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introduction

INTRODUCTION AND OVERVIEW

A solar flare can bs described as an instability in the
upper solar atmosphere that converts from 102^ ergs up to
1032 ergs of magnetic energy into other forms of Bnergy. ThesB
other forms are kinetic energy on a large scale, heating and
relativistic particles. This last form of energy is totally
disregarded in this thesis, because the relativistic particles
do not seem to determine the course of the solar flare
phenomenon.

The solar flare gives rise to a wealth of observable
phenomena. Few processes in astrophysics have exhibited such a
rich time- and space-resolved structure. It is indeed
surprising and encouraging that many of these apparently very
diverse features of solar flarBs can be understood by the
fairly simple model to be developed in this thesis.

The main entry point of the thesis is chapter 1. This
treats the development of an electric current circuit above the
solar surface. The upper part of ' this circuit is suspended
almost entirely horizontal in the corona, while the lower
counter current is a photospheric surface current. As the
magnitude of the current becomes larger, the height of the
coronal part of the circuit increases gradually at first. At a
certain critical height, associated with a critical value of
the current, a catastrophic transition to a much greater
altitude occurs. This transition at the critical height is
thought to be the main flare instability. After the sudden
transition, the physical factor determining the current's
equilibrium is changed: while at low altitudes stable
equilibria exist due to the downward Lorenz force excerted on
the current by the background magnetic field of the active
region where the current is present, at large altitudes it is
gravity acting on the prominence mass associated with the
current that provides a stable equilibrium.

;, Solar flarss and prominences always occur above the
photospheric magnetic neutral line. Tn chapter 1 it is also

i shown that it is only there that energy can be stored in tha
>' fcrm of a coronal current.

After the chapters ? and 3, which are shorter and simpler
presentations of the matter discussed in more detail in

i l
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introduction

chapters 1 and 4 respectively, chapter 4 takes up the
development of the electric current system in the
gravitationally dominated regime. Here curvature effects are
taken into account, and another instability height is shown to
exist. This instability is thought to relate to those
prominence eruptions that are not.associated with the usual
chromospheric flare characteristics.

Some later chapters discuss subjects directly bearing upon
the matter of chapter 1. There, only a critical height was
indicated, but a real active region in likely to exhibit
several weak points. It is at these points that the
instability occurs first. There the current starts to rise
first, while coronal flux streams towards it sideward along the
neutral line. In chapter 5 the weak points are found and it is
shown that their number correlates with the number of
inflection points in the photospheric neutral line. As this
number is known to be correlated observationally to the flaring
activity, these findings support the conjecture that the
instability treated is the cause of flaring.

Chapter 7 deals with the question of how the growth of the
coronal current takes place. It is shown that the build-up of
a coronal current occurs as a consequence of reconnection at
the photospheric level. This reconnection takes place in a
decaying (part of an) active region. Observations of preflare
velocity fields that support this process, are discussed.

According to chapter S the decay process of chapter 7 has
to take place in a background field that is more complex than
simple bipolar, for flaring to occur. In the reconnection
process that supplies the energy to the corona, however, only
two magnetic elements with opposite fields are necessary. This
distinguishes the build-up process of chapter 7 from that of
chapter 1, where a small, new, inverted bipolar system
reconnects with an existing, larger bipolar system surrounding
it. The latter type of flare build-up is more likely to occur
in an early stage of the life of an active region.

In chapter 1 the equilibrium and stability properties
associated with the largest scale of the active region were
considered. A large flare is indeed an instability on this
scale, as can be seen by estimating the volume required to
store sufficient magnetic energy at the field strengths
prevailing. On a smaller scale, local instabilities, not
disrupting the the global current circuit will occur
continually. A desciption of a simple schematic model of the
total system of stable and unstable modes as it develops, is
given in chapter 11. Tt is suggested that what is observed as
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"prominence turbulence", is in fact the superposition of
velocities in all these modes. The increased level of
turbulence that occurs before the largest scale instability
occurs, can be understood in the framework of this description.

What we have discussed so far, is the main line of thought
of this thesis, dealing with the magnetic side of the flare
build—up and energy release (comprising seven of the eleven
chapters). There are two more entry points, dealing with flux
tube decay in the photosphere and coronal heating respectively.

Chapter 6 deals with the decay of photospheric flux tubes,
and thus it prepares for chapter 7. The decay rate is argued
to be determined by the requirement that the flux tube reaches
a new dynamical equilibruim on the same time scale as it loses
flux through the current layer surrounding it. Furthermore it
is shown that a diverging velocity field is necessarily present
around a decaying tube. Such a velocity field transports
magnetic flux towards the neutral line, where this flux is
subjected to the reconnection discussed in chapter 7.

The final entry point is chapter 8, where a discussion of
the coronal thermal energy balance begins. In this chapter it
is shown that by the absence of stable equilibria, the
chromosphere-corona transition region could well be in a
continual state of motion, observable as spicules. Their
motion is driven by excess heat conducted from the corona.
Furthermore it is shown that a simple stability analysis does
not allow a reduction of the number of parameters in the corona
problem.

In chapter 9 spicules are contrasted to macrospicules,
which could be small flares, being magnetically rather than
thermally driven.

Finally chapter 10 suggests a possibility that waves
generated by "prominence turbulence" (compare chapter 11) are
damped in the corona to provide a heat source. The most
important type of wave in this respect is the slow mode wave.
The increased turbulence that occurs Just before the main flare
instability sets in, generates a larger wave flux, and thus the
heating increases. Tt is this heating that gives rise to the
most conspicuous flare phenomena, like X-ray loops and
chromospheric brightenings. The heating also causes surges, as
a kind of large spicules.





Chapter 1

THE DEVELOPMENT OF CORONAL ELECTRIC CURRENT
SYSTEMS IN ACTIVE REGIONS AND THEIR RELATION

TO FILAMENTS AND FLARES

W. VAN TEND and M. KUPERUS

The Astronomical Institute at Utrecht, Sterrewacht, Zonnenburg 2, 3512 NL Utrecht, The Netherlands

(Received 24 March; in revised form 22 June, 1978)

Abstract. The equilibrium positions of coronal currents are determined. It is shown that the fact that the
photosphere has a very large inertia as compared to the corona, poses an important boundary condition
at the surface. Electric currents flowing in a coronal active region show a tendency to concentrate above
a neutral line. Only here equilibria are possible, determined at low heights by the background field and
at large heights by gravity. An instability may occur when the current at low heights exceeds a certain
value. The model given is compared with observations of the corona, of prominences, and of fibril
motions. Also, the relation with solar flares is discussed in general terms.

1. Introduction

It is well known that solar flares are associated with the lines where the vertical
component of the photospheric magnetic field changes sign. These neutral lines are
often marked by a filament, which becomes turbulent and disappears before the
flare occurs (Smith and Ramsey, 1964). This suggests that the energy released in a
flare may have been stored in the filament in the preflare phase.

Another observational similarity between flares and filaments is the density
involved. X-ray observations from Skylab, see e.g. Widing and Dere (1977), show
an electron density of 2xl0 ncm~ 3 , in the flare, but also earlier optical obser-
vations of limb flares indicate electron densities of 1010 to 1013 cm"3 at heights from
2000 to 20 000 km above the photosphere, where the active region corona has a
density of 3 x 109 cm"3 (De Feiter, 1974). In prominences densities are observed to
range also from 5x 1010 to 1012 cm"3 (Tandberg-Hanssen, 1974).

There is a fundamental qualitative difficulty in storing the preflare energy in the
form of gravitational energy: when a flare occurs, prominence mass is ejected

9 upward, increasing its gravitational energy instead of releasing it. Sometimes
matter (up to 1015-1016 G, thus probably comparable to the mass of the preflare
filament) is ejected from a height of about 10 000 km to heights above 100 000 km
(Tandberg-Hanssen, 1974; Svestka, 1976). From this we conclude that the bulk of
the flare energy must be stored as magnetic energy, and that Lorentz forces should
be more important than gravity in the build-up and release phases of a solar flare.

The loop structure observed in X-rays (e.g. Howard and Svestka, 1977) suggests
that magnetic flux tubes bridge the neutral lines in active regions. Recent theoreti-

;; cal work on the storage of magnetic energy in the corona has therefore concen-
:' trated on the problem of the equilibrium and stability of cylindrical flux tubes with

Solar Physics 59 (1978) 115-127. All Rights Reserved
Copyright © 1978 by D. Reidel Publishing Company, Dordrecht, Holland
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helically twisted magnetic fields, e.g. Van Hoven etal. (1977). Much work has been
done on the theory of flux tubes in the context of laboratory magnetohy-
drodynamics. A fhre might be the release of the energy stored in the currents of
such tubes. The time scale for releasing energy in the flash phase would then be the
Alfven wave crossing time (Kuperus, 1977). Energy is being stored at a much
slower rate, determined by the characteristic velocity in the subphotospheric layers,
which is at least a factor of 30 smaller than the coronal Alfven speed. It is not clear
why the considerable amount of energy that is being pumped into the field from
below at a slow rate, does not leak away immediately, since the coronal field can
relax at a much faster rate, determined by its Alfven speed.

In this paper we will leave the narrow context of isolated cilindrical flux tubes,
and we will consider the equilibrium and stability of coronal current filaments,
taking into account the effects of the photospheric boundary conditions, in order to
develop a model for both flare energy build-up and filaments and their activity. A
shorter report on this work has been given by Van Tend (1978).

2. The Vertical Equilibrium of Current Filaments in the Corona

2.1. PROMINENCE MODELS

The vertical equilibrium of a current in the corona has been studied in two basically
different prominence models, namely the Kippenhahn-Schliiter model (see e.g.
Tandberg-Hanssen, 1974, p. 58ff.) and the model of Kuperus and Raadu (1974).

In the Kippenhahn-Schluter model the downward gravitational force on the
mass in the prominence is compensated by the upward Lorentz force acting on a
current running through the filament, which lies in a horizontal magnetic field. This
magnetic field has a component perpendicular to the current. The component of the
field that may be present along the current, does not influence the force equilib-
rium. The model does not specify how the current circuit of which the filament is a
part, is actually closed. The magnetic field, which is a superposition of the potential
background field and the field generated by the filament current, has field lines that
are not horizontal at the photospheric surface. These lines connect the corona with
the subsurface layers (see Figure III.5 of Tandberg-Hanssen, 1974).

In the Kuperus-Raadu model the downward gravitational force on the filament is
kept in balance by the upward Lorentz force on the filament current that lies here in
the magnetic field of a virtual mirror current of opposite direction. The mirror
current is situated below the photosphere and closes the electric circuit in this
model.

We now discuss the reasons for introducing such a virtual mirror current. During
prominence formation the magnetic field in the corona is reoriented. However that
reorientation does not penetrate below the photosphere, which acts as a rigid
boundary. The photosphere reflects any signal from above, because of its very large
inertia as compared with the corona. This inertia prevents the frozen in field from

12
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setting the fluid into motion, when a disturbance arrives from above. Hence there
cannot be a vertical component of the field at the surface after prominence
formation, if there was none before. The vertical field component generated by
some current / at height h in the corona is made to vanish by the magnetic field of
counter currents having a complicated distribution on or close to the photospheric
surface. Kuperus and Raadu (1974) showed that this surface current may simply be
replaced by a virtual mirror current of magnitude —/ (that is: oppositely directed to
the coronal current) at a distance h below the surface.

2.2. A GENERALIZED MODEL

We now introduce a generalized model, in which the equilibrium of three forces
acting on a current / at a height h above the surface is considered. The coronal
current is assumed to have a mass excess relative to its surroundings of magnitude
m per unit length, which may be observed as a dark filament. In this paper we are
only dealing with the equilibrium position of such a current carrying mass filament,
and not with its internal structure. The forces acting on the filament are:

(1) The Lorentz force from a potential magnetic field B, which is horizontal at
the location of the coronal current (see Section 3.1). This field can be calculated
from magnetograph observations of the vertical component of the photospheric
field, as in e.g. Poletto et al. (1975). In an active region this background field is
visible in the form of spots, faculae etc. in the photosphere. We take the positive
y -direction in the direction of the coronal current. If the background field B is in
the positive x-direction there is a Lorentz force of magnitude (I/c)B per unit length
acting hi the negative z -direction (downward). Here c is the velocity of light. If
B < 0 (field in the negative ^-direction) the force is upward, as in the Kippenhahn-
Schliiter model.

(2) A Lorentz force caused by the field of a mirror current - / at height —h,
acting upward with strength (/2/c2)(l/A) per unit length, since (I/c)(l/h) is the
strength of the field of the mirror current at the location of the coronal current.

(3) The gravitational force mg per unit length of the filament, acting downward.
Here m > 0 is the mass excess per unit length the mass filament is supposed to have
relative to its surroundings, and g is the gravitational acceleration.

For comparison we remark that the Kippenhahn-Schliiter model includes the
forces (1) and (3), while the Kuperus-Raadu model includes (2) and (3). Note that
the field present in the corona is actually a superposition of the fields mentioned in
the items (1) and (2) above and the field of the coronal current itself (see Figure 1).

In the present model the equation for vertical equilibrium is:

(1)

(2)

Solving this quadratic equation in / we obtain:

I == i(J5 (h )h ± (B \h )h 2+4 mg h )1/2).
c

13
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\ T \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ T T \ YTT \ \ W \ \ \ \ \ \ \ \ \ \ \ \ \
Fig. 1. The field line pattern of the model described in Section 2. The background field is taken as
uniform and horizontal in this figure. The field shown is the superposition of the background field and

the fields of both the coronal current and its mirror current.

As will be shown in Section 3 only the solution with a plus sign, yielding a current in
the positive y-direction, and therefore with force (1) acting downward, is physically
meaningful under the circumstances considered here.

2.3. THE BACKGROUND MAGNETIC FIELD

In Figure 2 we have plotted the strength B of the potential field in the corona at
the locations where the field is horizontal, as calculated from magnetograph obser-
vations by Poletto et al. (1975). The dependence of B on h is not incompatible with
the following simple, model:

McMath 10622 NOAA 131 McMath 10607

Fig. 2. The strength of the potential magnetic field at the locations where it is horizontal, plotted
against height. These results for three active regions were taken from Poletto et al. (1975). Numbers

along the lines drawn in indicate their slopes. The letters are referred to in Section 2.4.

14
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(1) At low heights the field is almost horizontal over horizontal distances large
compared to the height above the neutral line, and the requirement that the field be
potential causes it to be independent of height. So for h <hi we may adopt B = Bo,
where hi is the width of the region of weak mean vertical photospheric field
surrounding the neutral line.

(2) At heights comparable to the width of that region, the field dependence on
height becomes ft~\ just like the field of a current, running along the neutral line at
the surface. Hence for hx<h<h2, it follows that B = B0(hi/h), where h2 is a
typical distance comparable to the size of the active region.

(3) At heights greater than h2 the field takes a dipole character, falling off as
h~3: B = B0((Ml)/ft3) if h > h2.

2.4. THE HEIGHT DEPENDENCE OF THE EQUILIBRIUM CURRENT

From the adopted height dependence of the background field, we can solve
Equation (2) at each height h. Figure 3 shows the height dependence of the
magnitude of the equilibrium current /, when the plus sign in Equation (2) is used.

(A) At the lowest altitudes the Lorentz force term (force (1)) dominates over the
gravitational term (force (3)). Therefore the mass that the current supports does not
influence the equilibrium very much. Where B is height independent, / increases
linearly with height.

(B) The Lorentz force still dominates in the region where B~h~1, and / is
almost independent of h. Because of the influence of m > 0 the curve has a small
positive slope as may be seen directly from Equation (2).

(C) Where at high altitudes B drops rapidly proportional to h~3 at high altitudes,
/ decreases as h~2, until the gravitational term becomes important.

(D) Where the gravitational term dominates, / rises again now proportional to
hin since g is only weakly height dependent. When the height becomes comparable
to a solar radius (7 x 10s km), our mirror current description is no longer valid. There
the solar wind becomes important as well.

In order to verify that the energies involved are of the right order of magnitude
for preflare energy build up, we note that (//c)z has the dimension of energy per
unit length. Thus with I/c = 1011 cgs (see Figure 3), a current circuit with a length of
30 000 km represents already an energy of 3 x 1031 ergs. This is indeed a flarelike
energy. Note that this energy may eventually be released in a volume of much
smaller size than the whole current circuit.

2.5. THE STABILITY AGAINST VERTICAL PERTURBATIONS OF THE

POSITION OF THE CURRENT

When a current is outside its equilibrium position in the ft-/ plane of Figure 3 a net
force is acting on it. For points above the equilibrium curve the force is directed
towards greater h, for points below this curve it is directed towards smaller h. These
directions are indicated with arrows in Figure 3.

15
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NOAA 131 McMath 10607

Fig. 3. The magnitude of the equilibrium current / plotted against height for the three active regions of
Figure 2, according to formula (2), using the plus sign. The arrows indicate the direction of the Lorentz
force in non-equilibrium situations. The parameters were taken as: Bo= 135 G, m = 3 x lo'gcm"1; for
McMath 10662: ft, = 1600km, ft2=12 000km; for NOAA 131: ft, = 4000km, fc2=40 000km; for

McMath 10607: A, = 6300 km, h2 - 50 000 km. The letters are referred to in Section 2.4.

