 0, a9 = 0 and eits(VEUGS,?(l; 2))<5/(1)(v§2>@/(2)>+
an infinite isotropic medium was first considered by Kraichnan
(1976). He found that the averaging of thls_ equation g'VeS_”éﬁs(Vgl)Gg)(l; 2))<ﬁ/(1)(vz(€2)ﬂ/(2)>]- (8)
to the same equation but with a renormalized turbulent diffu-
sivity n + B + 8. The additional tern was negative, i.e. the In formulas (7) and (8) we have neglected the terms with the
fluctuations of helicity decrease the total turbulent diffusiviteross-correlatoa’(1))/5’(2)). This correlator vanishes when
The consideration of Eq. (2) in the general case is presented imya= 0 (the value?'(r, t) is an even function of the heliciti,
prevoius paper (Silant’'ev 1999). Here we give the main resuétada/(r, t) is an odd one). It seems, that this correlator is small
of this investigation. in all the cases because the turbulent diffusiyityr, t) does
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not depend on the helicity if the degree of helicity is small&. a-effect in an atmosphere with differential rotation

than 50% (Silant'ev 1997a,D). |_et us consider the new dynamo mechanism in its “pure” form
Very often, for simplicity, one uses the mean value of th[e . ynamo ) P
. . akingay = 0. The regular velocity in a rotating atmosphere has
diagonal elements: _ ,
the form: Uy = w(p, 2)e. x r = e, pw(p, 2). Here,w(p, z) is
the angular velocity of the rotatiop,is the distance of the point
of the observatiomr = (p, ¢, z) from the axisOZ of rotation.

In the cylindric frame of reference the integral equation for the
emm/d2 G§2>(1; 2)<a’(1)v$,3)a’(2)>. (9) Green tensoG&OB)(r,t; r',t) (o, B = p, p, 2) has the form:

1
a(r,t) = gaii(r,t) =

©) 1.9} — —_9)_

Analogously, the valug@ = 1/6e;,1;; has the sense of mean oo (1i2) = gap(l =2)
turbulent diffusivity due to the action of the helicity fluctuations d 0
ﬁ/ A300(3) gr (1 — 3) 5 G} (3:2)+

o/(r,t) and the fluctuations of turbulent diffusivity (r, ¢). D3

The case of isotropic turbulence with a nonzero mean He-

licity (« 0) is the most simple. Our formulae give for this
07 0) d3 p3 gap(1 — 3)[(VPw(3)GL) (3:2)+

case:
2 [e’e] t
a=—3 [ v [ apEan.ntr. 7). 10) (VP3G (3:2). (16)
0 0
. Here, the indexy has all the values p, ¢, z, while the others
L[ fixed. The Green tensgrs(1 — 2) = go3(R,7) is the
_ __ d dr 12 2E ; ; + are fixe 9&5 gap s, T
b 3/0 p/o ™ 2P s, m)g0(p:7) usual diffusion Green functiog ; (1 —2) = d;,;90(R, 7) (3, j =
5 x,y, z), written in the cylindric frame of reference.
Eo(p,7)g0(p,7) + PEa(p, T)a*pgo(l% 7)) 11) go(R,T) = (47T50T)*3/2 exp(—R?/48y7). (17)

Remember that the transition from a Cartesian frame to a cylin-
dric one is described by the unitary mattix, (¢) according to
the relations:

Ap = Upr(0) Ak, Gap(152) = Uai(p1)Gij(152)Ugj(02),
(B (r, ) (r,t+7)) = /OOO dpEs(p, 7). (13)  ayp(r,t) = Usyi(p)aij(r, 1) Up; (). (18)

) _ The explicit form of the matrix/s () is the following:
The functionsgy(p, 7) andg; (p, 7) are the Fourier transforms

Here,E,(p, 7) andE(p, 7) are the spectra of fluctuations:

(o (r,t)d (r,t+ 7)) = /000 dpE.(p, 1), (12)

of symmetric and antisymmetric parts of the Green tensor: cosp sinp 0
Usk(p) = | —sing cose 0 | . (29)
GO\ (P,7) = Gnmgo(p, 7) + i€nmiprgi(p; ), (14) 0 0 1

Accordingto (18) and (19) one hasz(1—2) = Uys(w1 —p2).

