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ABSTRACT. Magnetic field observations in the dayside iono-
sphere of Venus revealed the magnetic flux ropes (Russell and Elphic
1979). General properties of these small-scale magnetic field struc-
tures can be explained by the theory of magnetic fluctuations excited
by random hydrodynamic flows of ionospheric plasma.

A nonlinear theory of the flux tubes formation based on the Zel-
dovich’s mechanism of amplification of the magnetic fluctuations is
proposed. A nonlinear equation describing the evolution of the corre-
lation function of the magnetic field can be derived from the induction
equation, the nonlinearity being connected with the Hall effect. The
large magnetic Reynolds number limit allows an asymptotic study by
a modified WKB method.

On the basis of this theory it is possible to explain why the flux
tubes are not observed if there is a strong regular large-scale magnetic
field when the ionopause is low. The theory predicts the cross section
of the flux ropes in the ionosphere of Venus and the maximum value
of the magnetic field inside the flux tube.

1. Introduction

Filamentary magnetic structures were observed in the ionosphere
of Venus (Russell and Elphic 1979). General properties of these small-
scale magnetic field structures are following (see, for example, Elphic
and Russell 1983, Luhmann 1990): a) the flux tubes are observed only
in the regions where average large-scale magnetic field is practically
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zero, b) flux tubes axis inclinations are generally random, c) the mag-
netic structures stationary while the spacecraft passes through, d) the
cross section of the flux ropes is about several tens km.

For explanation of origin of the magnetic flux ropes several mech-
anisms have been proposed (Wolff et al. 1980, Cloutier et al. 1983,
Luhmann and Elphic 1985, Russell et al. 1987). However, the most
difficult to understand the formation process of the flux tube in the
absence of the large-scale regular magnetic field. Therefore, although
the magnetic flux tubes were revealed in the ionosphere of Venus in
1979, the problem of their origin and evolution still remains the sub-
ject of discussions.

In this paper a nonlinear theory of the magnetic flux tubes for-
mation is developed. According to this theory the observed magnetic
flux ropes in the ionosphere of Venus can be interpreted as magnetic
fluctuations excited by random hydrodynamic flows of ionospheric
plasma with zero mean magnetic field. On the basis of this theory we
described the general properties of the flux tubes in the ionosphere of
Venus.

2. Magnetic flux ropes

A mechanism of generation of magnetic fluctuations with zero
mean magnetic field was proposed by Zeldovich (see, for example, re-
views by Vainshtein and Zeldovich 1972, Zeldovich et al. 1990). An
original loop of magnetic field is stretched, twisted and then folded.
These non-trivial motions are three-dimensional. They result in an
amplification of the magnetic field. Magnetic diffusion leads to recon-
nection of the field in X-point. If the turbulent flows of conductive
fluids tend to two-dimensional, for example, due to an emergence of
external field, the magnetic fluctuations are not generated. The ap-
pearance of strong regular large-scale magnetic field in the ionosphere
of Venus (when the ionopause is low) results in the turbulent flows of
ionospheric plasma becomes two-dimensional, and so the flux tubes
are not observed.

Investigations by Meneguzzi et al. 1981, Molchanov et al. 1985,
Zeldovich et al. 1990 have shown, that the local spatial distribution of
the magnetic field is intermittent: the field is concentrated within flux
tubes separated by the regions with weak fields. The characteristic
lifetime of the turbulent flux tubes is of the order of the turnover
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time of turbulent eddies. In the ionosphere of Venus this time is
about several minutes. Therefore in spite of the random character of
magnetic fluctuations the spacecraft observations show the stationary
picture of flux tubes (see, also Elphic and Russell 1983).

Statistical properties of the turbulent magnetic field B can be
described by the correlation function W(r,t) =< B(x,t)B(y,t) > .
Here the angular brackets mean statistical averaging, B is the projec-
tion of magnetic field B on the direction r = x — y (for example, on
the direction of the spacecraft path). A nonlinear equation describing
the evolution of the correlation function of the magnetic field is close
to the Schrodinger equation but features a variable mass and has no
imaginary unity in the time-derivative term. The equation takes a
simpler form when it is formulated in terms of an auxiliary function