When the height of a current changes, / will change due to induction effects that
are keeping the magnetic flux through the current circuit constant. The change in
the current depends on the evolution of the whole current circuit, and on the
internal structure of the current filament, see the appendix to the paper of Kuperus
and Raadu (1974). A discussion of this evolution is beyond the scope of this paper.
However, for perturbations in the equilibrium height confined to a length
(measured along the current) that is small compared to the length of the whole
current circuit, the magnitude of the current in that part may be considered as a
constant boundary condition. In this case it is seen from Figure 3 that for the
branches (A), (B) and (D) the current will return to its equilibrium position after a
displacement. For branch (C) however the force is directed away from the equili-
brium height. Hence a current filament is not likely to be found on branch (C).

When a current at low altitudes reaches a value greater than t*"* maximum of
branch (B), there is no stable equilibrium nearby anymore. We suggest that an
instability occurs then, in which the current filament will move upward. Afterwards
it may reach a new stable state on branch (D).

3. Evolution of Current Systems

3.1. HORIZONTAL FORCES ON CORONAL CURRENTS

So far we have only considered the vertical equilibrium of a current in a horizontal
background field. If the field is not purely horizontal the vertical component of the

16
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background field causes a horizontal component of the Lorentz force to act upon
the current. A current 7 > 0 along the y-axis at position 1 in Figure 4 is pushed
towards the neutral line. At position 2 it is also pushed towards the same neutral
line P. This means it has a stable equilibrium of horizontal forces at the neutral line
P, where the background field is horizontal and the theory of Section 2 applies for
the vertical equilibrium.

Fig. 4. Some typical non-equilibrium positions for a current in the potential background field. Arrows
indicate the direction of the Lorentz force from the background field at each position, assuming that the

current is directed into the paper. Letters and numbers are referred to in the text.

The same current, if placed at the positions 3 or 4 in Figure 4 is driven away from
the neutral line Q. The vertical component of the Lorentz force from the back-
ground field is upward. Since in this case the horizontal equilibrium at the neutral
line C? is unstable, we need not consider the vertical equilibrium, since that
situation will not occur in practice. This justifies, why only the plus sign case in
formula (2) is interesting. In fact, all equilibria of currents above a neutral line in
which the force (1) of Section 2.2 is upward (as in the Kippenhahn-Schliiter model)
are unstable against horizontal perturbations. The instability of the filament above
the neutral line at Q in Figure 4 is in agreement with the results of Kippenhahn and
Schliiter (1957). They showed that to have stability the original field configuration
should have an upward concave structure. Anzer (1969) reached a similar
conclusion.

A corona] current, generated by changes in the field structure at the surface at
any point between R and Q, has a stable equilibrium only above the neutral line at
P.

17
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The model as described so far is valid as long as there is only one current in the
corona. The background field (and the gravitational force) then determine together

v with the photospheric boundary condition the specific equilibrium position by
means of the concept of the mirror current.

If there are more parallel currents in the same direction the effect of the
background field is to give them the same horizontal equilibrium position at the
neutral line with the correct direction of the background field. The Lorentz forces
by which the currents interact are attractive. These two effects can lead to an

. increase of the current concentrated over the neutral line, and thus eventually the
instability discussed in Section 2.5 may occur.

If displacement of the field line footpoints generates a current antiparallel to the
current that is the dominant factor in determining the magnetic structure around a

X certain neutral line, it is repelled from there, and it has an equilibrium position over
some other neutral line, which will have the appropriate direction of the back-
ground field for this current.

It is important to note here that the volume out of which the energy can be stored
so as to give rise to a solar flare, say at the neutral line at P (Figure 4), is entirely
determined by the magnetic field structure. For currents at low altitudes this
preflare energy reservoir is essentially restricted to one bipolar region.

3.2. TIME SCALES INVOLVED IN CORONAL CURRENT CONCENTRATION

The Alfven speed in the corona is of the order of 300 km s"1 (Kuperus, 1977),
yielding an Alfven crossing time rx of the order of minutes, for typical dimensions
of an active region (100 000 km).

For field changes that involve reconnection of field lines, like the tearing of a
current layer, or the merging of currents, the time scale T2 is appreciably longer
(Furth etal., 1963; Furth, 1969). The typical time is then given by the growth of the
tearing mode instability as

'•>• ;

(3)

with

(4j
JD

and

R , ()
V

where a is the thickness of the current layer over which the magnetic field changes
by an amount AB, p is the density, and 77 the resistivity, which depends on the
temperature T (in Kelvin) as TJ = 1014 T~3/2 cm2 s"1.

For conditions in the high chromosphere the time r2 is then of the order of a few
hours, if AB = 100 G, a = 500 km, 7 = 104 K, p = 10~12 g cm"3. The value of a was
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adopted because we assume the fine structure present in the chromosphere to have
a dimension comparable to the local scale height.

The third time scale T3 involved is the time in which footpoints of field lines move
at the photospheric level, where typical propagation velocities are less than
lOkms"1. Taking 10 000 km as a typical distance, the time T3 is of the order of
some 20 min. This time scale will also be of importance in the upward propagation
of a disturbance into the corona.

When no changes in field topology occur, the corona can react at timescale
Ti« T3. The relevant time scale at which energy is brought into the corona is thus r3,
which is nothing else than the time required for setting up the filament current and
photospheric boundary layer current system. An observational confirmation that
this is the timescale for the propagation of photospheric changes is the life time of
the elements of arch filament systems, seen when new flux emerges. This time is
30 min (Bruzek, 1967) and thus corresponds to T3.

The relevant time scale for the concentration of currents in the corona and
chromosphere themselves is clearly T2, since r2 » T 3 » T I .

To illustrate one possible case of magnetic field evolution Figure 5 shows three
successive stages leading to the situation of Figure 1, when new oppositely directed
magnetic flux emerges at a neutral line.

t-o

Fig. 5. One possible type of coronal field evolution, (a) At a neutral line in a simple bipolar region
new, oppositely directed flux appears in the photosphere, (b) The new flux reaches the corona to form a
current layer, (c) Tearing and merging of the current layer take place. After a few times T2 the situation

of Figure 1 is reached.
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4. Discussion and conclusions

In this section we discuss some observations, which may relate to the model
presented.

4.1. TEMPERATURE AND DENSITY STRUCTURE OF THE CORONA

Consider the field configuration of Figure 1. The field lines around the filament are
not connected to the background field, which has its roots somewhere further out in
the photosphere. If we assume the corona to be heated by mechanical energy
transferred from the photosphere into the corona primarily by Alfven waves
propagating along the field, then the region of closed field is less efficiently heated
than the region connected with the photosphere. Furthermore, heat conduction
from the corona into the closed field region is blocked: heat fluxes across the field
lines are small. Together with the large radiative losses due to the higher density in
the visible filament these might be causes why a filament is cool.

Above and on both sides of the filament the field that is connected to the
photosphere is stronger than in regions without an underlying current. Because of
the larger flux of field lines connected to the photosphere, there will also be a larger
flux of Alfven waves right above the coronal current, and thus more heating. A
higher temperature results in a larger scaleheight H = 2x 108Tg~* cm, which
increases from 300 km in the chromosphere to 50 000 km in the corona. Lorentz
forces only act perpendicular to a field line, so the density distribution along a field
line is determined only by the gas pressure p and by gravity. A larger scale height
then implies a higher gas pressure and a higher density than in the normal,
somewhat cooler surroundings. The gas pressure difference between regions with
and without compressed field increases with height. The growth of the difference is
greatest in the lower few thousand kilometers, which comprise several scaleheights.
The increased gas pressure will not have much influence on the field structure, since
the magnetic field pressure dominates the low corona, especially above an active
region. The heated regions may show up in soft X-rays, since in that spectral region
the emissivity is proportional to p1 and increases with temperature. We identify this
compressed field around and above neutral lines with the X-ray loops observed in
active regions by e.g. Howard and Svestka (1977). Even above neutral lines in the
polar zone sometimes very faint X-ray loops can be seen high above the limb
(Mclntosh et ai, 1976, their Figures 4 and 5).

In the cool (104 K) region of the filament the scale height is smaller by a factor of
102 as compared to the surrounding corona. Hence in regions where no currents

• flow to yield supporting Lorentz forces the density falls off very rapidly. The
• resulting low density cool region might be identified with the coronal cavities of low
\ electron density seen above filaments in optical limb observations at eclipses
: (Tandberg-Hanssen, 1974, Section 7.1.2). Filament cavities are also seen on the

disk in X-ray pictures at the places of polar filaments (Mclntosh et al., 1976).
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Svestka et al. (1977) have shown that coronal holes are often associated with
areas in active regions where the background field in the corona is vertical. A coronal
current in equilibrium is impossible in such a region (cf. current at position 5 in Figure
4). Hence the magnetic field there must be potential, and no compression of field
lines and associated increase in the gas pressure, leading to enhanced X-ray emission
can take place there. The occurrence of a coronal hole in such an area is thus the
consequence of the open configuration of vertical fields. This result stresses the
importance of including a background field in models for magnetic structures in
the corona.

The model presented here is thus, at least qualitatively, compatible with obser-
vations of the structure of the corona. We want to stress that we have not intended
to give a complete discussion of the coronal heating problem here. We have merely
indicated some possibilities.

4.2. PROMINENCES

In Section 2 we have shown that filaments may be expected in two different ranges
of height. The lower branches (A) and (B) of Figure 3 may be identified with the
filaments normally present in active regions. The range of heights is in good
agreement with the mean height of 7300 km Adams and Tang (1977) found for
short lived active region filaments.

Branch (D) may be identified with the loop prominences seen after some flares,
at heights ranging from 40 000 km to 150 000 km (Bruzek, 1964). These prom-
inences clearly are not static structures. However the system as a whole has a
lifetime much longer than the Alfven crossing time. Thus the loop system cannot be
far from equilibrium at a large scale.

When there is no active region present, the branches (A), (B) and (C) of Figure 3
disappear. Branch (D) then extends also to lower heights. For this case our model
coincides with that of Kuperus and Raadu (1974). Thus also polar crown prom-
inences, which have typical heights of 50 000 km, fit into the model.

It is suggested that mass ejection in a solar flare, filament disappearance before a
flare, and disparitions brusques are the result of the instability that occurs at the top
of branch (B). The heights h2 in the cases of Figure 3 however seems to be greater
than the heights at which flares are observed. Probably there are two reasons for
this discrepancy:

(1) The difference might be due to a local difference in the parameters of the
background field. The instability will always occur at that place along the neutral
line where- the background field falls off most rapidly with height, that is: where h2

is smallest.
(2) The separation into three ranges of height in which B(h) follows different

power laws is rather artificial. Neglecting gravity (mg) in formula (1), the equilib-
rium curve in the h—I plane reaches its maximum at the point where B begins to
fall off faster than as h~l. In practice this will happen at some point in between h\
and hi, instead of exactly at h2 as in our figures.
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We suggest that the instability at the maximum of the equilibrium curve is also
associated with the onset of the motion of loops that will later be seen at heights in
between one and four solar radii above the solar surface as coronal transients. A
theory for these transients has recently be given by Anzer (1978), following lines
somewhat similar to the description in terms of currents given here.

4.3. THE MOTIONS OF FIBRILS

Suppose a force free field exists in the corona. The currents that flow in such a field
can be generated in a time r3, while the corona reaches a force free field configura-
tion at a timescale T\ « r 3 , which means almost instantaneously. The simplest
example of such a force free field is:

BX = B sin ( z / 0 , i.
t

By=B cos (z/1), (6)

Here B and / are constants, with the dimensions of magnetic fieldstrength and
length respectively. If the field in some coronal layer has such a sheared configura-
tion, tearing instabilities will occur with a growth time T2. The effect is that the
current layer will contract at certain different values of z to form separate current
filaments. These threads will have the orientation of the direction of the current in
each particular layer. This direction is parallel or antiparallel to the direction the
magnetic field in that layer had, before the instability set in. We identify these
current filaments with the small prominences called fibrils. Looking from above
through different layers the fibrils will seem to be oriented rather chaotically.

On the same time scale in which the tearing occurs (T2), the currents will begin to
merge. Not only merging of currents at the same z -level is possible, but also
currents at different z -levels will merge. Because we imagine a bounded layer,
there may well be a net current through the region. As more and more fibrils
merge, the resulting fibrils will tend to have the direction of this net current. The
randomness of orientations which was first seen by the observer looking from
above, will disappear. Finally one current filament will form.

The scenario, described above corresponds very well to the observations of Smith
(1968). She observed that fibrils got aligned before a larger filament formed. The
time scale for this development was a few hours, corresponding to the tearing time
scale T2.

More observations bearing on changes of fibril orientations are found in Tanaka
(1976). In his Section II he describes observations in which flares are preceded by
merging of fibrils. We interpret these observations as cases where the total current
available in the active region was greater than the value given at the top of branch
(B) of Figure 3. The development seen is then the growth of the current at the
neutral line by the merging of fibrils until this maximum is reached. At that moment
an instability occurs.
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4.4. CONCLUSION

In this paper we have shown that all parallel currents available in a certain region will
: be concentrated above a neutral line. The situation above the neutral line is as in the

prominence model of Kuperus and Raadu (1974) with an additional background
- field. It has been shown that the Kippenhahn-Schluter model is unstable against
: horizontal perturbations. The current that can be stored at low altitudes in the corona

has an upper limit. The limit may be reached in the concentration process, giving rise
to an instability. The development of this instability and the possibilities it may create

1 for flare heating and particle acceleration will be considered in future research.
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Chapter 2
Colloques intcmattonnu du C.ff.R.S.

N° 2B2 - CONTEXTE CORONAL DES ERUPTIONS SOLAIXES

A MODEL FOR SOLAR FLARE ENERGY BUILD-UP

W. van Tend

The Astronomical Institute, Zonnenburg 2, Utrecht, The Netherlands

Sommaire

Nous discutons les positions d'e'quilibre d'un courant Slectrique

dans la couronne, sounds 3 des conditions aux 1 unites 3 la surface* II y a

un maximua local 3 l'energie stockable et une Eruption se produira au

moment auquel ce maximum est atteint.

1. Introduction

During solar flares energy is released on a timescale corresponding

to a coronal Alfvfin crossing time (Kuperus, 1977). The energy of the flare

has to be present in the corona before the flare, since it can be trans-

ferred to the corona only at the much longer timescale of photospheric

changes. The main problem is, how the energy can be stored over such a

long time while no relaxation of the coronal magnetic field, which can re-

act in a much shorter time>takes place, until the energy is eventually

released suddenly.

Since both flares and prominences are associated with the lines

where the photospheric magnetic field changes sign., it seems useful to

relate the storage of flare energy to the electric currents considered in

prominence models.

2. Equilibria of coronal electric currents

We consider the magnetic field in the corona as a superposition of

three constituents:

1. A background field B (supposed to be horizontal, directed along the
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positive x-axis) which is potential in the corona and corresponds at

the surface to the observed vertical component of the field there. The

other superposition of the constituents should thus have no vertical

component at the surface.

2. The field of a current I (supposed to be directed along the positive

y-axis) at a height h above the photosphere.

3. The field of a virtual mirror current -I at height -h .

It was shown by Kuperus and Raadu (1974) that constituent 3 can be

used as a simple representation of a surface current system, and that the

field of 2 and 3 together is purely horizontal at the surface. The

physical reason for using this decomposition is the fact that fieldlines

cannot penetrate from the corona into the photosphere in this geometry,

because the photosphere has a very large inertia. Figure 1 shows the type

of field discussed and a possible origin of it.

Fig. 1. The field configuration discussed here (4), and a possible way

of generating it (1-3), when new, oppositely directed field emerges and

subsequent reconnection takes place.
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i_ i • i B(h) + mg
c2 h c

(1)

Here c is the velocity of light, m is the mass per unit length of a fila-

ment associated with the coronal current I, and g is the acceleration of

gravity. The left (right) hand side of (1) represents the upward (downward)

force. Figure 2 shows the current I as a function of h for which (1) is

satisfied. On branch a , where B is independent of h at low heights,

log(h(km))

Fig. 2. The magnitude of the equilibrium current as a function

of height. For B(h) results from Poletto et al. (1975) have

been used.

mg « — B , and I is proportional to h . On branch f5 , B is falling off as

h~3 (dipole field) , and thus I is proportional to h~2 , until the

gravitational term becomes important. Then on branch y i H s proportional
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to h + i .

For currents above (below) the equilibrium curve the net force is

upward (downward). Hence the branches a and Y are stable against perturb-

ations of h in which I stays constant. We identify branch a , where

mg « B — with active region filaments, and branch y , where mg » B —

with post flare loop prominences and quiescent prominences. Since branch $

is unstable, it seems unlikely that currents will be found at that place

in the diagram.

At low altitudes the magnitude of the current is limited by a

certain maximum, determined by the top of branch a . We suggest that a

flare occurs when this limit is reached.

3. Conclusion

The amount of energy that can be stored at low altitudes can be

estimated by — L. at the top of branch a , where L is the length

along the y-axis of the current>circuit. For L * 3 . 10* km this

quantity reaches a flarelike energy of 3 . 1031 ergs.

A forthcoming paper by Van Tend and Kuperus (1978) will discuss the

model in greater detail, also considering the horizontal equilibrium

conditions, and giving more attention to the observations.
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DISCUSSION

Mangeney :

Did you look at the J*B stability of the various configurations in your

sequence of equilibria ?

Van Tend :

(Answer to question by -Hangeney) The stability analysis is included in the

reasoning that shows the net force to be upward (downward) above (below)

the equilibrium curve of Fig. 2. Hence forces are towards branches a and Y

and away from branch P. This is a physical stability analysis, which shows

that the branches or and Y are stable, and P is unstable.

I

Maltby :

Can you give me a physical picture of your mirror-current ?