It is easy to see tha¥ O)(1; 2) depends on the differenee =

o) = [ dRgo(R, ) exp(~ipR) = (
af

1= P2-
cosh(aopr) exp(—PBop*7), We consider here the case when the statistical properties of
1 the distribution of fluctuations have axial symmetry, i.e. the cor-
g1(p, 7) = —=sinh(agpt) exp(—Bop?T). (15) relatorA(1;2) = (d/(r,t)a/(r’,t')) does not change with the
p

rotation of the points 1 and 2 as a whole. Such a correlator may
1 2
It should be noted that Moffatt (1978) obtained only thBe represented af(1;2) = A(z1, 22, p1, e —r(?|, 7). Here

second term in Eq. (11). Eq. (10) demonstrates that the heliding vectorr(j)(p, ) determines the position of the projection

fluctuations in a isotropic atmosphere increase the avaitableof the radius-vector; in the plangxy).

coefficient. In contrast with Eq. (10), Eqg. (11) shows that an We give the approximate solution of integral Eq. (16) in the

additional turbulent diffusivity term is negative. form of the sum of the free term and the first iteration:
Another situation takes place in an anisotropic and inhomo- 9

geneous turbulent atmosphere, a situation close to that founéin (1:2) = Uags(¥)go(R, 7) — %[Uaﬂ(ﬂf) f(152)]+

the real convective zone. In such a medium, the large-scale en-

hancement of the mean magnetic field occurs even if the meghy sin )—ccos 1) csinp—bcost) hsinp—gcosp

helicity is absentd, = 0). We now consider the form af;;- acosy+csint ccostp+bsiny hcosp+gsinty | . (20)

tensor in the medium with the differential rotation. 0 0 0
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Here we introduce the notations & o1 — 2,9’ = p3—¢2):  [sinyy VP A(1;2) + cos p VP A(1;2)] GV (1;2)}, (30)
f(]-; 2) :/dgw(?’)gO(]- - 3)90(3 - 2)’ (21) a@p(r’ t) _ /dQ{COS ng(qu)o(]ﬂ 2)v22)A(1’ 2)7

a(1;2) =/d3 p3(Vow(3)) cos” ¥'go(1 = 3)g0(3 = 2),  (22) sinpGQ)(1;2)V P A(1;2)+

d3 p3(V,w(3)) sin® ¢/ go(1 — 3)go(3 — 2), (23) [—cosp VP A(1;2) +sinp VP A(1;2)]GL(152)},  (31)

a,.(r,t) = [ d2[GV)(1;2) VP A(1;2)—
c(1;2) :/d3 p3(V pw(3)) sin 1’ cos 1 go(1-3)go(3—2), (24)  ° (r. 1) / (o (1:2)V " AL:2)
/ Gl (L2)VP A(1;:2)], (32)
9(1;2) =/d3p3(pr(3)) sint'go(1 —3)go(3 —2),  (25)
i (r,t) = / d2(G) (1;:2) VD A(1;2)
(152) = [ d3 pa(V 0(3)) o5 ' 0(1 = 3)an(3 - D). (26)
, , , GOV AL2)], (33)

The integration of (20) over the azimuthal angle gives
rise to an exact solutlon((g)f Eq. (16) for the aX|symmetr|_c ca%gp(ryt) _ /dQ{cos ¢G§?p)(1; 2)V§2)A(1; 2)—
when the components 6f, ;(1; 2) do not depend on the differ-
ence in the azimuthal angles= ¢; — ¢2. Our approximation ©) @
includes the latter case, which is usually used in dynamo modgks VG, (1;2) V7 A(1; 2)+
(see Hoyng & Schutgens 1995; Hoyng et al. 1994). However, ) )
the calculation of the tensar;; (r, t) according to Eq. (7) re- [~ cos V) A(1;2) +sin VP A(1;2)]G0 (152)},  (34)
quires a knowledge of the Green tenéé?) (1;2) inits general
form even if one considers the axisymmetric problems. Partig: , (r, ¢) = /d2{_ cos ng,’)(l; 2V A(1;2)—
ularly, the substitution of the axisymmetric part@fg)(l; 2)
into (7) givesay,,(r,t) = 0 andagy(r,t) # 0. As we shall . ~0) 1.9 v A(1:2
see below, the substitution of more general Eq. (20) gives ns%ren/) 2 (12V7 AL 2)+
to av,(r, t) # 0. Moreover, these components are of the same 2) A(1. (2) A(1. ) /1.
order of magnitude. [Sin V3 A(152) + cos V7 A(152)]GLY (152) ) (35)

