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ABSTRACT. Velocities of electrons, ions and neutrals are computed in the three-
fluid approximation for an axisymmetrical magnetic field. By prescribing a radial
dependence of the velocity of neutrals in agreement with a downflow, the radial
dependence of the magnetic field energy density is derived for a given set of values
of the magnetic field at the central and external boundaries. Flux-tube cooling by
advection of ionization energy is found to be significant. Vortices in the low photo-
sphere could produce significant electric power and DC current intensity along the
coronal magnetic lines of forces. The velocities of neutrals, the size and the number
of flux-tubes required to power flares in plage regions, are estimated.

1. Introduction

Some authors suggested that sunspots and active regions could be superficial phe-
nomena originating in the photosphere and at the top of the convective zone (Bumba
(1987a,b), Akasofu (1984a,b,c). Inward and downward motions below the photo-
sphere have been considered as a mean of cooling and powering the sunspot dy-
namics by Schatten and Mayr (1985). Ambroz (1987) found that Active Regions
are formed in places where the global circulation display vorticity. And Martres et
al. (1973) related sunspot formation and disappearance to the direction of rotation
of the vortices. As shown below, ambipolar diffusion in the weakly ionized photo-
sphere creates electric DC currents and the kinetic energy of the neutral component
could be converted into electrical and magnetic energy as long as convection main-
tains the flow (Spicer, 1982).

2. Particles velocities in an axisymetric magnetic field

Assuming steady state, the balance of the forces that act per unit volume on par-
ticules k of charge ¢ is expressed as

nem Vi.VV, = n, Z Fl,k + qknk(E + Vi A B) — VP, + nEMmeg. (1)
!

F,, is the friction force acting on particule k£ due to particules /, and F;; =

myv(Vi — Vi). B and E are the magnetic and electric field vectors. Vi, n,

and m, are the velocity, density and mass of particle k. vy is the coefficient of
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friction between particles kand [. In the case where one of the species is a neutral
atom the subscript n is omitted in the friction coefficient. A velocity field V€ in
the convective zone can create by continuity an electric field E in the photosphere
(Hénoux and Somov, 1987). Assuming the magnetic field to be vertical in the con-
vective zone, the electric field and plasma velocity in the convective zone are related

by E=-V°¢AB.

Restraining equation (1) to the horizontal components of the forces and using the
relation between the velocity in the convection zone and the electric field we write

N Z Fl,k — q,,nk(V,, — Vc) A Bz = —VP,, - nkmkV,,.VVk + qknkV,‘k A B, (2)
l

Equation (2) leads to a system of 6 linear equations that can be solved for the
radial and azimuthal components of the velocities of ions, electrons, and neutrals
refered by the subscripts » and §. These components can be expressed as a function
of Vf, Ve, V.., V,;, the radial pressure gradients and the radial and azimuthal
components of the inertial term n;m;V,.VV,. Formula are given in Hénoux and
Somov (1988,1989). In what follows, we kept in the inertial terms only the dominant
contribution of neutrals and assumed B, = 0. Derived from the expression of the
ion and electron velocities, the azimuthal and radial current densities are

. 8P

jo = (5:Be+—5")/B: 3)
. 1 Vr,naTVO,n

Jr = _Ennmn r —_8—';’—’ (4)

where j, is the vertical current density and P is defined by

1 1
P'=P, + 5n,,m,,v;f,, - ;V,f,,. (5)

Assuming that V¢ = 0, the radial velocities of neutrals and ions can be written as

B, . 1 0B
Ve oB2 V1T guepe e T I (6)
1 9P
I/rn = ‘/ri - =,
, i o o (7)

Here o is the electric conductivity parallel to B, o, = n.(m;v; + m.v.) and

N Vo OrVp

I,i:

)

(8)

n.eB, r Or

In equation (3) j,Bs > 0 and a positive pressure gradient always generate an az-
imuthal current and a radial magnetic field gradient. The azimuthal current is
associated with a radial motion of ions, and with the neutrals moving inwards rel-
atively to ions. Equation (4) shows that the loss of angular momentum of neutrals
leads to the circulation of radial currents. These radial currents would generate
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vertical currents. It is outside the scope of this paper to compute self consistently
the radial dependence of the angular momentum. From the expression of Vg, it
can be shown that, except for constant B, 9rV,,/0r = 0 is not a solution . We
shall just assume that rVj, decreases to zero inside the flux-tube radius. In the
next section we relate the velocity of neutrals to the magnetic field gradient and
to the creation of strong magnetic fields from a preexisting weak field. Then we
study how vortices can lead to the circulation of radial and vertical electric currents.