Van Tend :

In fact, the mirror current is only a simple, equivalent representation of

a distribution of surface currents. It exists, because fieldlines, once in

the corona, cannot penetrate into the photosphere any more. The photos-

phere has a very large inertia, so the coronal field cannot displace it.

The field at the surface thus has no vertical component after changes in

the corona, if it had none before, since the field is frozen-in everywhere.

29



NJ*

i ,



Chapter 3

THE ONSET OF CORONAL TRANSIENTS

W. van Tend

The Astronomical Institute. Utrecht,
The Netherlands

Summary

Recently Anzer (1978) has discussed a model for the

motion of transients in the high corona. In this model the

transient is pictured as a circular current loop with a

changing radius r, and having two fixed footpoints separated

by a distance 2r. at the solar surface. The transient starts

off with zero velocity at the point where r » r..

point however the acceleration, which is given by

At that

d2R

7? f(R)r'
(1)

is generally non-zero. In (1) M is the solar mass; G is
9

the gravitational constant; b (which equals a/4, where a

was introduced by Anzer (1978)) is a constant on a short

time scale, which however may change on a long time scale

when mass or electric current is supplied to or lost by the

system; f is a function describing the distribution of mass

and magnetic flux, qualitatively displayed in Figure la;

R is the distance of the top of the current circuit to the
2 2

solar center; r /R as a function of R is shown in Figure lb.

Transients generally result from destabilized promi-

nences which were in equilibrium for a long time before the

eruption. Hence prominences (and transients at their onset)

should satisfy equation (1) with — 5 * Q.
dt4*

f(R) r'
(2)

The solution of this equation is displayed in Figure lc.

As a matter of fact this prominence model is physically equi-
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R, R;

2 2

Figure 1. Qualitative plot of the functions f and r /R and

of the equilibrium value of b. The scales are

the same for all three parts of the figure.
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valent to the model of Kuperus and Raadu (1974): in both

models gravity balances the expansion of the current circuit

resulting from Lorentz forces.

For points above (below) the equilibrium curve in

Figure lc the acceleration, given by equation (1) is in the

positive (negative) R - direction. Hence stable states are

to be found on the branches of the equilibrium curve where

the slope is positive. The part where the slope is negative

does not represent physically real situations. As a promi-

nence forms at a low altitude, a longterm increase in the

parameter b will cause it to move slowly upward along the

equilibrium curve, until the local maximum at R. (Figure lc)

is reached. The value of R1 depends on the geometry, especially

on rQ, in each individual case. At R, an upward eruption

occurs on the short AlfvSn time scale, giving rise to a

transient. The further evolution has already been described

by An2er (1978).
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DISCUSSION

D. ff. Wentsel

Does this theory yield downward motion as well as upward motion?

W. van Tend

If the parameter a is increasing in a prominence at small height, it

erupts upward at the critical height. For decreasing a at great heights

a sudden fall might occur, at the other critical height. However, I

33



don't quite see how you can get a prominence on that large height

stable branch, or on the intermediate height unstable branch, where

the chance for upward eruption equals the chance for downward

eruption.

T. Rirayama

Did you treat the problem with cold, heavy material in it?

W. van Tend

I did not apply the model quantitatively to the eruption of high density

material. For transients the results of this model coincide with those

of Anzer.
i.
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THE ONSET OF CORONAL TRANSIENTS

W. VAN TEND

The Astronomical Institute at Utrecht, Stemwachl, Zonnenburg 2, 3512 NL Utrecht, The Netherlands

(Received 20 July; in revised form 5 October, 1978)

Abstract. A model for the motion of transients in the high corona, recently given by Anzer (1978), is
extended to include also the onset of a transient, associated with prominence destabilization. A
comparison is made with flare instabilities, and some relevant observations are considered.

1. Introduction 1
i

Recently a model for the motion of coronal transients has been given by Anzer
(1978). In his model the transient is considered as a circular current circuit, having an
expansion caused by its self-generated Lorentz forces, and retarded by gravity. The
model has the inconvenient property that the transient starts from a non-equilibrium
situation, that is: at its onset the acceleration is finite. Since coronal transients and
eruptive prominences may have a common cause, both probably start from an
equilibrium (that is: no acceleration) that becomes unstable.

In Section 2 the basic equation of motion is reviewed. In Section 3, Anzer's model
is extended to include the transition from a prominence in equilibrium to an
accelerated transient. Section 4 gives a comparison to some observations and
outlines the relation between the model of this paper and the flare energy build-up
model of Van Tend (1978).

2. Equation of Motion

The equation of motion for the current circuit that is supposed to form the transient, •
is given by (Anzer, 1978):

1 d2R b 1
M®G At2 f{R)r2 R7 (1)

In Anzer's model the current circuit is circular (having the form of a torus with major
radius r, and minor radius d). The f ootpoints of the current loop are supposed to be at
fixed positions on the solar surface. R is the distance from the top of the current
circuit to the solar center, M© is the mass of the Sun, G is the gravitational constant,
and b is a parameter which equals a/4, where a has been introduced by Anzer
(1978), as follows:

f 2w2moro[ln(8r/d)-!]2>

I
f Solar Physics 61 (1979) 89-93. 0038-0938/79/0611-0089 $00.75.
" Copyright © 1979 by D. Reidel Publishing Company, Dordrecht, Holland, and Boston, U.S.A.
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Here 4>\is the magnetic flux of the loop above the solar surface (a conserved quantity
during the transient lifetime), and m0 is the mass per unit length, when the major
radius of the loop equals its minimum value r0. The first term on the right hand side of
(1) represents the electromagnetic force, the second term represents the action of
gravity; the reader is referred to Anzer (1978) for a discussion of the assumptions
behind Equation (1). In this equation / is a non-negative function of R, given by

f(R)=fl(R)/MR), (3)

where /„ is a non-negative function related to the structure of the magnetic field,
having the properties

fa(RlRe) = O, (4)

and /i is a positive function related to the mass distribution, having the properties

(1/TT) arcsin (ro/R<s,),

Here 2r0 is the fixed distance of the current circuit footpoints at the solar surface, and
R@ is the radius of the Sun. The typical scale over which the increase of these
functions takes place is r0. The function / is seen to have the properties

The scale length of the variation of the function / is also r0. The function r(R) has the
properties

r(RlRe) = Re,
r//?(/?^oo) = | . ( '

A minimum r = r0 is reached for /?«/?©+r0. For this function r we take

These definitions extend the applicability of the equation of motion derived by Anzer
(1978) to the ranges R <R@+r0 and r o s / ? 0 .

3. Onset of Transients

The equilibria of Equation (1), to be interpreted as magnetic field configurations
associated with pre-eruptive prominences, are described by

b=f(R)r2/R2. (9)
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We note that this prominence model, in which the expansion of a current circuit is
prevented by gravity, is physically similar to the model of Kuperus and Raadu
(1974). Figure 1 displays the functions/and r2/R2 and the equilibrium solution b of
Equation (9) qualitatively. For points above (below) the equilibrium curve b(R),
d2R/dt2 is positive (negative). Hence the equilibrium is unstable for Rt<R <R2

(Figure 1), if such extrema occur, which is the case if

— (f(R)r2/R2)<0 for some/?. (10)

For R<Rt and for R>R2 the equilibrium is stable. If b increases gradually, for

Fig. 1. Qualitative behavior of the functions: (a) f(R) (Equation (3)), (b) T2/R.\R) (Equation (8)), (c)
b(R) (Equation (9)).
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example when the prominence loses mass, the prominence will rise slowly, until it
reaches the height Ru where it will be ejected upward on a magnetohydrodynamic
time scale. The further evolution of an associated coronal transient has already been

: described by Anzer (1978).

4. Discussion

4.1. HEIGHT OF INSTABILITY

Assuming that / is an increasing function of R, inequality (10) can only be satisfied for
a value of R for which (d/dR)(r2/R2)<0. Using (8) it can be verified that this is
equivalent to /? </?m = (i?©+r0)/(l - ( r | / i? | ) ) . For the eruptive prominence of 19

j December, 1973, analysed by Schmahl and Hildner (1978), rQ = 0.37Re, so that
I 1 Rm = 1.47/?©. Indeed the eruption occurred at R (=R i) = 1.2R@ < Rm.

4.2. ERUPTION AND OSCILLATION TIME SCALES

For R<Ri oscillations around the stable equilibrium height can occur. Since the
restoring force in this case is of the same nature as the destabilizing force at R = Ri it
is expected that the oscillation time at R <Ri is similar to the acceleration time at
R = R\. Indeed the oscillation times observed for quiescent prominences (=20 min),
are the same as the acceleration times in sudden disappearance events (Tandberg-
Hanssen, 1974, p. 123 and Figure II.3).

The prominence destabilization mechanism described here, differs from the solar
flare instability model of Van Tend (1978) by the fact that in flares the Lorentz force

1 of a background magnetic field replaces gravity as the dominating downward force.
Mathematically however the two models are similar. Thus the preflare oscillation
time is expected to be similar to the mass acceleration time in the flare. Indeed
Tanaka (1974) observed preflare chromospheric oscillations with a period of 5 min,
which equals a typical spray acceleration time (Tandberg-Hanssen, 1974, Figure
II.3). Thus, the two physically different instability mechanisms correspond to two
classes of oscillation and acceleration time scales.

As to the preflare oscillations, the horizontal correlation length s 20 000 km,
found by Tanaka (1974), might correspond to the horizontal dimension of the closed

! field line region in the model of Van Tend (1978). This length is about four times the
height of the coronal electric current in that model. The flare kernel height would

: j thus be &5000 km, which is supported by limb flare observations (De Feiter, 1974,
i Figure 6).

i
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THE TVPCRTANCF OF PHOTCEPWFRTC MAGNETIC FTFLD COMPLEXITY FOR
CORONAL F^FRGY ETORAEF
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Abstract

Possibilities for the storage of energy in coronal
electric currents in different magnetic background field
configurations are investigated in the framework of the solar
flare energy build-up model of Van Tend and Kuperus (1978).
The results are compared to characteristics of filaments and
X-ray loops. Empirical flare predictors are interpreted
theoretically.
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chapter 5

J_» Introduction

Van Tend and Kuperus (197fi. see also Van Tend (1978a))
have considered the equilibrium, stability and evolution of
coronal electric current systems in active regions, in relation
to the problem of solar flare energy build—up. Tn their model
the equilibrium of the coronal current is determined by three
forces. These are the downward Lorentz force due to the
background potential field determined by the photospheric
polarities, the upward mirror current force, generated as a
result of the photospheric boundary condition for the magnetic

,' field lines, and gravity. This last force was shown to be of
j little importance in the lower corona. It was proved that
{ ] equilibria exist only above photospheric neutral lines. j.

Assuming a reasonable background potential magnetic field,
the current system is stable against local vertical
perturbations, if the equilibrium height is below a certain
critical height, associated with a critical value of the
magnitude of the current. It was assumed that the vertical
perturbations leave the magnitude of the total current
unaltered. The validity of this assumption depends on the
internal structure of the current filament. The work of
Kuperus and Readu (1974) shows that the assumption of a
constant total current can be a reasonable approximation.

The horizontal stability condition determines the sign of
the coronal current in a given background field.

As regards the evolution of the currents that ere present
in the corona, it was shown that the currents concentrate above
the neutral line on a timescale of a few hours to a few days.
while the field lines reconnect. As shown by Van Tend and
Kuperus (1978) any net current present in the corona collapses

; to a location where the background field is horizontal. Since
i any current system needs to be closed the presence of a net

current in the corona implies the existence of a counter
current outside the corona. As no field lines can penetrate
into the deeper layers during the evolution of the coronal
current system, the counter current has to be a surface current

] near the photospheric level. Such a surface current.
, preventing the penetration of a coronal field line disturbance
i into the photosphere, can be represented as the mirror current.
I

I
Thus any current circuit with a net current in the corona

evolves towards the system considered by Van Tend and Kuperus
(1978). Whether the current circuit originates from a vertical
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current sheet (Kuperus and Baadu. 1974). or from emerging
fields of opposite sign (Van Tend and Kuperus. 1978). or fron
some other process, is irrelevant for the final situation.

The background field is a potential field in the corona.
Its sources are the currents in the (sub-) photosphere. The
field lines of this background field are generally closed at •
fairly low altitude in the corona. When the current circuit
with a net current in the corona is added the actual field is
the superposition of the field of the current circuit and the
original background^ this superposition does not have all its
field lines anchored in the photosphere anymore. Thus
reconnection , implying resistive effects. is necessarily a
part of the sequence of events leading to the collapse of the
current in the corona. In the final state the background field
topology in itself is of no physical meaning anymore. It only
provides a simple means of locating the currents (namely at the
locations where the background field is horizontal).

For example the fields present in the starting situation
of the vertical current sheet model of Kuperus and Raadu (1974)
are a superposition of the current circuit field (not connected
to the photosphere) and the background field (having a closed
topology. and connected to the photosphere). The actual
superposed field is thus connected to the photosphere. As
shown by Van Tend and Kuperus (1978) the background field is
dynamically unimportant for high lying prominences. In the
final situation after the collapse of the current sheet the
prominence field is mostly disconnected from the photosphere.
The background field now still determines the horizontal
equilibrium and stability.

Apart from net coronal currents, other current circuits
which are closed within the corona will be present. The
existence of X-ray loops implies gas pressure differences
between the loop and its surroundings to be compensated by the
Lorentz force. An azimuthal skin current around the cylinder
of the X-ray loop is the simplest example of a current which
provides such a Lorentz force. Similarly, locally closed
current circuits will be present to maintain a finite thickness
of a prominence.

Two factors determine whether or not the instability
associated with the critical height occurs during the collapse
of the net current in the corona:

1. The strength of the total current I building up. This
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factor corresponds to the total amount of energy that
released from the magnetic configuration.

can be

2. The structure of the background magnetic field. This
factor gives the threshold state at which an instability sets
in.

In this paper the second factor is considered. We wish to
study a few simple background magnetic field configurations and
see whether a stable filament can condense out in it and thus
store energy. Vie are particularly interested in the stable
configuration with the property that a small increase of the
current does not permit a vertical equilibrium anymore. Tn
Section 2 two examples are worked out:

1) a simple bipolar configuration;
not to permit energy storage by
heights.

this configuration is shown
filament formation at low

2) a combination of two bipolar systems. This last
configuration can be regarded as the fundamental unit in more
complex polarity distributions. It exhibits the features of a
stable filament below a critical height.

Section 3 applies the results of
phenomena.

Section 2 to various observed

2 . Examples

2 .1 Basj.c Eouafr j,on

When gravity is neglected, the equilibrium equation as
derived by Van Tend and Kuperus (1978) reads:

I/c-Bz (1)

Here c is the velocity of light, the current T is purely
horizontal at a height z above the photosphere, and B is the
component of the background field perpendicular to the current
(or. equivalently. perpendicular to the neutral line at the
height of the current). The neglect of gravity is justified
for the range of heights where flares occur, as shown by Van
Tend and Kuperus (1978).

We will assume that in the actual situation the current is
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The three dimensional configuration of the bipolar systems and the neutral line plane, treated in this paper*
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sufficiently horizontal for equation (1) to be a good
approximation. For closed current circuits of which certain
parts are not sufficiently horizontal for equation (1) to
apply. the qualitative results to be deduced in this paper
probably will not be affected. In that situation the shape of
the coronal part of the circuit will still adjust itself so
that the expansion of the circuit is balanced by the Lorentz
force resulting from the background field.

As both the counter current on the solar surface, which
closes the current circuit. and the coronal filament will have
a finite extent in height, there will be a lower limit to z.
below which formula (1) is no longer applicable. At the
limiting height the coronal current and the counter current
connect.

2.2 Method

The sources of the background magnetic field will be
represented as monopoles. having a radial field falling off

For a pair of monopoles withwith distance ( r ) as 1/r*
equal but opposite fluxes located at the solar surface (taken
as the plane z=0), the field lines intersect the midplane of
the monopoles (taken as the plane y = 0. Figure 1)
perpendicularly. So at each height the field at the position
of this plane is horizontal. Thus the plane y=0 represents the
surface on which coronal currents can be located. This surface
extends upward with the photospheric neutral line as its basis.

When more pairs of monopoles are present. which all have
the same midplane and which all have the plus polarity on the
same side of that plane, the properties of the midplane. as
mentioned above. remain unaltered. Such a situation is
illustrated in Figure 1.

In the y = 0 plane we study contours of constant I computed
with formula (1). For the model under consideration the
current follows one of these contours for each state of the
system.

2.3 One Bipolar System

In Figure 2 contours of constant I are drawn for the case
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Fig. 2

Contours of constant I in the y«0 plane of the neutral line.
A aonopole with flux + <p is located at (x,y,z)«(0,}6,0), and
one with flux - $ at (0,->4t0). Currents are always directed
towards the right* Contours in the unstable region are dashed.
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that one pair of monopoles is present. Tt is seen that for the
lower part of the Figure, where X increases with z at constant
x. representing the stable branch of the model of Van Tend and
Kuperus (1978). the contours all are concave upward. Thus no
nonzero current passing near the axis of the bipolar system can
return to the surface along one of the contours. Furthermore
the assumption of an almost horizontal current breaks down at
some distance from the axis of the bipolar system for any
nonzero current. Beyond that point there is no possibility of
leading the coronal current smoothly back to a point near the
surface in order to close the circuit. The higher portion of
the Figure, where I decreases with z at constant x is unstable.
Thus no current will occur there in reality. So within the
framework of the model no energy storage is possible in this
magnetic configuration.