Itis useful to write here the general expressions for all thg,ese general formulae acquire a simpler form for various par-
COMPONents Ofts(r, ): ticular cases. In the case considered herewfor w(p, 2),
one hangﬂ,)(lﬂ) =0 anngL)(l; 2) = 0 because both the
rotation and the diffusion process do not create vertical mag-
netic force lines from horizontal ones. For this reason one has

Qpp(r,t) = /d?{— siang%)(lﬂ)Vf)A(l;Z)—i-

cos G0 (1;2) VD A(1;2)+ .. (r,t) = 0. If we have differential rotation in the plariey),
" (0) (0)
] w = w(p), then additionallyG,>’ (1;2) = 0 andG,z(1;2) =0
[sin ¢V£2)A(1? 2) — cos wvg)A(L 2)]G$ (1;2)}, @7)  take place because the vertical (along theaxis) magnetic
fields do not transform to horizontal ones. Finally, remember
Qo (r, 1) = /d2{— sinypG0) (1;2) VP A(1;2)— that for the axisymmetric case with= w(p, z) only the com-
ponentsG(p%)(l;Q) = G&Og(l;Q), G§2>(1;2), fogu;z) and
cos GO (1;2) VD A(1;2)+ G (1;2) are not equal to zero.
We present here explicitly only diagonal nonvanishing com-
[sin YV A(1;2) + cos VP A(1;2)] GO (1;2)}, (28) ponents ofv,;(r, t):
aa(r,t) = / d2[GY)(152)V ) A(1;2)— pp(p, 2,t) = / d2{—f(1;2) VP A(1;2)—
G)(1;2) VP A(1;2)], (29) [a(1;2)sin? 4 + b(1;2) cos? 1| VP A(1; 2)+
- 9) s X (2) - 9) _ cos (2) .
apo(rst) = /d2{_COS¢G2%)(1;2)V(22>A(1; 2)— h(1;2) sin[sin VP A(1;2) — cos p VI A(1;2)]},  (36)

sin GO (1;2) VO A(1; 2)+ Qe (p, 2,t) = /d2{—f(1;2)V§2)A(1;2)—

PP
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[a(1;2) cos® ¥ + b(1;2) sin? ]| VP A(1; 2)+ ol z

h(1;2) cosPleos Yy VP A(1;2) +siny VD A(1;2)]},  (37) ¢

These expressions show that the componentsp, z, t) F (2)
anda,,(p, z,t) are of the same order of magnitude. For thi he

7
- Ofd ., <B>
reason we present here the estimation of the mean value >
(app + @) /2 as:
PP P . e¢(1)
‘ Y

7'206% 72a1
~RwE— 42— (V w)ldiff(Ta)—i— I 7
L. | L, e N  BMa"B (1)
B,(2): /A
202 W /[

LV w)laifr(Ta)- (38) , . ‘ -
2 B.  BQ 2 B o)
It should be remembered that this consideration is concerr
with the rotating frame of reference where the permanent p
of the angular velocityy is excluded. Thus, ouw = w(p, z)

denotes the remaining local rotations in this frame of referen’” X Z'ﬂ F (27

[\

o] ~

To

=~

Only in such coordinate system can one consider that the mi

magnetic field is locally homogeneous, which is required to o

calculate they,;(r, t)-tensor. As was mentioned, one usuall ig. 1.The origin of the transversakeffect (thex,,,.-component) from

considers axisymmetric problems where only the gradients B? inhomogeneous distribution of the helicity fluctuations along the

angular velocity play a role (the term with(1; 2) disappears rotation axisZ and the differential rotation in the perpendicular plane,
gut y play ’ PP .~ w = w(p). A detailed explanation is given in the text.

by azimuthal averaging). In the general case the local rotations

also contribute.

