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Abstract. Induced electric fields and nonstationary drift motions are
considered. Nonstationary electric drifts may be important in erupting
prominences, rising and shrinking coronal loops, and other phenomena
in the solar atmosphere. Theoretical limitations are indicated for the
concept of dominant plasma motions along magnetic field lines.

1. Introduction

Electric fields are difficult to measure in the solar atmosphere and are poorly
known. Electric fields are generated in two ways: the solenoidal part depends on
the electric current time variations and the potential or polarization part is due
to electric charging. Electric charges and polarization fields are not invariant
against coordinate system transformations. Because of this, the quasi-neutrality
of the current carrying medium is dependent on the reference frame. The pre-
ferred reference system, where it is valid, should be always indicated to avoid
confusion. The neglect of these facts and improper handling of electric fields and
“frozen-in conditions” may sometimes lead to physically wrong general conclu-
sions about slow plasma motions across magnetic fields in the solar atmosphere.

The purpose of this paper is to show that solenoidal electric fields are es-
pecially important when considering nonstationary motions in the solar atmo-
sphere. Solenoidal electric fields are also termed nonpotential or induced electric
fields.

2. Induced Electric Fields and Drifts

Eddies in the electric field E(7,t) are generated by time dependent magnetic
fields B(7,t) according to Faraday’s law

rotE = -—%E (0.1)
Equation (1) leads to the expression for the induced electric field
~ 1 S oo
Bina= -~ / (B(7, ) x RJR-3d>, (0.2)

where B = #— 7. The induced electric field (2) may be represented using the

vector-potential A‘(F, t) by the formula Eipa = —-lc-f_f because of B = V x A.
Induced electric fields are often (but not always) dominant in space plasma
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conditions because of the strong magnetic fields which are varying with time.
Potential electric fields E,,ot = —V are completely determined by the charge
density distribution p(7,t) in space according to the equation ¢ = [pR-1d3r'.
Because of this, potential electric fields are important when free charges are
separated at sufficiently small spatial scales. The total electric field is equal to

the sum of the two parts, the induced and potential ones: E = —%ff — Ve

We will consider the case of small electric potentials and large quasista-
tionary varying magnetic fields in the laboratory frame. Magnetic fields in this
case are completely determined by the electric currents 3(7") according to the
Bio-Savart law:

ﬁ:%/mﬂxﬁmﬂfm (0.3)
which follows from the second Maxwellian equation
- - 135
rouf = 254 2D (0.4)

in the nonrelativistic approximation (v < ¢) when displacement currents are

negligible |D| < 477 and the corresponding wave lengths are large compared

with the characteristic length scales (Landau and Lifshits 1983).
Electromagnetic and mechanical quantities are related to each other by

material equations. The simplest example of such a relation is represented by
Ohm’s law

. 1
Ji = oin(Ex — zeklm'lem) (0.5)

with a scalar conductivity o,0: = 06;x, which is valid only for sufficiently
frequent collisions and will be used for illustration purposes. In this case

[

j=o(E+=[7x B} (0.6)

and the drift velocity of the medium across the magnetic field is equal to

. [Ex Bl c[jxB]
vy =¢ 72 - -‘; 5 (07)

Drift motions are completely determined when the electric and magnetic fields
are known together with the electric currents and conductivity distributions in
space.

For example: a) j = 0,0 # 0. In the current-free medium with a finite
conductivity from (7) and (8) immediately follows

E=-Z[tx B]. (0.8)

b) 0 — 0,7 # co. The well known frozen-in conditions (9) are valid only in
this limiting case. ¢) ¥ = 0. Ohm’s law in this case has the form j = oE.
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d) It is interesting to note that ¥, = c@;ﬂ only if |j| < |oE|. Moreover,

7. =0if|j| = |0E|,and 5, = -¢ JXB , when |7 > |oE|. We do not consider
here more complicated matenal equatlons (anizotropic conductivity, generalized
Ohm’s law, etc.)

The frozen-in condition is often met in the solar atmosphere. Because of
this drift velocities can be estimated from Equations (9) using Equation (2) as
follows

vy ~ 103Nrt71, (0.9)

where v, (km/s), 7 (Mm), ¢(s), N = B/B,,;. Here r and ¢ are the characteristic
space-time scales of the magnetic field variations. The total magnetic field By, is
represented as a sum of the background statlonary field By and the time variable
part B(t): Byt = Bo + B(t). For an active region on the Sun with r ~10-100
Mm, t ~10% s, N ~1 one obtains drift velocities vy ~1-10 km/s.

Our con51deratlons indicate that drift velocities are generally increasing
with the distance from a source of quasistationary varying magnetic pertur-
bations. Ascending prominences, coronal transients, expanding or contracting
loops in the solar atmosphere often show the regularity of the same kind: larger
loops are moving faster (Tandberg-Hanssen 1974, Llling and Hundhausen 1986).
Expanding loops represent quasistationary structures with the plasma drift mo-
tions governed by the strong magnetic fields which are increasing with time.
Contracting loops, according to this explanation, are driven by the decaying
magnetic fields.

3. Discussion and Conclusions

Space-time correlations in the solar atmosphere are sufficiently large and al-
low us to distinguish individual structures like loops, ropes, arcades, threads,
jets, rays, sheets, etc. The anisotropy introduced by the magnetic fields pro-
duces elongated structures with characteristic length scales vy < 7. For
nearly incompressible (subsonic) regimes one obtains from the continuity equa-
tion v ~ Lu-v 1, which means the visible dominance of parallel motions. More

numerous regimes of compressible motions depend on the ratio of time scales &+ i

where t7' = v /ry, ﬁl = v)|/7) are the characteristic times of flight across and
along the field. Different solutions were described for large and small values of
the duration of the nonstationary processes under consideration (flows along the
magnetic tubes, local contractions and rarefactions) (Veselovsky 1991). Nonsta-
tionary drift motions and density enhancements in a time-variable dipole mag-
netic field were investigated under several assumptions in the three-dimensional
and two-dimensional cases (Syrovatskii 1969, Gorbachev and Kellner 1988, Fil-
ippov 1996).

The results show that the concept that motions of the plasma in the re-
gions of the solar atmosphere with appreciable magnetic fields are taking place
mainly along magnetic field lines which was introduced about half a century ago
(Cowling 1953, 1957) has theoretical limitations and contradicts observations
in many instances: erupting prominences, twisted ropes, rising and shrinking
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coronal loops, the solar wind flow across Archimedian spirals of the magnetic
field, especially in the outer heliosphere.

We conclude that the popular idea that plasma can not move freely across
magnetic fields is tenable only in the cases when there are no electric drifts.
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