2.4 Two Bipolar Systems

Figure 3 displays the contours of constant I in the
neutral line plane of two identical parallel monopole pairs.
which are separated by a distance equal to the lengths of their
axes. In this case there do exist currents that connect to
points near the surface at two locations in the stable region.
At some distance above the surface the current will then bend
down vertically to connect to the counter current running along
the surface below the coronal part of the current circuit.

When a series of monopole pairs, all having the plus
polarity on the same side of their common midplane. is present,
a diagram similar to Figure 3 represents the situation in
between each two pairs. In that case the current need not
connect to the photosphere near the axis of each bipolar
system. It may extend above the surface for a longer distance.

From Figure 3 it is seen that currents reach their
greatest height in between two bipolar systems. Also the
saddle point is located at a point in between two bipolar
systems. Since the saddle point is the first point along a
current circuit where the partial derivative with respect to z
of I/c (formula (1)) changes sign the flare instability
probably starts at that location (Van Tend and fuperus, 197B).

3 . Discussion

3.1 X-rav LOOPS and Filament a
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As Figure 2, with two additional moaopolec: one with flux
+ <p set (1,)4f0), and on* with flux - <f> at (1,-#,0).
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At the neutral line one observes filaments and. generally
at larger altitudes. X-ray loops. Van Tend and Kuperus (197fl)
interpreted the filament as outlining the coronal current.
This filament current is formed by the collapse of a net
coronal current, which was distributed over a larger volume
originally. After filament formation all currents are
concentrated in the filament and the surroundings are free of
any net current. The general field structure in the
surroundings is found as a superposition of the extrapolation
of the photospheric field and the field caused by the current
circuit.

In the filament the actual magnetic field will strongly
deviate from the potential extrapolation of the observed
photospheric polarities, since the other component, the field
caused by the current circuit, will be dominant there. If the
background field does not cross the neutral line at the height
of the coronal current perpendicularly, helical structures will
occur in the filament. The same will be the case when field
parallel to that neutral line, and generated by currents closed
within the corona, was brought in during prominence formation.

At larger heights the magnetic field of the current
circuit will be of less importance relative to the background
field. The components of both fields perpendicular to the
direction of the current filament have the same orientation.
Thus the structure of the actual magnetic field above the
current filament will not differ greatly from that Df the
potential background field.

Indeed the observed braided structure of filaments
(Gaizauskas. 197fl) indicates that their local magnetic
structure is complex, while X-ray loops generally seem to
outline the more simple potential field lines as extrapolated
from the photosphere (Poletto et al.. 1975: Vorpahl, 1978).

3.2 Location ,Q£ X-rav L O O P S

Van Tend and Kuperus (1978) argued that quiescent coronal
X-ray loops bridge the coronal neutral line current. Apart
from the question what mechanism renders these loops
conspicuous in X-rays, it seems reasonable to assume that they
are associated with electric currents stored in the corona. In
Section 2.4 above it was shown that a coronal current above a
photospheric neutral line that runs through two different
bipolar regions of comparable size and flux, has its highest
point in between the two regions. It may connect to the
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photosphere near the axes of the bipolar systems. Hence the
actual situation may be a series of unconnected current
circuits. each one located in between two bipolar systems.
Thus X—ray loops may be expected to cross the neutral line
somewhere in between two active regions, where the current
circuit reaches its highest point. Here the photospheric field
near the neutral line is weakest. Somewhere in between the two
active regions also potential field lines are to be found that
connect one polarity of one bipolar region with the opposite
polarity of the other bipolar region. As the loops generally
follow the direction of the potential field (Section 3.1) they
will show up as "interconnecting loops", of which many examples
are found in Howard and Svestka (1978). Such loops, when
viewed from above, have the S-shape expected for the potential
field lines connecting one polarity of one bipolar system with
the opposite polarity of the other.

A similar reasoning, can be applied to find the locations
of X-ray loops within active regions. Here they will also be
found to cross the neutral line at those locations where the
photospheric field near the neutral line is weakest. They will
tend to avoid crossing the neutral line close to maxima in the
photospheric field. Since the photospheric field has a complex
structure with a small length scale in between these maxima and
minima in an active region, many X-ray loops occur.
Consequently a comparison of the X-ray observations with
magnetic data will be more difficult here. It is however not
impossible, as the photospheric resolution elements are smaller
than the intrinsic coronal length scales.

In summary, the theory presented in this paper implies
that magnetic loops associated with net coronal currents do not
cross the neutral line straightly in between the opposing
opposite polarities of one bipolar region. Rather they cross
the neutral line at the point where the neutral line is crossed
by a background field line connecting one polarity of a bipolar
system with the opposite polarity of another bipolar system at
some distance. The loops have an S-shape in this case. If. as
suggested by Van Tend and Kuperus (1978), X-ray loops ere
associated with the largest deviations from a potential field,
they too will show up in between two bipolar systems, and not
within a pure bipolar system.

3 .3 Simple gipolar Reoiqns

As shown among others by Mertres et al. (1974) some
complexity in the photospheric field structure, causing the
neutral line to be corrugated, is required for flares to occur.
In very simple bipolar regions the flare activity is very low.
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Vie can interpret this in terms of the situation, of Figure 2 and
Section 2,3s no energy can be stored in a region where the
magnetic structure is dominated by just one bipolar system.
Any flaring activity within the framework of the model under
consideration should be the consequence of the simultaneous
presence of more than one bipolar system, as in the situation
of Figure 3 and Section 2.4. We will elaborate on this in
Section 3.4.

We note that current filaments of which the equilibrium is
not determined by interaction with the background field but for
which gravity is important are to be found outside active
regions and at large heights inside active regions (Van Tend
and Kuperus. 197fl). This type of filament can quite well be
associated with simple bipolar configurations. The long
straight neutral lines found outside active regions may still
be associated with series of bipolar systems. Here however the
weakness of the coronal fields will prevent the storage of
energy at small heights that may give rise to flaring. On the
scale of the associated filaments, the polarity distribution
looks simply bipolar. Therefore these filaments should be of
the gravity dominated type. For such filaments a different
instability can occur (Van Tend. 1978b. 1979).

3.4 Flaring a nd Neutral Line Corrugation

Lemmon (1972) found a very strong correlation between an
H<* flaring index and the number of inflection points in a
neutral line (correlation coefficient 0.83). As the number of
kinks in a neutral line will indicate the number of similar
bipolar systems that the neutral line runs through, it also
indicates the number of points at which instabilities may start
(one such point in between each two bipolar systems. Section
2.4). In this case the neutral line surface is not flat, but
the topology of the contours of constant I that can be drawn on
it will not differ from the case treated above. Should the
coronal current connect to the photosphere near the axis of
each bipolar system, then the number of bipolar systems will
even indicate the number of separate current circuits present.
Thus, the present model may offer a possible explanation of why
the number of inflection points is such a good flare predictor.

Rust (1974) found that flares are associated with the
emergence of new magnetic flux. The new flux will in general
make the photospheric polarity distribution more complex. Also
the interaction of the old and the new fields in the corona
will set up current systems. Thus emergence of new flux is
related to both factors mentioned in the introduction: on one
hand the photospheric complexity may be increased, on the other
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hand currents may be introduced in the corona.
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THE DECAY OF PHOTOSPHERTH FL(1* TURFS AMP TME MOTIONS OF
MAGNETIC FIELDS AT THE SOLAR SURFACF

Iff. van Tend

The Astronomical Inst i tute at Utrecht, Sterrewacht. 7onnenburg
2. 3512 ML UTRECHT. The Netherlands.

Abstract ?•

It is shown that a model in which the hydrodynamic time
scale of a flux tube equals the diffusion time scale of the
current layer surrounding the flux tube, can explain the
observed slow decay of sunspots. A diverging flow will exist
around decaying flux tubes. A suggestion is offered that
magnetic energy release Might determine the structure of
supergranular motions in active regions. On the other hand
converging velocities in the supergranular flow may concentrate
magnetic fields into small flux tubes.
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1 . Introduction

Spruit (1977, Chapter TIT> has modeled thB structure of
small flux tubes standing vertically in the highest part of the
convective zone and in the photosphere. In the tubes the
magnetic field, supposed to be mainly parallel to the tube
axis, suppresses the convection. This causes the vertical
energy flux in the tube to be smaller than the vertical energy
flux in the surroundings. The energy transport is reduced for
field strengths greater than the equipartition field strength
corresponding to the turbulent velocity field (Zwaan, 19761.
For fields stronger than this threshold (600 gauss near the
solar surface) the reduced energy transport probably is not
greatly dependent on the actual value of the field strength.
We will assume that there exist only two distinct types of
equilibrium states for the layers near the solar surface: one
with a weak general magnetic field, and one with very strong
fields concentrated in flux tubes (cf. Spruit, 1979).

In the Spruit (1977) Model the main assumption about the
flux tube is that the turbulent and convective energy transport
are reduced inside it. Other mechanisms, like Alfven wave
cooling, have been proposed. In this paper we restrict our
attention mainly to the Spruit (1977) model for the energy
transport.

Inside a flux tube the energy transport (horizontal
transport into the flux tube by radiation may be important
here) and the condition of vertical hydrostatic equilibrium
determine the vertical structure of temperature and gas
pressure. Because of the reduced energy input from below the
gas pressure and the temperature inside the tube are lower than
in the surroundings at the same depth. The magnetic pressure
inside the tube compensates for the pressure difference so that
also horizontally an equilibrium is attained. The horizontal
equilibrium condition thus determines the field strength inside
the tube. For a given magnetic flux of the flux tube as a
whole the radius will adjust so that thB equilibrium field
strength is Maintained. In the following situations which are
no longer strictly hydrostatic, but in which nonzero velocities
are present will be considered. Since these velocities will
always be much smaller than the sonic velocity, horizontal
pressure equilibrium will still be a good approximation on a
large scale.

Gokhale and Zwaan (1972) studied the current layer around
sunspots, using the observed decay rate and the assumption of
radial similarity of flux tubes of different sizes. They
showed that turbulent resistivity could not greatly enhance the
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sunspot decay, since turbulence is strongly suppressed in the
magnetic field of the tube. Thus the observed slow decay
should be ascribed wholly to Ohmic diffusion. The observed
decay rate then leads to the conclusion that for a flux tube of
radius R the thickness of the current layer surrounding it
should be only about 10~sfl. •

In the present study the decay rate of flux tubes is
considered using as a basic assumption that the shift of the
current layer surrounding a flux tube is coupled to a continual
readjustment of the interior of the tube. On that basis we
estimate the decay rate in section 2. Tn section 3 the
influence of the loss of magnetic flux from flux tubes on the
velocity field in the photosphere is considered. In section 4
the results are applied to observations of the decay of flux
tubes and to the velocity fields observed in and around such
tubes. Also we speculate on the possibility that
supergranulation in active regions might largely be determined
magnetically. Furthermore some remarks on the reconcentration
of the magnetic flux present in supergranules will be made.
Section 5 gives a comparison with some other models describing
the decay of sunspots. Section 6 summarizes the results and
consequences of this paper.

2. Decay Rate

Tn the introduction we argued that in the Spruit (1977)
model the value of the fieldstrength inside a flux tube is
determined by the energy input from below: the reduced energy
input in the tube reduces its gas pressure, and the magnetic
pressure (or, equivalently, the field strength) adjusts so that
a horizontal pressure equilibrium with the surroundings is
established. Thus to maintain this field strength determined
by the horizontal equilibrium condition, the flux tube has to
adjust its radius to accomodate its magnetic flux. The
characteristic time scale T| for this process is. the fast
mode time scale corresponding to the tube radius R. Due to
pressure equilibrium the fast mode speed inside the tube is

similar to the outside sound speed vt

's-

Thus ~Ct is given by:

(1)

The field __strength inside the tube will adjust on the
timescale ~C| . Fluctuations in the field can penetrate into
the surrounding medium, where the magnetic field is much
weaker, up to a distance d, given by (Roberts, 1967. § 2.2):

d * ( yt, ) . (2)

Here **f is the Ohmic resistivity, fe assume that the current
layer surrounding the flux tube has this thickness d.
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Equation (?) is equivalent to the assumption that the
fflagnetohydrodynamic time scale T( of the flux tube equals the
magnetic diffusion time scale ~Ey of the current layer
surrounding it. Tn order to justify the assumption involved in
(?), let us consider an equilibrium flux tube separated from
the surroundings by a thin current layer with T«, < T( . Tn
this case magnetic diffusion will broaden the current layer,
because this process is faster than the readjustment of the
interior of the tube. The broadening of the current layer
results in an increase of the diffusion time scale Ty , which
is proportional to d?. On the other hand, T» , as given by
(1) remains constant, because the radius of the tube will not
alter substantially. The result is that the difference between

and diminishes.

Now suppose "C, > ~i Tn this case the readjustment
of the interior of the flux tube is the faster process. On the
assumption that only two distinct states of steady energy
transport exist near the surface of the sun, namely a state
with a weak field and a state with a strong field, the flux
tube boundary will steepen. This results in a decrease
of T, with X| remaining constant again. Thus in this case
the difference between "T, and diminishes also.

From the previous two paragraphs we conclude that the
state with T, « 1^ is the stable equilibrium state of the
flux tube boundary layer. This is the state described by (?).
As this situation is reached on the shortest of the two time
scales involved, this indeed will be the condition prevailing,
provided that the initial state was close to an energy
transport equilibrium state.

The amount of flux diffusing through the layer and lost by
the flux tube per unit time (d (p /dt) , i s now given by:

d^i/dt • - ( ?TR fl d ) / T , . C*)

Here 3 denotes the field strength inside the tube. We assume
the field fl to be uniform over the entire cross section A ( »
TTR* ) of the tube, when averaged over a time greater than ~ti .
Furthermore R i s expected to be globally constant on a
timescale large compared to ~£j , since we have seen that i t i s
ultimately fixed by the requirements of energy transport,
vertical hydrostatic equilibrium, and horizontal pressure
equilibrium. Using (3). the decay rate i s then given by:

dA/dt « - 2-n*hh[y\ti ) . M)

Solving this equation, we obtain the life expectancy T2 of a
flux tube having a surface area A at present as:
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A ( "»\fc )

In our treatment the hydrodynamic time scale T| ,
corresponding to the large scale of the flux tube (R), equals
the diffusion time scale, corresponding to the small scale (d).
As diffusion is a much slower process than wave propagation the
small scale d generally is several orders of magnitude smaller
than the large scale R. Gokhale and Zwaan (197?) deduced this
result from the observed slow decay rates of sunspots. The
small thickness of the current layer as compared to the tube
radius justifies the treatment of a flat current layer in the
following section.

3 . Kinematics of the Current Laver

We take the x-axis perpendicular to the current layer with
the positive direction pointing out of the flux tube. The
z-axis IIBS vertically in the plane of the current layer, the
positive direction being upward. The velocity in the
y-direction, and the field in the x-direction are assumed to be
zero. The induction equation for the current layer becomes:

- *<> (vx cl x\ (6)

We assume the current layer to be stationary on average over a
timescale large compared to T| but possibly smaller than T.
in some coordinate frame moving with constant velocity along

the x-axis towards the inside of the flux tube. This velocity,
which will be specified in section 4.2 (formula (8)). is
approximately R/ T 2. From (6) the following aquation is
obtained in this frame:

v B,(inside) - v,B,(outside).
•X 2

(7)

Here "inside" and "outside" indicate that the product vx B ais
taken at the positions at the current layer boundary on the
side of the flux tube interior, and on the side of the
convective zone respectively.

B s will be assumed to have the same sign inside and
outside. For the decay of sunspots)Bz (inside)| >>|Bf (outside)|.
As the current layer moves inward relative to the flux tube
center in the case of decay, vx(inside) > 0, and vx(outside) >>
v x(inside). This shows that there will be outflow outside the
current layer. Thus a diverging velocity field will exist
around a decaying circular sunspot. So the inward motion of
plasma found in the radial similarity model of Gokhale and
Zwaan (1972) can exist only within the current layer. This is
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because all flux diffusing out of the tube has to be carried
away by an outward velocity field outside the tube, if a sharp
flux tube boundary is to be maintained.

To maintain the outflow a source of mass should be
present. We suggest that this mass is supplied by vertical
motions along the field lines from above and below to the depth
where the largest, decay occurs. We return to this point in the
following section.

4. Discussion

4. 1 The Decay Rate of Flux tubes

A statistical investigation of the decay rates of
recurrent sunspot groups has been carried out by ^umba (1963).
He plotted graphs of the dependence of area on time, which he
then shifted along the time axis into a composite graph. For
the slow decay phase the use of groups does not pose a problem,
since in this phase most groups consist only of one spot.
Unfortunately however, the decay rates of the individual groups
(spots) used cannot be traced back from the representation of
area versus time for many groups (spots) in one graph. The
clustering in the graph is not a very suitable means to yield
information on the average time dependence of the decay rate of
an individual sunspot.

The conclusion of Bumba (1963) that the observed slow
decay of sunspots is independent of the sunspot surface area,
was confirmed by preliminary results mentioned by Gokhale and
Zwaan (1972), who avoided the problems of Bumbo's graphical
representation. The decay rate as given by formula (4) depends
on the fluxtube surface area A as A1'1*. For sunspots with a
surface area of 700 millionth of the visible hemisphere and 100
millionth of the visible hemisphere respectively the decay from
(4) differs by a factor 1.6 only. So we must conclude that the
limited amount of statistical information, which is available
at present, on the time dependence of the decay .rate of
sunspots cannot be regarded as disqualifying our model.

The decay rate as given by equation (4), is still a
function of depth. We expect the observed decay rate to
correspond to the layer where the decay is fastest. The energy
transport on field lines lost from from the tube in that layer
will be determined by the normal convective transport outside
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flux tubes over their whole length. Hence these field lines
can no longer be regarded as being part of the flux tube.

