N&SS. .71 ZZ03TT

R

rTIBDA

ENERGY SOURCE OF THE SOLAR WIND
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Abstract. A direct transfer of energy from photospheric activity to the solar wind by means of
electric currents is discussed. Currents are assumed to flow in quiescent prominences which
occasionally erupt and give rise to expanding loop-like structures in the corona, as observed from
Skylab. Due to expansion, the legs of the loops are transformed into coronal rays which carry
currents from the photosphere to the outer parts of the corona or interplanetary medium and then
back again to the photosphere. It is proposed that energy is transferred from photospheric activity
to the solar wind in the following ways: (1) as kinetic energy of the ejected loop matter; (2) as
electric power directly fed into the extended loops; and (3) as torsional waves produced by fluctua-
tions in the loop currents.

1. Electric Current Models of Cosmic Plasma Phenomena

A model of a magnetized plasma can be based either on a magnetic field description
or on an electric current description. The study of these alternative approaches (Alfvén,
1968, 1979a) shows that the current description is necessary for the understanding of
the formation of double layers, explosive phenomena, and the transfer of energy
from one region to another. A systematic construction of current models has already
led to models of prominences and solar flares (Alfvén and Carlqvist, 1967; Carlqvist,
1969, 1979), magnetic substorms (Bostrom, 1974; Akasofu, 1977), the transfer of
energy from the Sunward magnetospheric convection to auroral particles via a double
layer or mirror effect electric field (Alfvén, 1977 ; Falthammar, 1977, 1979 ; Lennartsson,
1977, 1978), a model of the Io—Jupiter electric circuit (Cloutier et al., 1978), the Jovian
magnetosphere (Smith, 1979), and the folding umbrella phenomenon in comets
(Mendis, 1978).

Recently it has been shown how a current model of the solar wind-magnetosphere
interaction can account for the transfer of energy from the solar wind to the magneto-
sphere (Alfvén, 1979b).

2. Model of Solar Wind Acceleration

In its interaction with the magnetosphere the solar wind acts as a generator, while
losing momentum and energy to support dissipative electric current systems. We suggest
that the reverse process — i.e., transfer of momentum and energy to the solar wind
plasma by means of electric currents generated by photospheric activity - can explain
how the solar wind becomes accelerated. We base our model on the current model of
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solar prominences and solar flares. If photospheric motion in the presence of magnetic
fields produces voltage differences between two points of intersection of a magnetic
field line with the photosphere, a current starts to flow along this field line. Due to
drift motions caused by crossed electric and magnetic fields, matter from the corona
is sucked in by this current so that a prominence is formed (Alfvén, 1961; Marklund,
1979). In such a prominence there may be a semi-permanent equilibrium between
gravitation and electromagnetic forces (quiescent prominence) or an exploding double
layer may be formed giving rise to a solar flare. However, there is also a third option:
viz., the magnetostatic pressure of the prominence current is so large that it cannot
be balanced by gravitation. In this case we have an eruptive prominence in which
matter is ejected from the Sun. Such eruptive prominences have been studied by means
of Earth-bound instruments for several decades. More recently, Skylab photographs
(Figure 1(a)) have revealed that eruptive prominences may often give rise to expanding
loop-like structures far out in the corona (Gosling et al., 1974; Hildner et al., 1975).
The loops move with speeds ranging from about 200 to more than 1100 km s~ ! and
have been traced out to six solar radii. Ultimately, the lower parts of the loops are
transformed into rays projecting almost radially from the Sun (Figure 1(b)). Models
of expanding coronal loops based on electromagnetic driving forces have been pre-
sented by Mouschovias and Poland (1978) and Anzer (1978).