In (38) the valued., and L, are characteristic scales for . . . .
vertical and transverse variati?)ns of the correlatdi; 2) = of the observation (see Fig. 1). At the pointa’ and2", which

(o (r, 1) (¢, #')). The known expressiollﬁiff(f) ~ 67 de- equidistant from the plangry), the field(B) induces the elec-

H y / ! /AN ! "
termines the length of turbulent diffusion mixing during the tim rﬁmotlv:e fc;rrcaslzgg )f_r o' (2 |>V<Br>| antdF|(2 t)ri_ IO‘ <2rr)§1]?>Whi h
7. The valuesy; andr, are the characteristic magnitude of the ese glectromotive forces give rise o electrical currents ¢

o/-fluctuations and its life-time. By estimating® ~ u2 and C'¢at€: 8t the poirt on the plang(zy), the magnetic fields
T, % 7o, We obtain a more detailed estimation: B’ andB perpendlcular_ to the fieldB). The resulting field
B(2) = B'+B” hasaradial componef,(2) = — cos 1)|B’+
B”|. Due to radial differential rotation = w(p)), this compo-
nent with a probability- fo,? (1;2) transforms to the azimuthal
component at poiritand there induces the azimuthal electromo-

R 5/9 R
o~ fgL—OwRo —|—£0/2L—0R3pr + ¢
z P

5/2 Ro

0" 7 R2V.w, (39)

whereéy = up7o/Ro = 70/t0 IS the turbulent Strouhal number, (0 , . .
to = Ro/uo is the turnover time of characteristic turbulenfive force F(1) = —cosyGyp(1:2)a(1)Via/(2)(B), ie.
eddies. Usually one assumgs= 1, but for long-lived eddies thea-effect occurs. The sizes of circles in the figure correspond
> 1. ’ to the values of the function’ (r, ¢) at the point®’ and2”. In

The estimation of the usual-effect due to the action of F19- 1 we represent the casg,w > 0. o
the Coriolis force (see Weiss 1994) gives the valyex Row. Itis seen f_rom thl_s q_uahFatlve picture that_one requires in-
Thus, Eq.(39) shows that new dynamo mechanism can gn;émpgenelty_lnthe d|sfcr|but|on of thé-fluctuqtmns along the
value o, comparable with they,-coefficient. However, this -3XiS- The first term in (28),.conce.rned with the azimuthal
new dynamo is located in the regions where the inhomogenei§MPonentB, (2), can be considered in the same manner.
of the helicity fluctuations is most prominent. It seems that for 1 N€ last two terms in (28) may be considered in a simpler

the Sun, such regions occur in the upper and low layers of fR@nnerif one places the point of observatian the:-axis, i.e.
convective zone. to takeyp; = 0. The sum of these terms then may be presented

ang)Z) (1; 2)V§2)A(1; 2). Let us take the point% and2” at the
same distance from the circle= p; (see Fig.2). The mean
homogeneous magnetic fig|B) directed along the unit vector
e, (1) inthisfigure is parallel to thg-axis. The induced electro-
We consider in this section some typical mechanisms corfgotive forces'(2’) = o/(2")(B) andF(2") = o/(2")(B) cre-
sponding to Eq. (28) for the component.,(r,t). First, con- ate atthe poirtt the resulting magnetic fielB(2) directed along
sider the contribution ta.,.,(r, ¢) from the second term in (28). the z-axis. This field due to differential rotatian = w(z) with
The initial homogeneous magnetic fielB) = By is di- the probability~ Gfooz)(l;z) acquires the azimuthal component
rected parallel to the azimuthal unit vecg(1) at the point at the pointl. This component creates the azimuthal electro-

4, Qualitative consideration
of the new dynamo mechanism
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motive forceF, (1) = G (1;2) VP A(1;2)(B). In Fig. 2 we ®
assumev, w > 0. q

In the same manner we can derive all the relations (27)-(:
for the components of the, 3-tensor.

In all cases the induced fiel@® andB” are perpendicular
to the initial homogeneous fiekB), and to obtain some com-
ponent parallel tdB) we need differential rotation of the frozen
field. We also need the inhomogeneous distribution of the t
licity fluctuations, otherwise the field3’ andB’” will have the
same values and the resulting fi@d2) does not appear. 2"" 5"

According to Eq. (29), tha-effect along the axis of rotation A
in a differentially rotating atmosphere cannot occur. If the mei F(2)
homogeneous fieldB) is directed along the axis of rotation
then the induced fieldB’ and B” are perpendicular to this
axis. Both differential rotation and turbulent diffusion do not, X
statistically, transform magnetic force lines from the plane @fg. 2. The origin of the transversat-effect (thea,,,-component)
rotation to the directions parallel to the axis of rotation. As om the innomogeneous distribution of the helicity fluctuations per-
consequencey..(r,t) = 0. For a verticalu-effect one needs pendicular to the rotation axig and the differential rotation along the
to have motions such as convection, which move matter framation axisw = w(z). A detailed explanation is given in the text.
the horizontal plane into the vertical direction. In this ¢
andGi?O) do not equal zero andl. . (r, t) # 0 can, in principle,
exist. mechanism to resolve some difficulties. We give here only the

It is seen from Egs. (27)-(35) that thetensor is not sym- mMost important features of the new dynamo mechanism which
metric. The antisymmetric part of;;(r, t) has the meaning of can be applied to resolve some difficulties of existing dynamo
some translatory velocity: g; = e;jraj(r,t)/2 (see Moffatt models.