3. Magnetic field concentration

From Ampeére law and equation (3) we derive:

op; __ 108"
or ~ ‘2u Or

+ . Bs) (9)

Defining c, as j,Bs/(8P/0r) and using (6), (7), (8) and (9) we obtain

. 2 2
Vo[ + &ilarVg'n] _ 1 108LogB; 1 oB?

zwir Or ° 2u'o  Or a,(1+cq) Or

)s (10)

where w; is the ion gyrofrequency, p,; = m,/m; and ¢ = n./n,. By prescribing
the radial dependence of the velocity field of neutrals, the radial dependence of the
magnetic field can be derived. We assumed that, at » < ro , V,, = Vor/re. This,
together with the requirement of mass conservation (divpV = 0), imply a downflow
inside the cylinder of radius 7o with a velocity V., = 2V,o/roH(1 — e*/H) (z < 0).
The radial dependence of the magnetic field inside the flux-tube is given by:

B?(r) 1
B 0) Vel t e

BVor[1 + €] = ~ Log] B() - BOL (1)

where ¢ = 2Q/zw; and Q@ = V. /r. In practice ¢ < 1. Assuming a magnetic field of
1000 Gauss at the center of the flux-tube and using the values of the conductivity
and collisional frequencies computed by Kubat and Karlicky (1986), the radial de-
pendence of B, in the photosphere, at the optical depth 75090 = 1 can be computed.
Defining the radius ro of the flux-tube as the radial distance where B = 5 Gauss
leads to Voro = 1.2 10° m? s~'. We must point out that ry is more an estimate
of the scale-length, for the radial dependence of the magnetic field, than the exact
value of the flux-tube radius r;.

The inward radial flow of neutrals requires the existence of a pressure gradient that
can be stabilized or amplified by advection of ionization energy. Assuming r, = 7
, the extra power required to ionize the flux of neutrals falling inside the flux-tube
per unit area is

dE
dt
where x is the ionization potential of Hydrogen and H is the length of the tube in

the photosphere. Using the value of Vpry found precedentl% assuming 7o = 40 km,
H = 500 km, n = 2107 ¢cm™3® we obtain dE/dt = 2.510'° ergs cm~2 s~! that is

2
= E(TOVB)HnX’ (12)
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about one third of the radiation emittance of the solar surface. Consequently the
resulting cooling is important and could maintain a significant pressure gradient.

4. Radial DC electric currents

Assuming no charge accumulation the vertical electric current density j, is related
to the radial current density j. by 8j,/0z = —2j,/r. Using equation (4), the
integration of this equation over the flux-tube cross-section and height H, leads to
the following expression of the total vertical current intensity J,

o H Vo 3V
J,=Jo+ 41rn,,m,,/0 /o E o dr dz. (13)
Assuming r, = 7o and V, ,, = Vor/re we derive
T~ Jo+ 41rn';n"H Von(r = 1)Vin(r = 7). (14)

z

Similar result is obtained by assuming that 7o < 7, and that Vp,, goes to zero over a

distance < ry. Total current intensities from 10'° to 10! Amperes are generated for
photospheric velocities of 2.102 m s and 6.10% m s™! associated with horizontal
magnetic field scale lengths of respectively a km to a few hundred of m (B, =100
Gauss). However due to the high conductivity of the subphotospheric layers, most
of the current shall flow in these layers. Assuming that the flux-tube extends
vertically from the corona to the subphotospheric layers the current J, flowing into
the corona is R

b

R,’
where Jys is the maximum intensity that would flow into the corona in the absence
of any subphotospheric shunt and R, and R, are respectively the resistances of the

flux-tube above and below the photosphere. From Kubat and Karlicky we estimate
R,/ R, to be close to 0.1. This reduces J, to 10° - 10!° Amperes.

J.=Ju (15)

The azimuthal force acting on neutrals is Fy = —j,.B,. The work made by this force
per unit of time is dW/dt = —j,B,Vy .. From this expression and from equation (4)
the total power that is taken out of the kinetic energy of neutrals in the dynamo
region to generate electric currents can be derived and is

_ e B Vo0 0(rVen)?
P, = —wnnmn/o /0 . o drdz. (16)

The same assumptions as for deriving equation (14) lead to
P, = —mn,mHrV, .(r = 'rt)Voz'n(r =ry). (17)

Due to the shunt of the subphotospheric layers the power available in the corona
P, is only one tenth of P,.

The total intensities observed in active regions and the total power required in order
to power one powerful flare (102* Joules) per week, in an area of 10® km? (radius R
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= 5600 km), are of about 10!' Amperes and 10'® watts. These values can be reached

lages if many concentrated flux-tubes are present in the flaring area. About
10 flux-tubes of cross section ~ 1 km?, surrounded by vortices with velocities close
to 2. to 5. 102 m s~!, are required to give a power of 10'® watts. This imply a
filling factor of only 1072, The net total D.C. Current intensity J. depends of the
sign of Vp and, if there is a net loss of angular momentum over the active region, it
could easily be as high as requested. The requirements on the filling factor would
be relaxed in quiet sun area.

5. Conclusion

We have shown that, in the hypothesis of axial symmetry, any mechanism that
could create a radial pressure gradient, in a region with a low preexisting magnetic
field, would increase the magnetic energy density by creating azimuthal currents.
By a cooling of the flux-tube by advection of ionisation energy, the initial radial
pressure gradient could be increased. This effect may lead to the formation of con-
centrated magnetic flux-tubes. The annihilation of the kinetic energy of vortices in
the low photosphere could produce significant electric power and current intensity
in the corona.
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