Formula (4) shows the decay rate to be proportional to
^,'Vvs )'* • As 'y is proportional to T" ̂*and v& is proportional to
T*A , this factor is proportional to T"'A, assuming that the
temperature in the current layer, which determines y , does
not differ substantially from the temperature T in the plasma
outside the flux tube and the current layer, which determines vs

Thus the decay rate is larger for lower temperatures. Hence
the fastest decay is expected high in the photosphere. Here
however a thin current layer might not be a good approximation,
since the field is beginning to spread out at that level. Thus
the largest decay is expected at a somewhat lower level, in the
photosphere or just below the top of the convective zone. For
a good fit to the sunspot decay data we have adopted y «10?cm*
/sec and vs «10 cm/sec, corresponding to a temperature.of P4D0
K, as representative parameters for flux tube decay. This
temperature occurs at a point 600 km below the temperature
minimum. This point is 75 km below the level of unit optical
depth and 25 km above the top of the convective zone (Spruit.
1977, Chapter II ). The calculated life expectancy T^ is
plotted in Figure 1 as a function of surface area. Also the
life expectancy of the constant decay rate given by Gokhale and
Zwaan (1972) is indicated in this figure.

4.2 Velocity F ields around Flux tubes

In section 3 it was shown that in our model a diverging
velocity field exists around a decaying flux tube. For a flux
tube with an area A >7rR2the current layer moves inward with a
velocity v, , given by

iy -'/i 'A
v( - ( 1 / { PIT n)) ] d A / d t ) - n A ( y v s ) . (Pi)

where formula (4) has been used. Taking v ( i n s i d e ) , v, the
outward veloci ty v (outside) re lat ive to the current layer i s
seen to be (from (7 ) ) :

v (outside) . v, B 2 ( inside) / S?(outside) (9)

For |B3 (inside)) >>Jf»s (outside)|, v (outside) >> v( ; so the
outflow velocity v2 relative to the flux tube canter is
approximately equal to the outflow velocity relative to the
current layer. For a sunspot with A « 3.10 cm' , Ba(inside) »
2000 gauss, Ba(outside) « 5 gauss (in the following it will be
shown that such a value is theoretically consistent), the
velocity v equals 500 m/sec. At a distance r>P from the flux
tube center, the velocity will be reduced by a factor Ft'r from
this value, which applies for the flux tube boundary. A
maximum value of r can be estimated as the typical radius of a
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supergranule f?.1D km). thus with R « 10 km, the typical
velocity of the outflow centered on a sunspot is a few hundred
meters per second. Diveraing velocities of 500 to 1000 meters
per second are indeed observed around sunspots (Sheeley, 197?).
This velocity field is called the "moat" cell.

For a velocity v = 400 m/sec and a photospheric density p
• 3.10~?g/cm3 the energy flux in the velocity field equals
1/2 p v*» 1.10'erg cm* sec"1. The energy lost per unit surface
area of the current layer and per unit time by the magnetic
field in a current layer over which the magnetic field changes
from B-2000^auss to a very small value is given by v,j
1.10 era cm"sec1 for A» 3.10 cm2 . The agreement between these
two energy fluxes suggests that the outflow is driven by the
energy liberated from the magnetic field in the current layer.
As a matter of fact it will be the amount of .energy release
that fixes v2, as will be shown in the following. The velocity
v, is determined by the flux tube parameters in formula (ft).
The amount of energy released from the field is determined by
v, .and thus v, also determines the outward flux of kinetic
energy. Given the photospheric density the velocity v, m v
(outside) is fixed then. By formula (9) the outflow velocity v
in its turn fixes the field strength in the normal photosphere
at a few gauss.

The lifetime of the Moat structure should be comparable to
the lifetime of the flux tube that drives the outflow. The
observations indeed show the moat structure to persist with
little change for at least several days (Harvey and Harvey,
1973).

Vertical Motions and |- vershed Flow

The expansion of the field when the flux passes through
the current layer, would be accompanied by an expansion of the
plasma, if there were no vertical motions. For the vertical
equilibrium to be maintained a vertical flow is required to
supply mass to the outward moving fluid elements. The main
contribution to the mass flowing out across the current layer,
is expected from the deeper layers, which have a much larger
density than the chromosphere, and thus form a much larger
reservoir. ft'hen mass is supplied from layers of higher
density, the vertical distance of transport is limited, so that
no build-up to larga velocities occurs.

The inhomogeneity of the Evershed flow in sunspot
penumbras (Galloway, 1975) suggests that, at least on time
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scales comparable to the sunspot hydrodynamic time scale, the
flow may not be a stationary process that involves the whole
sunspot circumference uniformely. This yields some
Justification for our assumption of short time variations on

i the sunspot hydrodynamic time scale "C( .

4.4 Reconcentration of Flux in Active Regions

Magnetic features are flowing from sunspots across the
moat. Zaan (1974) found that the flux of these moving
magnetic features roughly equalled the flux that might have
been lost by the sunspot. He concluded that the flux of the
sunspot escaped discontinuously. concentrated in these moving •;
magnetic features. This indeed may be the case.in the fast '
decay phase of sunspots (Gokhale and zwaan, 1972)-. This fast
decay phase is probably caused by instabilities in the sunspot.
involving its fine structure. The decay model given here, and
also the Gokhale and zwaan (1972).model for the sunspot current
layer, rafar to slow decay phase. In that situation the flux
leaves the spot in the form of weak fields that move away with
the moat flow. In this flow perturbations can occur, when the
flow meets some stream of fluid moving in the opposite
direction, or when the flow is retarded by some other cause.
If the field frozen in in the counter flow has the same sign,
magnetic fields can be concentrated locally at the location
where the two flows meet. We suggest that such concentrations,
the flux of which indeed may be of the order of the flux, lost
by the sunspot, are observable as moving magnetic features.

The formation of similar concentrations on flux are
possible at any location where supergranules with weak vertical
fields of the same sign meet. Once the field strength in
between the converging flows has reached the equipartition
value corresponding to the photospheric turbulence, cooling and
a convective downflow will set in, as. in the model for
surfacing flux tubes given by Zwaan (197B). A flux tube with a
reduced vertical energy transport of the type described by
Spruit (1977. Chapter III) will then be formed. Note that the

: convective downflow occurring when the flux tube forms, couples
the evolution of the surface magnetic flux to the general -
energy transport of the sun. It is this process that generates
high Magnetic energy densities.

| As long as the flow converges on the flux tube, the
\ magnetic flux of the tube will increase. For the current layer
; around such a flux tube the relation (7) will hold with both vx

 [
t

' (inside) and vK (outside) negative and |vx (outside)/ >> ) vx
 : K,

(inside)). The build-up time for a flux tube of a certain size ' '
will be similar to the decay time, as plotted in Figure 1. V
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Thus in supergranulation in active regions with a lifetime of
one day flux tubes up to the size of pores can be formed, fTear
sunspots with associated longer living moat cells present,
somewhat larger flux tubes may form. Some of the moving
magnetic features may be in that category, as stated above.

4.5 S u oe ra ran ula tio n in Active Regions

In section 4.? it was shown that it is possible to drive
the moat cells surrounding sunspots by magnetic energy release.
Tn this way the large scale convective velocity field, around
the sunspot is largely determined by the flux tube decay. This
suggests the more general possibility the structure of
supsrgranulation in active regions is determined by the enrgy
release from clusters of decaying flux tubes. V. Gaizauskas
(1978, private communication) has found that the parameters of
supergranules in.active regions might indeed differ from those
in quiet regions.

Regarding this interpretation it should be noted that the
current layers of flux tubes smaller than sunspots do not
differ substantially from those of sunspots, as the field
strengths are similar and the velocities mentioned in section
4.2 depend on surface area only as A1'1'. Tn the case of outflow
from network elements which have been aligned at the boundary
of a supergranule of the previous generation the combined flow
of many elements will be roughly parallel. The velocity
decrease with distance from the source is much less important
here than in the case of the diverging flow around sunspots.

In solar convection two length scales are expected: the
granular scale, corresponding to the scale height, and the
scale of the tentative giant cells, corresponding to the depth
of the convective zone. It is not so clear why the
intermediate scale of the supergranules in should exist. The
magnetic model of supergranulation in active regions on the
other hand can be obtained as the product of flow velocity and
cell lifetime. These two parameters are shown to relate to
parameters of magnetic structures.

The moat cells around sunspots have lifetimes of.at least
a few days, thus comparable to the sunspot lifetime. Other
supergranulation cells have an autocorrelation lifetime of one
day. This lifetime will correspond to the longest living
magnetic elements that determine the flow. A lifatime of one
day corresponds to a flux tube surface area of 3.10 cm*-(Figure
1). A flux tube of that size is visible as a pore (Spruit,
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1977, Chapter VI). Pores cover 40 percent of the area occupied
by small flux tubes in active regions. They are the largest
and thus indeed the longest living type in the array of small
flux tubes.

A velocity of 1 km/sec in supergranuj.es would correspond
to 1/10 of the photospheric sound velocity. The kinetic energy
involved is then 1 percent of the internal energy of the gas.
Because of the relatively low gas pressure inside flux tubes
(as compared to their magnetic pressure), and the requirmment
of pressure equilibrium with the surrounding gas, the magnetic
energy density inside flux tubes is comparable to the internal
energy density of the gas outside flux tubes. Hence to supply
the kinetic energy of the supergranulation in active regions in
its one day lifetime, the magnetic energy of flux tubes
covering 1 percent of the surface in active regions has to be
released each day. Figure 1 shows that pores and smaller flux
tubes have lifetimes shorter than one day. Spruit (1977,
Chapter VI) showed that these small flux tubes covered 6
percent of the surface in a dissolving active region. Thus it
seems quite well possible that such flux tubes can supply
enough energy in active .regions to largely modify the
supergranular velocity field.

5, Comparison with Other Models

In this paper we have examined the decay of fluxtubes
mainly along the lines initiated by the Gokhale and Zwaan
(1972) model. Several other models of sunspot decay have been
proposed, which will be discussed in this section.

Both Ponomarenko (1972) and Wilson (19721 discussed the
evolution of sunspots disregarding any resistive processes.
Both the formation and the decay of sunspots are initiated by
convectively driven flows in their models. In this way a
sunspot can only be maintained for a relatively short time,
unless flux is concentrated continually below the surface.
Then this flux should rise to the surface to compensate for the
flux loss of the sunspot. This model may apply to the early
phase of active regions when rapidly decaying sunspots occur.
On the other hand during the slow regular decay of a long lived
sunspot in a later stags of active region development, such a
dynamic mechanism requiring a constant rise of new flux seems a
less likely explanation.

Meyer et al. (1974) did include resistive processes. They
adopted a Gaussian profile for the horizontal distribution of
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the magnetic field. This corresponds to a current layer
thickness of the order of the sunspot radius. In order to
explain the observed slow decay rate they require a value
of Of which is 101* times larger than the non-turbulent value
used in the present paper. Convective or turbulent motions
within the sunspot are needed to explain the high value
of ->? . These may be unlikely because of the inhibition of
motions by the magnetic field.

Gokhals and Zwaan (1972) proposed that all currents are
concentrated in a thin layer on the edge of the spot. Then no
diffusion occurs in the interior, and a non-turbulent value of
the resistivity can explain the observed decay rate. The ;
thinness of the current layer and its coupling to the large ,
scale of the sunspot was thought implausible by Meyer et al. '<
(1974). In section 2 of the present paper however, we have
attempted to show that such a coupling exists, due to the fact
that the evolution on a large scale and the evolution on a
small scalB have to keep pace.

The assumption of a Gaussian shape of the profile of the
magnetic field in the model of Meyer et al. (1974) was based on
the fact that diffusion finally transforms any profile into
this shape. However for the present model and the Gokhale and
7waan (1972) model this shape is reached only at the very end
of the life of the flux tube, as all diffusion is limited to a
very thin current layer at the edge of the tube.

6. Concluding Remarks

We have shown that the observed slow decay of sunspots can
be understood with a model in which the hydromagnetic timescale
of the whole flux t}be equals the diffusion timescale of the
current layer surrounding it. A diverging flow, which carries

/ away a weak magnetic field, will exist around decaying flux
tubes. Flows from different centers will meet. When the
magnetic fields of two colliding flows are opposite,
annihilation of flux can occur. That situation will be treated
in a subsequent paper (Van Tend, 1979). For magnetic fields of
the same sign the flux can be concentrated by the colliding
flows into new flux tubes. When the converging flow stops
(after about one day usually) the new flux tubes will start to
decay again,

r.

r The similarity of decay and concentration times of flux
: tubes of a given size will statistically prevent the formation
! of larger flux tubes in this process. However the largest flux
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tubes, the sunspots, usually even form in groups. Thus a
different origin has to be found for sunspots, probably deep in
the convective zone (Zwaan, 1978). Other facts suggest even
more clearly the existence of two different categories of flux
tubes, namely flux tubes finding their origin below the
photosphere, and flux tubes formed by photospheric velocity
fields. Zwaan (1978) showed that the observed general magnetic
field and the photospheric velocity fields are not sufficient
to form sunspots in. a way compatible with the observations of
active region growth. Van Tend and Zwaan (1976) compiled data
o.n the differential rotation of various solar features.
Sunspots and large faculae show a significantly faster rotation
than small faculae,' which follow the phdtospheric rotation
rats. So the motion of these faculae, probably clusters of
small flux tubes in which flux is exchanged between many short
living elements, is closely connected to the photospheric
motion,- in agreement with the treatment of this paper. On this
other hand the motion of the large flux tubes seems determined
by the conditions in the deeper layers from which they
orioinate.

In conclusion we present a schematic overview of the ideas
developed in this paper (Figure 2).
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PREFLARE VELOCITY FIELDS AND THE ANNIHILATION OF PHDT9SPHERIC
MAGNETIC FLUX

W. van Tend

The Astronomical Institute at Utrecht, Sterrewacht, Zonnenburg
2. 3512 NL UTRECHT, The Netherlands.

Abstract

Velocity fields associated with reconnection of field
lines at photospheric neutral lines are shown to have
possibilities for creating a non-potential coronal field, thus
increasing the energy of the coronal magnetic field. Using the
result of a preceeding paper (Van Tend, 1979a) that this energy
can be stored above complex photospheric field configurations
so as to give rise to flaring, it is found that different types
of energy build-up may occur in different stages of active
region development. Macrospicules indicate the occurrence of
reconnection at the photospheric level. Further.observations
relating to preflare velocity fields are discussed.
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1 , Introduction

Van Tend (1979a) distinguished two Factors that determine
the energy build-up process which can take place above a
photospheric neutral line and which may lead to the attainment
of the threshold current for flaring (Van Tend and Kuperus,
1978. Van Tend, 1978a). These factors are:
1. The total current available in the corona and the
chromosphere during a certain time interval.
2. The configuration of the background magnetic field. as
determined by the photospheric polarity distribution.

As to the second factor, it was shown that some complexity
of the photospheric field is required for energy storage to be
possible. This theoretical conclusion was supported by the
statistical analysis of flare observations of Lemmon (1972).
He found a very strong correlation between the number of
neutral line inflection points, indicating.the photospheric
magnetic complexity, and an Hoc faring index. The correlation
coefficient was no less than D.h'3, when the Hex flare index
was determined for a 24 hour period. Far shorter periods the
correlation was less strong. This indicates that for
configurations that can store energy, the threshold amount of
energy in the form of currents indeed becomes available over a
24 hour period. Tt may sometimes became available within a
shorter period. The fact that configurations that can store
energy, really do store energy, indicates that the factors 1
and 2 above night not be independent.

Flare energy eventually has to be supplied through
photospheric changes before the flare (Van Tend and Kuperus,
1978, Van Tend, 1973a). Two types of photospheric magnetic
field evolution can be distinguished:
A. The surfacing of new flux tubes from the convective zone
(Zwaan, 1978).
B. Motions of magnetic fields after surfacing. Such motions
may be caused by the decay of flux tubes, the motion of flux
tubes in photospheric velocity fields, or reconcentration of
weak fields by supergranular motions (Van Tend, 1979b).

The association of Flaring with the appearance of pores
found by Rust (1974) may be associated with both types oF
photospheric magnetic field evolution. Dn one hand the pores
may be formed by the surfacing of new flux, on the other hand
they may also form by the reconcentration of weak fields by
supergranular motions in active regions (Van Tend, 1o7nb).
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As to the effects of the two different types of
photospheric field evolution in flare energy build-up, there
will be little difference for the formation of coronal electric
current systems. An example of the formation of a coronal
current system by the surfacing of new fields has been given by
Van Tend and Kuperus (197R). In section 2 of the present paper
we will consider the other type of photospheric field
evolution, and the way in which coronal current systems may be
set up by fields, the roots of which move with the photospheric
velocity field. This type of field evolution is shown to be
related to the annihilation of photospheric flux at the neutral
line. Apart from its importance for flare build-up, the
reconnection process is of interest in itself: macrospicules
might be an observational indication of such reconnection at
the photospheric level.

Section 3 considers the evolution of active regions in the
context of the different mechanisms for energy build-up in the
corona .

Martres et al. (1974) found that, apart from the
complexity of the photospheric magnetic structure, photospheric
velocities were important in relation to flares. Using the
results of Van Tend f1979b) we will show in section fl that the
occurrence of a velocity field structure as observed by Martres
et al, (197a), might be equivalent to the occurrence of a
photospheric magnetic field configuration that is complex
enough "or flaring to occur.

Finally section 5 summarizes our results.