1978). It seems that this velocity can play an important role as an We first consider the basic features of these modeasiigr
additional source of dynamo waves (see Kichatinov 1993). THi890). It is commonly accepted that thg(r, t)-coefficient is
can be seen from consideration of the Green tensor of Eq.Pgpitive in the northern hemisphere of the Sun and is propor-

N

B(2) 2\ F 2"

<B>

for an infinite homogeneous medium: tional tocos ¥, wherer, ¥ andy are spherical coordinates of the
pointr. For the existence of dynamo waves propagating towards
Gi;j(R,7) =0;;Go(R, T) + eisnaffj)VSGl (R, 7). (40) the equator one needs the conditiebw/0r < 0. The phase

relation between the toroidal and radial magnetic components
Here,affj) is the symmetric part of the tensay;. The explicit B, B, < 0 demands the conditiom > 0. The back-reaction of
forms of Gy (R, 7) andG1 (R, 7) are given only for the case ofthe magnetic field (seeiiliger & Kichatinov 1993) decreases
,ffj) = §,,;, when the formulae acquire their simplest form: the valueay(r, ¢) (the a-quenching phenomenon). This makes

it difficult to obtain the neede2R-year period of dynamo waves.
Go(R,7) = (47 6o7) "2 exp{—[|R — g7|> — a®7%] /4607 } % The new mechanism does not dependogir, t)-values.

The fluctuationsy' (r, t) are determined by the helical motions

«

{COSQ|R — g7l i T gin R —gr7| } (41) of turbulent eddies as they are formed by the action of all forces,
20 IR — g7 250 ’ including the magnetic back-reaction. Thus, the quenching phe-
nomenon is automatically included in the observed picture of
Gi(R,7) = (47 Bor) M2 % eddies with right-hand and left-hand helical motions. For this
2ra reason, the estimatiofa'?(r, t)) ~ u3 seems to be rather nat-
_aR - gl ural. This estimation gives rise to the conclusion that the new
exp{—[|R — gr|* - 01272]/4507}82712760. (42) mechanism is comparable or even more effective than the other

models involving the action of the Coriolis force. The region of
These expressions describe wave propagation of magngﬁ@ction is restricted by those places where the inhomogeneity
field. If the antisymmetric part of the tensat; (r,¢) is equal Of the fluctuation distribution is most prominent.
to zero, then the wave character of the Green tensor disappearslt seems quite reasonable that such regions are the lower
Generally speaking, the antisymmetric components; gffr, t) and upper boundaries of the convective zone. Every term for our
are not small compared with the symmetric ones. a(r,t) depends on eithér ,w(p, z) orV,(f)A(l; 2), which have
opposite signs in the northern and southern hemispheres. This
implies that the signs of the-coefficient are opposite in these
hemispheres, as needed for the solar dynamo mechanisms. Thus,
This new independent dynamo mechanism provides new pitds sufficient to consider, say, only the northern hemisphere.
sibilities for other dynamo models. Other models may use thtsseems also quite natural that the gradi®it) A(1;2) has