U = r2W/3+v/2m . Then it reads
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where A’ is the spacial derivative. The nonlinearity is N = W" +
4W'[r . The variable mass m and a potential U are given by
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The function F(r) depends on a correlation function for velocity field
(see below). Eq. (1) is written in the dimensionless variables: coordi-
nates and time are measured in the units Iy and ly/ug , lo is the main
scale of turbulent hydrodynamic pulsations which is of the same order
of the density variation scale of neutral gas ( lp ~ (1 — 10)10%cm for
ionosphere of Venus), ug is the turbulent velocity ( up ~ (2 — 20)10°
cm/s). Magnetic field B and correlation function W are measured
in the units b and b® , where b = 4wenlouo/V/3c , e is the charge
of electron, n is the density of electrons ( n ~ 10* — 105e¢m™=3 ), ¢

¢ N.=N(r =0).
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is the light speed. The magnetic Reynolds number Rm = ugly/n (
Rm =~ 70 — 150 ), n = c%/4mo is the magnetic viscosity, o is the
electrical conductivity.

The nonlinear term N(r,¥) in Eq. (1) is due to the Hall effect.
If N =0, Eq. (1) is linear. It was derived in different methods
by Kazantsev 1967, Vainshtein 1982, Molchanov et al. 1983 for a
short-correlated velocity field:

<u(x,t)-u(y,t+7) >= louo f(r)6(7); f(r) = (r*F) /3r? = exp(—r?),

where §(7) is the delta function. As follows from analysis by Dittrich
et al. (1984) this approximation is valid also for velocity field with
finite correlation time if statistical characteristics of magnetic field are
changed slow in comparison with the correlation time.

The nonlinear equation (1) can be derived from the induction
equation:

0B

E = curl(u x B — 47:6”
The second term in Eq. (2) describes the Hall effect. The Eq. (2) is
for three-liquid magnetohydrodynamics for electrons, ions and neutral
particles with the Om’s law:

curlB x B + ncurlB). (2)

BxeurlB), o1 = Me (Tf;,l-i-’f'e—il)’ (3)

. 1 1
J=0(E+EUXB+4 ezn

wen
where m, is the mass of electron, 7., and 7; are the times of electron-
neutral-and electron-ion collisions. Note that the nonlinearity N
corresponds to a correlation function of the electric current: N =
—3/(enug)? < j(x,t) - j(y,t) > . Here j is the projection of the elec-
tric current j on the direction r = x —y . For the derivation of the
nonlinear equation (1) we used method, developed by Molchanov et
al. (1983). The main idea of the method consists in the replace of the
magnetic diffusion by the Wiener process (Zeldovich et al. 1990). The
large magnetic Reynolds number limit allows an asymptotic study by
a modified WKB method. Near the threshold of the self-excitation
of the magnetic fluctuations the system tends to the steady state for
the several correlation times. The threshold of the self-excitation of
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the field in the magnetic Reynolds number is Rm ~ 67 . The mag-
nitude was found by numerical simulations (Meneguzzi et al. 1981,
Novikov et al. 1982) and analytical study (Kleeorin et al. 1990). In
the ionosphere of Venus Rm ~ 70 <+ 150 . Thus, we need to find the
stationary solution of Eq. (1). The asymptotic solution satisfied the
boundary conditions W(r = 0) = Wy and W(r = c0) = 0 is

1 for 0 <r < Rm~1/2;
VWV— = —yz—cos(ln(\/ r)) for Rm~1/2 <r < Rm™1/4,
0
Rm t1 forr >1

T
(4)

In the region 0 < r < Rm~/? | which corresponds to the mag-
netic flux tube, the solution W = Wy = const coincides with the
solution of the linear problem (see Kleeorin et al. 1986, Zeldovich
et al. 1990). It means, that the strong nonlinearity ( the large elec-
tric current ) can not suppress the generation of the magnetic fluc-
tuations in this region. It seems to be a force-free magnetic field
(J x B = 0) in the region. So the flux tubes are twisted. In the
second region (Rm™/2 < r < Rm~1/% ) the function W drastically
decreases, the nonlinearity here restricts the level of magnetic fluc-
tuations. The characteristic cross section of the flux tubes is more
then lo - Rm~1/% ~ 1+ 10km . It is agree with the observation of
the flux tubes in the ionosphere of Venus (Russell and Elphic 1979).
The numerical stationary solution of Eq. (1) confirms the asymptotic
solution (4).

The theory gives the mean square of magnetic field < B? >
The magnetic field exist in the form of magnetic ropes separated by
the regions with weak magnetic field. After account for that one can
get the maximum value of magnetic field inside the flux tube

4
B,, ~ —”Eﬂle‘/?\/Wo ~ 50 — 100nT
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