?f The Annihilation of Photospheric Flux and the Setting-UP of
Coronal Elee trie Current 5 vstems

Van Tend (1979b) has considered the evolution of weak
fields moving away from decaying flux tubes. Tt was shown that
for magnetic fields of the same polarity flux tubes could form
at the location where the flows originating from different
centers collide.

For colliding flows with magnetic fields of opposite sign
frozen in, annihilation of flux and reconnection of field lines
are expected to occur. Such reconnection has the highest rate
of flux annihilation when the flows collide at a speed equal to
approximately 1/10 v. , where vA is the Alfven speed (Petschek,
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1964, Priest, 1976 (the latter papBr reviews different
alternative developments of the mechanism)').

In the photosphere two forms of magnetic field occur:
T. Weak Fields (B-5 gauss). With a density 3 -3.10~'g/cm the
Alfven velocity v « B / ( 4 ir P ) equals 30 m/sec (Van Tend,
1979b). J

II. Strong fields in flux tubes (B-?OflO gauss). For these the
Alfven velocity is 10 km/sec.
In the following we investigate the possible reconnectiori
processes for these two forms of thB photospheric field, in
order to find out, which form exhibits the most efficient
reconnection.

For the weak fields the velocity of maximum flux
annihilation is 3 m/sec, for the strong fields it is 1 km/sec.
The velocities in the large scale photospheric motion are of
the order of a few hundred meters per second. Thus we conclude
that efficient annihilation of flux by the Petschek (1964)
Mechanism can occur at the photospheric level for the strong
fields. The annihilation of flux by the collision of flux
tubes with fields of opposite sign will result in an upward
flow above the photospheric neutral line, and a downward flow
below it. Such a flow pattern will have a characteristic time
equal to some ten times the Alfven time of a flux tube, as the
velocity involved is about a tenth of the Alfven speed. For a
small flux tube (1000 km) the characteristic time is thus about
a quarter of an hour. As a matter of fact the upward motion
connected with such an annihilation of flux forms the starting
point of the melon seed model of solar spicules (Beckers,
197?). His criticism of that model was at that time that the
number of observed polarity reversals was not sufficient in
view of the large number of spicules. This criticism might not
be as severB nowadays, since very small scale features are now
observed to be present in. the network in an active region
(Spruit, 1977, Chapter VI). However, the very effect- of the
annihilation of pairs of flux tubes will be to quickly diminish
the number of polarity reversals. Thus it seems more
appropriate to associate spicules with the exchange of thermal
energy, between ths corona and the chromosphere (Van Tend,
1979c). The melon seed mechanism might apply to the newly
discovered macrospicules, which Moore et al. (1977) indeed
found associated with small X-ray flares. Macrospicules indeed
have the time scale of a quarter of an hour found above for the
reconnection of small flux tubes. Should the background
magnetic field be such that a larger flare is to occur, then
the subsequent annihilation of several flux tube pairs will be
required, before the flaring threshold is reached.

While the upward flow might be the source of .the
macrospicules, the downward flow may carry field into the
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Fig. 1

The coronal magnetic fields created by annihilation of flux at the solar surface.
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convective zone for processing by the solar dynamo.

Now we consider the evolution of colliding opposite fields
of the weak field component in the photosphere. For these
fields the maximum reconnection velocity is only 3 m/sec. The
reconnection rate is proportional to the length of the neutral
line between the two polarities. Since the length of this
neutral line can be made arbitrarily large within e given
surface arBB by corrugating the boundary of the polaraties. no
reasonable estimate of the reconnection rate can be given.
However es the velocity of collision of the flows is a factor
100 higher than the velocity at which maximum reconnection
occurs, we expect that no steady reconnection process will set
in. Then the opposite fields will just pile up at the neutral
line. Convection will be suppressed after the fieldstrengths
have reached the equipartition value, and two flux tubes with
strong opposite fields will form then. Tf pushed against each
other by supergranular flow, their fields will reconnect, as
described above.

If reconnection can occur in the corona at a rate faster
than in the photosphere, the saddle point of the field will be
located in the corona, rather than in the photosphere.
Therefore now we consider reconnection of field lines at levels
above the solar surface. The photospheric changes largely
determine the evolution of the coronal field. while processes
taking place in the corona (like reconnection of field lines
and thermal condensation of prominences). have no influence on
the photosphere (Van Tend and Kuperus. 1978). The horizontal
velocity towards the neutral line in the corona when caused by
the tension of field lines connected to the photosphere, will
not be greater than the photospheric velocity. Thus an upper
limit to the coronal reconnection velocity can be set at a few
hundred meters per second. In the situation considered by
Readu (1978). the Alfven velocity is 50 km/sec. Hence the
maximum reconnection velocity is 5 km/sec. Since the actual •
velocity is much less, and since the field is weaker in the
corona than near the photospheric neutral line, more field
lines reconnect in the photosphere than in the corona. So if*
the reconnection process is steadily driven by the photospheric

motion, the saddle point of the field line configuration will - ;
thus indeed be located at or near the photospheric level •
(Figure 1 of the present paper), and not at a coronal height
(Figure 1 of Raadu, 1978). Tf reconnection in the corona is
driven by a local thermal instability, as in the heat engine
model of Raedu (1978, e.g. his Figure ?.) , a saddle point in the
corona might be possible. The photospheric velocity field
would then serve to create an initial perturbation to start the ;
thermal condensation. [

The conclusions reached above for an Alfven velocity of 50
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km/sec, remain unaltered for the case of Alfven velocities of
more than 100 km/sec, which may occur in the low corona. As to
the two types of filaments distinguished by Van Tend an Kuperus
(197R), we guess that the configuration of figure 1 of thB
present paper describes the formation of low lying
(chromospheric) filaments, while the heat engine model of Raadu
(1978) applies for high lying quiescent prominences.

Comparing Figure 1 of the present paper with Figure 1 of
Van Tend and Kuperus (1978) i t i s seen that the process of
reconnection at the photospheric level leads to energy storage
in a coronal current system. We note that, as shown by Van
Tend and Kuperus (1978) and Kuperus and Raadu (1974), the
coronal field l ines, once disconnected, cannot sink through the
photosphere because of i t s large inertia, and so they remain in
the corona, even when the underlying flow ceases. As the
reconnection process continues and more field lines
disconnected from the photosphere form, the Instability
threshold for flaring (Van Tend and Kuperus, 1978, Van Tend,'
1978a) may be reached after some time, as the flux of the
disconnected field below the coronal current, and hence the
magnitude of the coronal current ii.crease. The timescale
involved i s the time scale of the large scale motion of
magnetic fields at the surface. So we expect an energy storage
time of one day (Van Tend, 1979b). The statist ical analysis of
the observations by Lemmon (1972), which we discussed in the
introduction, confirms this result.

Golub et al . (1974) found that there exists an association
between the occurrence of a flare in an x-ray bright point, and
a rapid decay of the associated efemeral active region. We
will explain this observational correlation within the
framework of our model in the following. In our model, the
preflare configuration forms from reconnected field l ines,
which at an earlier stage were transported towards the neutral
line (Figure 1). The field lines moving with the photospheric
velocity field originate from decaying flux tubes (Van Tend,
1979b). Thus rapidly decaying photospheric flux tubes can
quickly create a configuration that i s becoming unstable to
flaring. If, on the other hand, for some reason the polarities
of an efemeral active region do not release much flux, and i f
they stay reasonably apart, no flare build-up occurs. We note
that some complexity of the photospheric polarity distribution
i s required for flare build-up to be possible (Van Tend, 1979a,
cf. factor 2 of the Introduction). Thus flaring X-ray bright
points should have an underlying efemeral active region more
complex than simply bipolar, or some complexity should be
present due to the location of the efemeral active region in
the preexisting photospheric f ield.

3. Different Stages in Active Region Development
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As to factor 1, mentioned in the Introduction, there seem
to be three different ways to create coronal electric current
systems.
Firstly. whBn new flux emerges, coronal electric current
systems can be set up, after wich reconnection will occur. Van
Tend and Kuperus (107R) and Van Tend M978a) used such a
scenario for the formation of a flare unstable configuration.
Secondly, in the present paper we have considered the setting
up of coronal electric current systems by the motion of field
lines released from decaying flux tubes. The next section
considers observational indications for this.
Thirdly, there is the thermal condensation mechanism of
filaments (Raadu, 1978) that will set up a current system.
While the first two mechanisms create mainly low lying
filaments, this process creates a high lying filament, as
defined by the model of Van Tend and Kuperus (1978).

We now relate these three types of medium time scale
coronal field evolution to the long time development of active
regions (Howard and Svestka, 197R). in the spot-group phase,
with X-ray flaring, associated growing loops and loosely
associated loop brightenings, the first type of coronal field
evolution will be dominant. Later the second type, related to
the decay of flux tubes will take over, while the active region
will enter the early spotless phase. Now filament
disappearances prodgce important flares with greatly enhanced
growing X-ray loops. As the active region decays further, the
polarity distribution near the neutral line will simplify and
the field will weaken. The result of this is that energy

longer possible, and no flaring
(Van Tend, 1979a). Only high lying
the thermal condensation mechanism

quiescent filaments can become
unstable (Van Tend, 1«?78b, 1979d). So, in the late spotless
phass filament disappearances occur, which may brighten the
corona, but which will have only minor effects on the
chromosphere.

storage at low altitudes is no
can occur there anymore
filaments can. form by
(Raadu, 1978). These high

4 . Observed Preflare Velocity Fields

Martres et al. (1974) found that, apart from the
corrugation of the neutral line, flares were associated with a
so called "particular type of magnetic and velocity
configuration" in active regions. By \i^ and S/, we will
represent the observed line of sight.components of the velocity
and the magnetic fields respectively. Outside the disc center
the observed v^ is to be interpreted as the line of sight
component of the horizontal velocity on the sun. Now a
"particular type of magnetic and velocity configuration" means
that the v^ »0 line shows a steep change at the crossing with
the B|j,"O lino. One direction of the v^»f line, at this place,
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Ih« •//•O lines near a corrugated magnetic neutral line. The
•Mall''arrow* indicate the diverging velocity field around the
•agnetic polarities* The straight line segments form apparent
zero horizontal velocity lines. The corrugated neutral line
itself is a real zero horizontal velocity line. The dashed
lines indicate what might be observed as a "particular type
of magnetic and velocity configuration".
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points towards the disc center (Figure 2).

The results of Van Tend (1979b1 and of the previous
section imply that the opposite fields, which are released by
the decay of flux tubes in the apposite polarity parts of an
active region, are brought together at the neutral line in the
photosphere. Thus on both sides of the neutral line the
horizontal velocities are towards it. The neutral line itself
is associated with a line of zero horizontal velocity. At the
neutral line y^ «0, irrespective of the orientation of. the
neutral line with respect to the center of the solar disc. As
not only the line of sight component but both components of the
horizontal velocity vanish in this case, we. will call such a v
>0 line a real zero horizontal velocity line. "

Van Tend (1979b) showed that a diverging horizontal
velocity field should exist around decaying (clusters of) flux
tubes at some distance from a neutral line. As to the observed
line of sight velocity component, such a velocity field creates
a v/,,-0 line through the flux tube center, perpendicular to the
direction of the disc center. Several examples of such y«0
lines are found in Martres et al. (1974). Since only the line
of sight component of the horizontal velocity vanishes,and not
the total horizontal velocity on the sun, we will call such v.
•0 line an apparent zero horizontal velocity line. '

Van Tend (1979a) represented the magnetic field near a
neutral line by a number of monopole pairs. Noting that each
kink in a neutral line would be associated with a distinct pair
of monopoles, the observed correlation between neutral line
corrugation and flaring activity could be explained. When each
kink in a neutral line indicates the presence of two (clusters
of) flux tubes with opposite polarities nearby, there will be
two associated line segments at which v^»Q. These are apparent
zero horizontal velocity lines. They both have at least one
end at the neutral line, and they are perpendicular to the
direction towards the disc center. As shown above the neutral
line itself will also be a \y -0 line, irrespective of. its
orientation. The situation envisaged is shown in figure ?.

It should be noted that the observations have a limited
resolution, and a limited positional accuracy, and that some
parts of the v^«0 line may be more conspicuous than others.
Then the situation near the point of intersection of a real and .
an apparent zero horizontal velocity line may look like a v^«0 1 . ,
line that crosses the magnetic neutral line and shows a steep \
change in direction there (Figure 2). The real zero horizontal '<
line, which forms one direction of the v^*0 line observed in •
this case, can point towards the disc center. Such a ]•'
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configuration then is a "particular type of magnetic and
velocity configuration", as defined in the beginning of this
section.

wIn summary, we have shon in this section that the
"particular type of magnetic and velocity configuration", which
is associated with flaring activity according to Martres et al,
(1974) might be only a consequence of the complex magnetic
structure required for flare energy build-up. Thus the
velocity fields and the magnetic configurations that are
observational flare.predictors, are in this view certainly not
independent factors.

5 . Concluding Remarks

In section 2 we have shown that coronal electric currents
are created above a neutral line over a period of typically one
day as a consequence of the annihilation of pbotospheric flux,
irrespective of the detailed magnetic structure in the
horizontal plane. This means that factor 1, mentioned in the
introduction is never restrictive for flare build-up over a one
day period.

A complex photospheric magnetic configuration is required
to retain the coronal current that is created (Van Tend,
1979s). If, on the other hand, the magnetic configuration is
simple, no energy is stored, and no flaring occurs. Thus, as
currents will always be created above any neutral line over a
24 hour period, only the factor 2 mentioned in the introduction
(that is: the photospheric magnetic complexity) determines the
flaring activity from a theoretical viewpoint. Given the high
observational correlation between the photospheric magnetic
complexity and the flaring activity found by Lemmon (1972), it
is indeed expected that no other significant factor exists in
flare build-up. The discussion in section 4 confirms this: the
velocity field observed before flaring occurs, may be only a
consequence of the complex distribution of photospheric
polarities.
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0*.' SPICULES AMD THF STABILITY ANALYSIS CF THE MINIMUM FLUX
CORONA THEORY

W. van Tend

The Astronomical I ns t i t u t e at Utrepht, Sterrewacht, Zonnenburg
?. 3512 NL UTRECHT. The Netherlands.

A bstract

It is shown that the "stability analysis of coronas
envisaged by Hearn (1975. 1979) does not lead to a unique
stable configuration. The chromosphere-corona transition
region is inevitably non-steady. Spicules are a manifestation
of this. It is suggested that a point to point analysis of
energy losses and gains, rather .than a stability analysis, can
determine the coronal parameters.

85



\Jt

chapter fl

1 . Introduction

Vaiana and flosner (197R) divided models of coronae into
two types:
1 . The Kuperus and A thai' (1967) type. Here the corona i s
caused by the spi l l -over of e.ieroy from the chromosphere.
2. The Hearn (1975, 1979) type. Here the coronal parameters
adjust in such.a way that the energy losses are minimal for a
given pressure. This "minimum f lux corona theory" was based on
a s t a b i l i t y argument. However a proper s t a b i l i t y analysis has
not yst been carried out.

The assumptions of these two theories do not a p r io r i
exclude each other. I t has not been investigated, whether the
coronal energy losses in the Kuperus and Athay model f i t into
the minimum f lux assumption of Hearn. On the other hand the
possible s t a b i l i t y of Ream's minimum f lux corona i s largely
dependent on energy exchange between the corona and the
chromosphere. This energy exchange was the main topic of the
paper of Kuperus and Athay.

I t i s the purpose of the present paper to show that some
aspects of Hearn*s theory can be. used to improve the spicule
model of Kuperus and Athay (1967). On the other hand, i t w i l l
be shown that a s t a b i l i t y argument cannot determine the coronal
parameters as envisaged by Hearn. in Section 2 we w i l l
consider the s t a b i l i t y of the array of coronae that i s the
subject of the "minimum f l u x corona theory". We w i l l not carry
out an actual s t a b i l i t y analysis, but we w i l l give a
qual i ta t ive discussion of what the results of such an analysis
would be. I n Section 3, a f te r a br ie f review of the Kuperus
and Athay model of the chromosphere-corona t rans i t ion , some
improvements to the i r spicule model are given using the results
of Section 2. Section 4 discusses the question of the
reduction of the number of parameters describing a corona.

2 . Haarn's Theory

2.1 Review

The minimum flux corona theory of Hearn (1975, 1979) is
concerned with a family of coronae for a given star. At first,
this family is described by three parameters:
p The pressure at the base of the corona.
T The mean temperature of the corona.
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F The amount of energy supplied
area and per unit time.

to the corona per unit surface

The energy losses of the corona, which consist of the
conductive loss to the chromosphere, the radiative loss, and
the loss in the form of a stellar wind, should balance the
energy flux F supplied to the corona. This condition restricts
the possible coronae that are in equilibrium with respect to
the dynamics as well as to the energy balance, to a surface in
three dimensional TpF-space. The relation between T, P and F
can be described as a function of T and F . Figure 1
qualitatively shows some isopleths of this' function in the
TF-plane. The isopleth that is lowest in this diagram,
corresponds to the lowest value of p.

Given a fixed value of p, the triple (T,F,p) at the lowest
point of the corresponding isopleth is called the "minimum flux
corona". This same point can.be called the "maximum pressure
corona" for a given value of F. For the purpose of the present
discussion the latter term is somewhat more useful. A
qualitative plot of the . ntersection of a plane of constant F
with the equilibrium surface in TFp-space is shown in Figure 2.
Hearn argued that for a fixed F the maximum pressure corona
would be the only stable situation. So, given a triple (T.F.p)
at some other point on the equilibrium surface, a perturbation
of p and T, assuming constant F, should evolve to a situation
closer to the maximum pressure corona.