5. Possible role of the new dynamo mechanism in the Sun
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opposite directions in the upper and lower boundary layers (@096) we need a source of such poloidal fields in this region.
the convective zone. This property results in opposite signs@éir anisotropic mechanism (tleg;-tensor) can provide these
a(r,t) in these layers if the angular velocity(p, z) has the poloidal fields which then sink to the bottom of the convective
same direction of the gradieRtw(p, z). zone and there create the needed toroidal magnetic field due to
Using helioseismological data on the angular velocity diglifferential rotation.
tribution (see Weiss 1994;iRliger & Brandenburg 1995) and It seems that for the case of solar problems it is more natural
assuming that the number of helicity fluctuations increases to-consider that the second averaging is the time averaging. Of
wards the upper boundary of the convective zone, we estimateirse, one can also consider small scale, local action of the
that the new mechanism (see Fig. 1) providés, t) < 0 be- helicity fluctuation mechanism and assume the relatively small-
yond the overshoot layer of the convective zone. It seems tkatle spatial averaging.
this is the highest magnitude thecoefficient acquires at the  Possible applications of the new dynamo mechanism con-
latitude ~ 45°. This estimation follows from Egs. (21)-(26)cern two main features: i) this mechanism is independent of the
and the explicit formulae in Egs. (36) and (37). usual mechanism due to the Coriolis force action, and ii) it is
Of course, we do not know the explicit form of the fluctustrongly anisotropic and is located at the bottom and the top
ation correlatorA(1;2) = (o/(r,t)a/(r',t’)). For this reason of the convective zone. Thus, when investigating the magnetic
our scenario cannot be wholly predictive. activity of stars we have the opportunity to use the appropriate
The usual Coriolis force mechanism providesdle> 0 — forms of the additional tenser;,(r, ) to explain the observed
values of thex-coefficientin the northern semisphere of the Sudata.
This means that both mechanisms can annihilate one another
beyond the overshoot layer.
Thus, in such a natural manner, the new independent dyna@n

mechanism allows us to move the region of magnetic field egsing the large-scale or long-time averaging procedures we
hancement to the bottom of the convective zone, the so callggle obtained the explicit formulae for the tensesgr, ¢) and
overshoot layer. One supposes that the storage of the large Mg, ) which describe the influence of the helicity fluctua-
netic fields generated there is situated in this layer, where #ighs on the enhancement and turbulent diffusion of the mean
buoyancy of the magnetic field is suppressed (Rosner & Weigagnetic field.

1992). This location of the solar magnetic dynamo is assumed \We present a qualitative explanation of this new dynamo
now by many recent dynamo models (DeLuca & Gilman 199%iechanism. It was demonstrated that this mechanism is inde-
Schmitt 1993; Rdiger & Brandenburg 1995). pendent of the existence of nonzero mean helicity which forms

One suggests that the overshoot layer is rather thin the basis of the usual dynamo mechanism. The new mecha-
0.02—0.14 of the solar radiug, and is located at the distancenism does not need the action of the Coriolis force and is very
~ 0.7R from the center of the Sun (se@i@ger & Branden- anjsotropic in character.
burg 1995). It is natural to suppose that the number of helicity The condition necessary for the new mechanism is the in-
fluctuations increases towards the bottom of the overshoot layg§mogeneous distribution of helicity fluctuations in the differ-
For this situation our formulae and helioseismology data gietially rotating atmosphere.
rise to the estimatiom(r,t) > 0 in the overshoot layer. Of  For the isotropic, homogeneous and mirror asymmetric tur-
course, at the equator, due to symmetry properties mentiomggent medium the helicity fluctuations increase the existing
above, we hava(r, t) = 0. Thus, the supposed behaviour of thg-effect and decrease the turbulent diffusivity.
helicity fluctuations gives rise to the positive totatoefficient Our estimations show that this mechanism is comparable
in the overshoot layer whei@v/0r < 0 exists. The dynamo to or even more effective than the usual dynamo mechanism,
wave from this region provides both the direction towards thgt is concentrated near the boundaries of an atmosphere where
equator and the true phase relation. inhomogeneity of fluctuations is most prominent.

Due to small thickness of the overshoot layer, the turbulence The qualitative consideration of this mechanism in the Sun
therein shows large fluctuations (see DeLuca & Gilman 199%hows that it can diminish or even cancel the usual dynamo
Inthis situation, the dynamo mechanism due to turbulent heliciyechanism in the upper layers of the convective zone and dis-
fluctuations can exceed in the magnitude the usual Coriolis foisigice the region of the dynamo action to the overshoot layer
dynamo. Remembering that the helicity fluctuations decregs®viding both the necessary phase condition between the ra-

the turbulent diffusivity, we hope that the needeeyear period dial and azimuthal magnetic components and the direction of
of the dynamo wave is not crucial in our probable scenario. the dynamo wave towards the equator.

Thus, the new mechanism provides avery natural physical
explanation for the dynamos in the overshoot layer, as, for ex-
ample, in the case of the dynamo ofidRger & Brandenburg References
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