In the electric current picture the final state of an eruptive prominence is charac-
terized by a current flowing from the photosphere to the outer parts of the corona or
interplanetary medium along a more or less radial magnetic flux tube and returning
via another (Figure 2(a)). Hence, we have a circuit delivering energy directly from the
photospheric activity to the plasma far outside the photosphere. This is the reverse
of the direct transport of energy from the solar wind to the magnetosphere by several
magnetospheric current circuits (Alfvén, 1979b). Of these circuits, the front current
(shock front) circuit (Figure 2(b)) is most similar in structure to the solar loop circuit
discussed here. We suggest that the eruptive prominences leading to extended coronal
current loops constitute the main source of solar wind kinetic and thermal power
amounting to a few times 10%° W,

3. Comparison with Observations

This model may explain the following observational results:

I. Solar eclipse photographs treated by the ‘image-enhancement technique’
(Martinez, 1978) show that the Sun is surrounded by a large number of almost radial
filaments (coronal streamers), visible out to ten solar radii (Figure 3). These photo-
graphs, together with the Skylab pictures, seem to demonstrate the existence of a large
number of circuits transferring solar activity energy to the solar wind. Half of the
filaments should carry current out from the Sun, half back towards the Sun.

2. Like the currents in the auroral zone, the currents along the magnetic field lines
are expected to be shielded from the surrounding plasma by strong electric fields
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Fig. 2. (a) Schematic picture of an extended coronal current loop. The current, /;, flows from the
photosphere to the outer parts of the corona or interplanetary medium along a more or less radial
magnetic flux tube and then back again along another. Due to the electromotive force E, a power
I+E is developed in the circuit. It is suggested that a set of such circuits constitute the main power
source of the solar wind. (b) Schematic picture of the front (shock front) current circuit outside
the magnetosphere of the Earth (Alfvén, 1979b). The front current decelerates the solar wind in
front of the magnetosphere. Currents connecting the front current with the magnetosphere
accelerate the plasma sideways and tailways. The currents close through the magnetopause.

(‘cable formation”) (Block, 1969; Carlqvist and Bostrém, 1970; Mozer et al., 1977;
Alfvén, 1979a). A variation of the current produces torsional hydromagnetic waves.
Hence, a considerable part of the transferred energy is used to produce such waves.
This may explain why torsional hydromagnetic waves dominate in the solar wind.

3. Whereas the electric currents in normal prominences close in the lower corona,
the regions in which energy transfer to the solar wind occurs are characterized by a
different pattern. This may explain the correlation between coronal holes and the
emission of solar wind.
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Fig. 3. Coronal streamers reaching out beyond 12 solar radii from the centre of the Sun. South

is up and east is to the right. The lunar mask has a radius of 1.3 solar radii. Through special image-

enhancement techniques (Martinez, 1978) the streamers have been made more clearly visible as

compared to the original photograph secured during the total solar eclipse 30 June, 1973. It is

suggested that large electric currents flow in and out along the streamers and transfer solar activity
energy to the solar wind.

4. Energy Balance

According to the model proposed here the solar wind gets power from photospheric
activity in the following ways:

1. Rising prominences are directly ejected into the surrounding space. According
to Gosling et al. (1974) the energy of an expanding coronal loop is of the order
10%°-10%1 erg = 10%8-102¢ J. Since the loops are observed to occur, on average, once
every third day they can only account for a small fraction of the total power delivered
to the solar wind.

2. Currents I = > I, flowing up and down along almost radial filaments transfer
a power P = IE, where E is the electromotive force produced by photospheric
motions. For these motions to constitute the main power source of the solar wind, P
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must be of the order of 102° W. With a reasonable value of the electromotive force,
E ~ 10%-10° V (cf. Stenflo, 1969), the sum of the filamentary currents then has to be
I ~ 10''-10'2 A. In order to estimate the fllamentary currents we start from the
current of a quiescent prominence which is expected to be in the range I, ~ 10!~
102 A (cf. Anzer and Tandberg-Hanssen, 1970). As the prominence erupts and forms
an expanding coronal loop, the current decreases. Most of the magnetic energy stored
in the prominence is then used in the expansion. If the current-induced magnetic field
through the loop is taken to be constant and if, further, the loop expands out to ten
solar radii, the prominence current will decrease by about two orders of magnitude.
Hence, the current in a radial filament should be 7; ~ 10°-10'° A immediately after
expansion. Consequently, a total number of N = I/I, ~ 102%! current filaments is
required to account for most of the power of the solar wind. It is possible that only a
small fraction of these filaments are visible on the Skylab photographs.

3. Fluctuations in / produce hydromagnetic torsional waves which may contribute
to the acceleration of the solar wind.

A check of this model can be obtained by careful study of the evolution of erupting
prominences. The material for such an analysis may be available from Skylab
observations.
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