2 .2 The A ssumotion of Constant £,

For a stability analysis a perturbation of a point (T.F.p)
originally on the equilibrium surface should be considered.
Hearn (1975,.1979) assumed that F would be constant during the
perturbation. This assumption implicitly specifies some
properties of the coronal heating mechanism. The assumption is
satisfied for example if the corona is heated from below by
some type on waves that do not dissipate in the chromosphere or
under chromospheric conditions, but dissipate completely in the
corona.

In general however, F will not be exactly constant during
perturbations. This does not essentially alter the stability
analysis. For a given heating mechanism, F can in principle be
determined as a function of p and T in the neighbourhood of the
equilibrium point under consideration. The stability analysis
should then be carried out using this function and the formulae
for energy losses to calculate net energy losses or gains for
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Curves of energy balance for different values of p in the IF
plane, p., < p 2 < p ?.
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perturbed situations. In the case that F is not constant some
surface F (p, T) should replace the plane drawn in Figure ?..
In this surface F (p, T) an equilibrium curve similar to that
in Figure 2 can be drawn. Also the curves of constant energy
content and orbits of perturbed coronas, which will be
introduced in the following, could be calculated for this
situation.

Since we have just shown that this is not restrictive for
the qualitative analysis we aim at, we will, retain the constant
F assumption in our analysis for simplicity.

2.? Coronal Energy Content

Apart from the energy flux supplied to the corona, and the
energy flux lost by the corona.' Its energy content is an
important parameter. Net energy gains or losses during
perturbations will increase or decrease the energy content. If
we take the zero point of the gravitational energy at the base
of the corona, both its gravitational energy and its internal
energy are proportional to the base pressure p times the
coronal scale height H. Thus the sum of the internal and the
gravitational energy is also proportional to pH, or
equivalently to pT.

Two other energies play a role in the corona.

Firstly the kinetic energy in the solar (or stellar) wind.
The critical point, where the kinetic energy in the wind
becomes comparable to the internal and gravitational energy of
the gas, is located many scale heights above the coronal base.
Thus the kinetic energy of the. solar wind is small compared to
the total energy of the corona.

Secondly there is the gravitational potential energy that
is lost or gained by the corona due to changes in the height of
its base. When only changes in height small compared to the
coronal scale height are considered, these affects can be
neglected.

In the following we shall take the coronal energy content
proportional to pT, so that contours of constant energy content
are straight lines with slope —1 in the logarithmic pT diagram
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The curve of energy balance at constant F, which determines the
equilibrium relation between p and T. The straight lines are
couicxs of constant coronal energy content. Some possible
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chapter R

of Figure ?. When more detailed expressions for a model corona
are used the small effects of the kinetic energy in the stellar
wind and of changes in the coronal base height can be- included ,•
without altering the general picture. Note that while changes
in the height of the coronal base hardly alter the coronal
gravitational energy, the change of the coronal base height
does affect the gravitational energy content of the
chromosphere, which has a much smaller scale height.

In Figure 2 there is a maximum energy content in this
family of hydrostatic coronae which are in energy balance with
a fixed energy input. Such a "maximum energy content corona"
with temperature Tm exists when some constant energy contour
touches the energy balance curve. For closed magnetic
structures on the sun, wind losses are unimportant. High
temperatures conductive losses are much larger than radiative
losses. The formulae of Hearn (1975) show that in that case
the energy balance curve follows the relation p (:) T"3". So
there is no "maximum eneroy content corona" in this case. The
slope of the falling part of the energy balance curve is
everywhere flatter than -1. Mere the energy content of the
corona has no upper limit.

If an upper limit to the coronal energy content does
exist, that fact is due to wind losses at high temperatures.

2.4 Stability Analysis

Hearn (1975. 1979) has attempted a stability analysis in
order to show that the maximum pressure corona is the only
stable member of the family of hydrostatic coronae in energy
balance with fixed constant F. In his analysis two time scales
played a role.

Firstly
constant T.

the transition
given by:

T , - p Ar I Fg.

region conductive time

( D

Here Ar is the transition region thickness and Fe is the
conductive flux. For the solar case this time is about 30 sec.
Secondly, the contraction time T^ of the corona, given by

2 ( 2 )

where g is the surface gravity. For the solar case T2 • 370
sec. Apart from these two time scales, there is a third time

91



chapter 8

constant . given by:

X j * P H / Fc (3)

With H m 3.10 cm for the sun, "C3 - 1000 sec. The temperature
of the corona is affected by conductive effects only on this
time scale. Thus, since ~XZ < ~Cj . the hydrostatic equilibrium
of the corona is maintained during perturbations of T. This
contradicts the result of Hearn (1979). who ignored the
existence of the time scale ~~C3 . The fact
that Xi << X3 reflects the small heat capacity of the
transition region, as compared to the corona. Thus during
temperature changes taking place on a time scale -G3 the
location of the transition region can be shifted over distances
large compared to the transition region thickness.

As hydrostatic equilibrium is maintained during
perturbations of T. perturbed states will still belong to the
family of hydrostatic coronae composing the plane of Figure 2.
For pairs (T.p) above (below) the curve on which the coronae in
energy balance are located, energy is lost (gained) by the
corona. A loss (gain) will cause a shift of the corona towards
a contour of lower (higher) energy content. At the crossing of
the orbit of a corona in the Tp plane and the energy balance
curve. the direction of the orbit will be along the local
constant energy content contour.

Some possible orbits of coronae in the Tp plane are drawn
in Figure 2. At temperatures below (above) the temperature Tff
of the maximum energy content corona the orbits are follo¥/ed in
the anticlockwise (clockwise) sense. For large perturbations
the possibility of crossing over from the energy balance branch
with a temperature below Twto the branch with a temperature
above Tm (or reversely) is possible. Also some large
perturbations may cause the corona not to return again to an
energy balance within the temperature range under
consideration.

Whether an orbit is closed, or leads to a mean decrease or
increase of the coronal energy content, depends upon the
amplitude of the perturbation and the exact form of the energy
losses and gains in the situations when the corona is out of
energy balance.

A physical interpretation can be given to the orbits in
Figure 2. The anticlockwise orbits at low temperatures show a
pressure increase when the temperature is higher than its mean
value for the orbit. The temperature higher than average
causes a heating by conduction of the upper chromosphere in

92



chapter fl

this case. This results in the addition of mass to the corona
and thus in a pressure rise, since the coronal base pressure
equals the weight of the column of coronal material. beyond
the temperature T^ of a possible "maximum energy content
corona", where the orbits become clockwise, a temperature
higher than average results in a drop of the coronal mass, and
base pressure, because mass and energy loss in the wind
dominate in this temperature range.

It is seen from Figure ? that the maximum pressure (or
minimum flux) corona does not play a special role as regards
stability, in contradiction to the suggestion of Hearn (1975,
1979). Also, the "maximum energy content corona", if it exists
in a given situation, is not essentially more stable than other
configurations. Thus Hearn's idea that the number of
parameters of a corona could be reduced by considering its
stability seems to fail. Therefore we will consider the
approach of Kuperus and Athay (1967) in the following sections.

3f The Model of Kuperus and Athav

A detailed static analysis of the heating and cooling of
the chromosphere and the corona was done by Mcwhirtar et al.
f1975).

Kuperus and Athay M967) considered what happens when more
energy is deposited at the top of the chromosphere than can be
radiated away at a chromospheric temperature. This in fact
represents a departure from strictly static models. The
interaction of the overheated lower transition region and the
corona by heat conduction was shown to give rise to the
formation of spiculas. Tn subsequent papers by Kopp and
Kuperus (IQfifl) and Kuperus and Bessey (tQ70> it was shown that
the excess conductive energy would be channelled into the
magnetic network, and that the rising material would resemble
the observed spicules.

Some further insight in the nature of spicules and the
structure of the transition region can be gained by combining
the results of Section ? with the Kuperus and Athay (1<?67)
model,

1,
y
• A fourth time scale Tq may be added to the three time
'• scales introduced in Section ?.4, namely' the hydrodynamic time

scale of the transition zone:
i
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(4)

The numerical value of T^ is about 100 sec. Hence ""Ĉ  > T/ .
Thus the transition region can be heated faster by conduction
than it can cool by expansion. This indeed is the necessary
condition for .the formation of a heated layer in the lower
transition zone. According to Kuperus and Athay (1967) the
excess pressure gradient would then give rise to the ejection
of matter upward, causing the spicules.

The analysis of Section 2 shows that fluctuations in the
coronal temperature and the conductive flux down the transition
zone are expected to occur with a period ~C3 of the order of
1000 sec. During some fraction of this time an excess heating i.
of the lower transition zone will take place. This agrees with \
the observed spicule lifetime of 500 sec (Beckers, 1972). This
result is of limited significance, because our discussion is
based on order of magnitude estimates only.

As the transition zone hydrodynamic time scale T<, is
only slightly greater than the transition zone conductive
heating time T, , ejection of matter will . occur before
Material has been heated to coronal temperatures. This agrees
with the observation that the material in spicules is at
chromp spheric temperatures of the order of 10* K (Beckers,"
1972). The scale height of the spicule however corresponds to
a temperature a factor of 10 higher. This again indicates that
the conductive flux is more efficiently converted into kinetic
energy than into heating. Heating will only occur after the
material of the spicule has fallen back, then taking a
temperature corresponding to the scale height of the spicule.
Radiative cooling will then restore the original situation.

The analysis of Kuperus and Athay (1967), which shows that
the conductive energy is deposited mainly in the lower part of
the transition zone, proves that the analysis of Section 2 and
of Hearn (1975,1979) is oversimplified. The transition zone
does not evaporate directly to become part of the corona.
Significant heatino can occur only after motions have damped
out.

Our whole discussion refers to static models only. Recent
observational and theoretical studies (Pneuman and Kopp, 1978)
have however shown the importance of flows in the transition
region, pointing out that the enthalpy flow is generally larger
than the heat flow. This should introduce some caution when
drawing conclusions from static models.

94

• t



chapter

4 . Discussion

It has been shown, that stability arguments do not yield a
unique stable corona. The solar spicules show that the
transition region is indeed changing continually. In the sun
the locations where the spicules occur, are determined by the
magnetic field structure (Kopp and Kuperus, 1968). This fine
structure causes the horizontal coherence length to be small
compared to the coronal scale height: every flux tube acts as a
separate "corona". This is yet another reason why a stability
analysis cannot yield a unique stable corona for the whole sun.

Should there be no magnetic structure, then the time
variations in the vertical structure are not expected to have
large horizontal coherence lengths either. In that case the
thinness of the transition region will introduce horizontal
incoherence on that length scale. So. a stability argument
again will not apply to the whole corona.

While stability arguments fail to establish a relation
between the mean temperature and the mean coronal base pressure
for a given fixed energy input, the Kuperus and Athay (1967)
model shows that such a relation does exist, though it is more
complicated than a "minimum flux corona" result. The coronal
base pressure is dmtermined mainly by the height at which
chromospheric radiative losses can no longer dispose of the
energy dissipated locally. At that height a temperature rise
begins, which continues until radiative losses are balanced
again locally. In the transition region a downward conductive
flux is present, which has two effects. In a steady state it
supplies energy from the corona, which is radiated away in the
transition zone; during perturbations an excess conductive flux
generates kinetic energy which is converted into heat again
(and then radiated away) at some other height than at which it
was originally deposited. The time averaged structure of the
whole system ( chromosphere - transition region - corona ) is
obtained as a self consistent solution of the energy balance
equations, taking into account local energy input, e.g. by wave
dissipation/ conductive redistribution of the energy, and
losses by radiation and (in open structures) by wind. The
treatment of Mcwhirter et al. (1975) follows these lines. Also
a forthcoming paper by Mangeney and Souffrin (1979) follows
this approach in a simplified way. In a tine dependent
analysis also the kinetic energy effects assopiated with
conductive overheating should be taken into account.

The fact that conduction (and motion in spicules) only
redistributes energy poses the constraint that the conductive
flux from the corona never be greater than the total radiative
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(and wind) loss of the whole system.

Should the coronal heating mechanism be different from the
chromospheric heating mechanism (e.g. dissipation of a
different type of waves, or current heating) then the physical
arguments concerning the excess heating of the top of the
chromosphere and the peak coronal temperature will have to be
modified. This will also be the case, when the chromosphere is
heated from the corona, which presumably happens during flares.
The relation between p and T in these cases is determined again
by a salf consistent point to point solution of the energy
balance equations.
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SPICULES AND MACROSPICULES

W. van Tend
The Astronomical Institute at Utrecht, Sterrewacht,
Zonnenburg 2, 3512 NL UTRECHT, The Netherlands.

ABSTRACT

The transition zone overheating model and the melon seed model arc
compared with observations of spicules, macrospicules, surges and
sprays.

1, Introduction

For about ten years two essentially different models for spicules
have existed (Beckers, 1972): Firstly the overheating model of the
lower transition zone, and secondly the melon seed model. In this paper
we consider these two models in the light of recent observational and
theoretical developments.

2. The Overheating Model

In the overheating model a Rayleigh-Taylor like instability
occurs, when the lower transition zone receives more energy by heat
conduction from the corona than can be radiated away locally. The
instability manifests itself as spicules (Kuperus and Athay, 1967).

During spicule generation by overheating of the lower transition
zone, the coronal energy content diminishes. The corona thus describes
an orbit in the energy balance diagram depicted in Figure I. The time,
needed for completing one cycle in this diagram is given by the heating
time T of the corona: T • pH/F , where p is the coronal base pressure,
H is the scale height and F is the energy flux. For the solar corona
this time is 1000 sec, which is indeed the observed spicule life time.

In flares a similar time interval is observed between the filament
activation and the Ha flash. If the Ha flash is the response of the
chromosphere/transition region to excess heating of the corona, this is
what is expected, since it takes 1000 sec to heat the corona. The Ha
ribbons might then be the base of surges, collimated along field lines
as large spicules.
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Figure 1
A plot of coronal base pressure against temperature, showing the
energy balance curve. Straight lines are contours of constant coronal
energy content. A possible orbit of a corona perturbed from energy
balance is indicated.

More details on the overheating model are found in Van Tend (1979).

3. The Melon Seed Model

The melon seed model describes spicules as a result of the
stretching of field lines after reconnection at the photospheric level.
Then a field reversal is required at every spicule. That many field
reversals are not observed. The model may apply however to the more
recently discovered macrospicules, which are much rarer. Observational
evidence for this is the association of macrospicules with small flares
(Moore et al., 1977). Flares are always associated with neutral lines,
and thus macrospicules would be associated with field reversals, as
required.

Also theoretical work (Van Tend, 1980) indicates a possible
application of the melon seed model to macrospicules. Magnetic flux
leaves flux tubes (like sunspots) during their decay. Only by re-
connection at neutral lines does photospheric magnetic flux disappear.
The fastest reconnection can be shown to occur at the photospheric
level with fields (re)concentrated in flux tubes. Then a configuration
as shown in Figure 2 occurs. This field line pattern is stable up to a
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certain threshold height of the coronal O-type neutral point, as shown
by the Van Tend and Kuperus (1978) flare build-up model. If the
threshold is at a low height, a macrospicule associated with a small
flare will result by the reconnection of one pair of flux tubes. If the
threshold is high, a larger-flare (associated with a spray and pro-
minence eruption) results after several flux tube pairs have reconnect-
ed.
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Figure 2
The field.line configuration of the melon seed model.
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CORONAL HEATING BY PROMINENCE TURBULENCE

W . van Tend

The Astronomical Inst i tute at Utrecht, Sterrewacht. Zonnenburg
2 . 3612 NL UTRECHT. The Netherlands.

Ahstrwr.t

The generation of magnetohydrodynamic waves in the corona by
the observed random motions in prominences is considered. The
associated energy input into the corona may be a significant
source of henting for the coronal loops overlying prominences,
especially during the onset of flares. Some relevant
observations are discussed.
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1 • I ntr nrli-irt:-Inn

The theory of coronal heating has concentrated on two
different mechanisms, namely wave heating and current heating.

In the wave heating theory the corona i s heated by waves
generated near the top of the convective zone (Leibacher,
1973). These waves develop into shocks when they propagate
upward (Kuperus . 1969). Ths shocks diss ipate mainly in the
chromosphere before reaching the corona. In the corona* heat
conduction seems the mpst probable damping mechanism for sound
waves (McWhirter et a l . . 1975).

Only one percent of the energy dissipated in the
chromosphere would suf f ice to heat the corona. The
observations however, indicate that the acoustic flux reaching
the coronal base i s too small to balance the coronal energy
losses (Vaiana and Rosner. 1978. Athay and White, 1976).

The current heating theory i s faced with other problems:
Joule diss ipat ion of currents i s very i n e f f e c t i v e , unless the
currants are concentrated in very thin layers and a turbulent
r e s i s t i v i t y applies (Rosner et al . , 1978). The case of hot
current sheets cooled by conduction was considered by Tucker
(1973), while the case of cool current sheets cooled by

radiation was treated by Somov and Syrovatskii (1979). The
theory of prominence equil ibria (Van Tend and Kuperus, 1978)
shows that currents do concentrate. The concentrations take
the form of cool prominences, leaving the corona i t s e l f with a
f i e l d that i s roughly po tent ia l . Thus i t seems d i f f i c u l t to
heat the hot corona by Joule .diss ipat ion in thin current layers
present in the corona i t s e l f .

In view of the d i f f i c u l t i e s which both these coronal
heating mechanisms encounter , i t i s the purpose of the present
paper to suggest a different heating mechanism. This may y ie ld
both a suf f i c i ent energy input and suf f ic ient diss ipat ion for
the loops overlying prominences. It i s of special importance
at the onset of f l a r e s .

For the discussion of this paper we dist inguish two
systems (the prominence and the corona) with.kinet ic energy
being transported from the f i r s t to the l a t t e r . The source of
the k inet ic energy i s the prominence, where energy i s stored in
the form of a nonpotential magnetic f i e ld (Van Tend and
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Kuperus, 1978). In the prominence the length scales are small,
due to the complexity of the local magnetic structure. In the
corona the length scales are large. In fact, this difference
of length scales is the most useful definition of the two
systems for the purpose of this paper. This definition need
not coincide with the observational definition of these
systems .

In the corona the magnetic field may often be approximated
by a uniform field. Here the usual types of MHD waves (Alfven
wave, fast and slow mode wave) can propagate. In the
prominence with its shorter length scales, disturbances can no
longer be described by these three modes, as the field can no
longer be considered as uniform on the scale of a wave length.

The coronal effects of the motions in the prominence can
be described to a first approximation by the generation of
waves by turbulence. The generation of waves by the
incompressible turbulence at the top of the convective zone is
very inefficient (Leibacher, 1973). The wave emission has a
quadrupole character in this case. In prominences however, the
appearance and disappearance of fine structure elements
indicates significant changes in the line of sight column
density. So compressible motions occur. The fine structure
elements may act on the surrounding corona as pistons (Parker,
1964). Equivalently such motion can be regarded as a surface
wave of the prominence-corona interface. While Ionson (197S)
and Wentzel (1979) considered direct damping of the surface
waves, Parker (1964) and the present paper are concerned with
the excitation of other types of waves by these surface waves.
Channeling of the excited waves along the magnetic field
increases the efficiency of their generation.

In Section 2 we discuss the generation of waves by the
turbulence observed in prominences. Such waves are damped in
the corona by heat conduction.

Section 3 considers some observations in the context of
this heating mechanism. Especially the preflare chromospheric
heating can be explained as caused by the enhanced turbulence
observed in activated filaments. The heating in this stage of
flare development may also relate to surge ejections. Also the
observed evolution of loop prominence systems is related to
t his model .

Section 4 evaluates the results of this paper.
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2 - C nrnrmi H put < nff h v Prnmi nanr.a T»r hu 1 anna

2 n1 T hn K 1 nr7 pic pnrl Kuoarup f 1969 ) Mnrlai

Kleczek and Kuperus (1969) considered the acoustic damping
of the horizontal oscillation of a prominence. The oscillation
is excited fay a flare disturbance that hits the prominence
during a time short compared to the prominence oscillation time
(10*sec). The oscillating prominence then emits sound waves

with a period equal to i t s oscillation period into the
surrounding corona. Energy is lost to the sound waves and the
oscillation damps on a time scale comparable to the oscillation
period. The amount of energy lost in these 103 sec is
^0a^f ergs. For a prominence surface area of 10 cm* the
energy loss to the corona by the emission of sound is thus
10"* ergs cm"2 sec"! Kuperus (1969) estimated the total coronal
energy losses per unit surface area of the coronal base to be
10s ergs cm"2 sec"! McWhirter et al . (1975) found three times
this value. Let us suppose for the moment that the effective
sound emitting surface area of the prominence and the surface
area of the base of the coronal volume influenced by the
prominence generated sound waves may be comparable in magnitude
because of the magnetic loop structure of the corona. Then the
damping of the flare induced prominence oscillation seems to
represent only a minor energy input to the corona.
Nevertheless some temporary heating in the higher corona may
result , since the estimate of coronal energy loss consists
mainly of losses near the coronal base.

The Kleczek and Kuperus (1969) mechanism applies only to
the flare induced coherent oscillation of a prominence as a
whole. Thus i t can nevar be a steady energy source for the
corona. In the following sections we will consider the
generation of waves by the small scale random motion which is
always present in prominences. This seems a more likely
candidate for a steady energy supply to the corona.

2 .2 Prnm-jnannp Strur.turn

The prominence data to be used in this paper have been
taken from Tandberg-Hanssen (1974, Chapter II) and Engvold
(1976).

We are interested in the generation of waves by the
randomly moving elements of prominences . Their typical size a
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8 3 a
is 10 cm. and their l i f e time is roughly 10 sec. We adopt 10
sec as a lower limit to the^time scale T of the motions. The
turbulent velocity v is 10 cm /sec. which is of the same order
as the sound velocity V in the prominence. The prominence
density <? w i l l be taken as 10~Bg/cmJ.

The electric currents present in prominences w i l l probably
be concentrated in current layers with sheared magnetic fields
and not in neutral sheets with a reversing f i e l d , since the
latter require a very large gas pressure in the center. Then
the magnetic f ie ld strength B in the prominence w i l l be of the
same order as the f ie ld strength in the surrounding corona in
order to maintain a pressure equilibrium in the magnetic f ie ld
dominated regime. Kleczek and Kuperus (1969) used a value B «
9 gauss for their high lying prominence. At this f ie ld
strength the Alfven velocity C - B /Y^TTJ' in the prominence is
in'cm/sec. For low lying prominences the f ie ld strength is 100f

gauss (Van Tend and Kuperus. 197B), which results in C « 10
cm /sec.

For the corona we adopt a sound velocity V of 10 cm/sec.
corresponding to a temperature 10* times as high as in the
prominence. For the lower corona we take a density J of 10"
g/cm3. At larger altitudes the density w i l l be one or two
orders of magnitude lower. The Alfven velocity C in the.corona
w i l l be 3.10*cm/sec at low altitudes and may drop to 10 cm/sec
at large alt i tudes.

I t is seen that in a l l cases discussed the Alfven velocity
is large compared to the sound velocity.

2 .3 Ganfirati nn p f Wm/ ryq

The prominence turbulence acts on the surrounding coronal
fluxtubes as a set of pistons, as shown for an analogous case
by Parker (1964). In this case monopole emission of waves can
occur. The penetration depth and the coherence length are of
the order of the size a of the turbulent elements. The
velocity amplitude is given by v , as inside the prominence.

Three types of waves can be generated by the prominence
turbulence, namely Alfven waves, fast mode waves and slow mode
w av es .
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Firstly we consider Alfven waves. These waves, when
excited, propagate along the field l ines , and they are
reflected at the discontinuity at the coronal base (Van Tend
and Kuperus . 1978). In a closed loop Alfven waves with a
wavelength larger than the loop length cannot be excited.
Using the lower limit to the time|oscale given in Section 2.2 we
find a wavelength X > C t •3.1D>>cm for the low corona. This
is large compared to the length of the coronal loops overlying
low lying prominences (about 3.10acm). Thus no energy can be
transfered to Alfven waves in the low corona.

In the high corona there is a possibility for the emission
of Alfven waves. Here the wavelength is smaller, as the Alfven
velocity is smaller, and the scale of the loops is larger.
Furthermore the prominence may border an open field line
structure (eg. the base of a streamer). Since Alfven waves
propagate ons-dimensionally. their energy flux P taken per unit
surface area of the source is given by (Lindsay. 1960):

P * f V 2 C , M l

This corresponds to monopale emission.
find P - 10sergs cm"*sec"l

For the high corona we

Secondly fast mode waves may be excited. These propagate
isotropically at the Alfven speed C. Their wavelength is
comparable to that found above far Alfven waves. As
propagation of fast mode waves is not restricted to the loop
direction, their generation is not suppressed by the boundary
condition. Since the propagation it; isotropic. and a << X •
an estimate of tha energy flux P taken per un:'t surface area of
the source is given by (Lindsay. 1960):

v2 C a2 / ( 2 )

This corresponds to dipole emission, which has a low efficiency
since a << X . Using values applicable for the low corona, we
find P K 30 ergs cm* sec*'. Compared to the coronal energy losses
(105ergs cnT'sec"') this is a very small value. In the high
corona P » 10 ergs cm* sec"1 i s found with similar physics.

Thirdly the pistonlike motion may generate slow mode
waves . These propagate almost one-dimensionally along the
field lines at the spaed of sound V, Their energy flux P taken
per unit surface area of the source i s given by (Lindsay.
1960):

v*V. ( 3 )

This corresponds to monopole emission. Using values for the
low corona we find P > 10sergs cnT'sec"1.
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2 .& Cnrnnmi Effpnta nf t ha V mi an

In the previous Section we have found that prominence
turbulence generates slow mode waves and. in the high corona,
also Alfvenswaves . _2 The energy flux in these waves is of the
order of 10 ergs cm* sec"!

According to McWhirter et a l . (1975) the slow mode waves
w i l l dissipate mainly by heat conduction with a damping length
1 given by:

22 2
10 n T /T.

where cgs-units are used. For a temperature T « 10 K. and a
density n • lÔ cm"? we find 1 - 10 cm in the low corona. In the
high corona the value may be one or two orders of magnitude
less. The value for the low corona is greater thai the length
of a coronal loop . However the slow mode waves will reflect at
the transition region, where a jump in J> V occurs (Lindsay.
1960). as will be shown in the following. In the corona V is a
factor of, 10 higher than in the chromosphere, while q is a
factor 10 lower than in the chromosphere. Hence the change in
% V is a factor of 10. The coronal slow mode wavelength > -
V -c * 109 cm is large compared to the transition region
thickness (108 cm). Thus the transition region can indeed be
considered as a discontinuity.

In the prevailing conditions where the Alfven velocity is
large as compared with the sound velocity the slow mode wave is
decoupled from the Alfven and fast mode waves, since the former
is polarized parallel to the field, while the latter two are
polarized perpendicular to the field (Stein. 1971), Thus the
slow mode wave reflects in the form of a slow mode wave. So it
is confined to one coronal loop. Under these circumstances it
is more appropriate to use a damping time t instead of a
damping length 1. This time is given by t« 1/V , and has a
value of 10'sec in the low corona.

As to the Alfven wave, this cannot be damped by heat
conduction, since it is incompressible and thus not associated
with temperature variations. At the transition region however,
part of the energy can be reflected as a fast mode wave (Stein.
1971). This wave is compressible and consequently it can be
damped by heat conduction. On the other hand Alfven waves in
open structures can directly transfer momentum to the solar
wind (Belcher and Olbert. 1975). They can also be damped via
coupling to slow mode waves (Uchida and Kaburaki. 1974).
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3 . Pis nuss Inn

3 .1 C nrnrmi Struntura

When Alfven waves and are confined to coronal loops, the
coronal temperature and density structure is outlined by these
loops . Furthermore the heat deposited by the damping of the
waves will be distributed over the volume by heat conduction.
In the corona heat conduction is also confined to the magnetic
field direction. This is a further and more important
constraint which forces the coronal temperature and density
structure to coincide with the magnetic structure. The
qualitative treatment of the curonal structure observable as
filaments, filament cavities and overlying coronal loops given
by Van Tend and Kuperus (1978, their Section 4.1) has to be
modified somewhat in view of the results of the present paper.

Van Tend and Kuperus (1978) assumed that the corona was
heated by Alfven waves propagating into the loops from the
photosphere. The enhancement of the energy content of the
loops was ascribed to the larger wave flux in the compressed
fields above a prominence. In the context of the present paper
it seems that the enhancement of these loops is also due to the
fact that they are receiving more wave energy from the
underlying orominence than other parts of the corona. The
arguments of Van Tend and Kuperus (1978) concerning heat
conduction and scale heights in various structures remain
valid. Van Tend (1979a) showed that net coronal currents,
possibly associated with a prominence, were expected to
influence the coronal structure especially close to minima in
the photospheric field strength near the neutral line. The
present paper confirms that the loops with the highest wave
energy density, which will probably be most conspicious in
X-rays, occur at these same locations.

As to coronal holes, the absence of prominences in the
unipolar regions with which they are associated will cause a
diminished input of wave energy there. Only the scattering of
Alfven waves to fast mode waves at the transition region can
provide a mechanism for the transportation of wave energy
across the field lines into coronal holes. Whether this is a
sufficient energy source for coronal holes, or whether some
additional energy input has to be invoked there, remains to be
seen .

3 .2 C nrnnul Enarnv B»l»nrn
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There is considerable uncertainty in the estimate of the
coronal volume which is heated by prominence generated sound
waves. For the exactly horizontal background f ie ld assumed by
Van Tend and Kupsrus (1978, Figure 1) this volume is in f in i te .
On the other hand, for a loop which has a l l i ts f ie ld lines
anchored close to the neutral l ine , the width of the coronal
base area heated may not be larger than the penetration depth,
of the prominence fine structure elements into the corona (10B

cm). As a compromise we may adopt that the base area of the
coronal volume reached by the heating mechanism is comparable
to the surface area of the prominence-corona interface. (This
has already been assumed for the discussion of Section 2.1 . )
Then the input of wave energy with a flux of 10 ergs cnf*sec~'at
this interface compares favourably with the energy loss of 10
ergs era"' sec"1 per unit surface area at the coronal base,
estimated by Kuperus (1969). MeWhirter et a l . (1975) estimated
this loss at 3.10Bergs cm" sec"! In view of the uncertainties
involved, such a value cannot be considered as incompatible
with the energy input model suggested in this paper. Energy
losses in active region loops probably exceed these estimates
for the mean corona. Then a larger rat io of the prominence
surface to the coronal base surface would be required.

3 .3 P r a f i w Tnrhii 1 nnr.o m nri Hunt ̂  nrj

Some 10 sec before the onset of a chromospheric f lare the
turbulent velocity in the overlying filament increases by a
factor of 10 or even more (Bruzek. 1968). The energy flux
transferable to the corona increases by a factor 102by the
increase of v z . according to the equations (1 ) . (2) and (3 ) .
The additional wave dissipation w i l l increase the coronal
temperature and i ts sound velocity, which is proportional to
the square root of the temperature. Hence also the scale
height, which is proportional to the temperature, and hence the
density w i l l increase, causing an even larger coronal energy
f l u x , as is seen from equations (1 ) . (2) and (3 ) .

Slow mode waves travel the distance of 10 cm from ;he
prominence to the coronal base in 10*sec, which is smaller than
the damping time t . Some 10* sec before the flash phase of the
f lare a preflare chromospheric brightening is observable
(Martin and Ramsey. 1972). We suggest that this brightening is
the almost instantaneous result of the dissipation near the
coronal base of part of the additional wave flux caused by the
increased prominence turbulence. The time needed for the
dissipation of the waves is 10* sec according to Section 2.4 .
On this same time scale the corona w i l l reach an isothermal
state , with a higher temperature, by heat conduction (Van Tend,
1979b). The delay time of 10* sec between the onset of
prominence turbulence (accompanied by a small preflare
brightening) and the flash phase of the f lare strongly suggests
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that the chromospheric flash phase is a response to the
increased coronal temperature, which causes an increase of the
downward conductive flux .

The response of the lower transition region to small
increases in the coronal temperature takes the form of spicules
(Van Tend. 1979b). Surges may be a similar effect of the large
coronal temperature increase, associated with the turbulent
flare heating of the corona. Kleczek and Kuperus (1D69)
estimated the energy of a surge to be 10**ergs. Indast* this
energy is provided by a prominence surface area of 10 cm2over
10ssec, i f the energy flux is increased by a factor of 10*(as
mentioned at the beginning of this Section) above the normal
value of 10sergs cm"lsec~'.

3 .A L nnn PrnnH i

Van Tend and Kuperus (1978) considered the rise of a
current as the main instability of a solar flare. As the
current rises, the turbulent region associated with it, will
come into contact with progressively higher coronal loops.
These loops will subsequently be heated by the mechanism
described in this paper. We identify newly heated loops with
the bright mound found on top of a loop prominence system
(Bruzek. 1968). As the heating continues, heat will be
conducted down to the transition region. This will lead to an
upward supply of matter, analogous to the spicule model
discussed by Van Tend (1979b) and the surge model treated in
the previous subsection. This is the same as the evaporative
cooling of Antiochos and Sturrock (1978). The relatively cool
gas that evaporates into the corona will form a new loop
prominence. Meanwhile the current will continue to rise beside
it , creating a new mound. This cycle will continue for some
t ime .

The observed scale height of the material in a loop
prominence is larger than the scale height that would
correspond to the temperature of the gas in it. As the loop
extends parallel to the field lines this material cannot be
supported by Lorentz forces, which can act only perpendicular
to the field. So the loop prominences must be ballistically
supported. This underlines the analogy with spicules (Van
Tend, 1979b). There the matter rises over only a small
fraction of the magnetic loop, since the driving coronal
temperature perturbation is much smaller in this case.

4 . C nnniurU nn R nitmr-lfs
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We have shown in this paper that waves generated by the
turbulence in prominences and damped by heat conduction can
provide energy to the coronal loops overlying prominences. The
increased turbulence observed before flares may cause
chromospheric heating and surges. We stress that our model
does not apply to normal chromospheric heating. The
chromosphere is probably heated sufficiently by waves
originating from the photosphere. The model is also not
directly applicable to coronal holes . which do not contain
prominences .

The mechanism suggested here can be regarded as a kind of
combination of the two heating mechanisms mentioned in the
introduction. In our theory the corona is heated by the
conductive damping of sound waves . By locating the turbulent
source of these waves above the transition region i t is
possible to avoid the di f f icul t ies of wave propagation and
damping in the chromosphere, which occur in the case of a
corona heated by a photospheric source of waves. The source of
the prominence turbulence w i l l be magnetohydrodynamic processes
driven by the prominence currents. So currents form the
ultimate energy source, though not necessarily through
resistive processes.

We have not touched in any detai l upon the problem of the
energy supply to and the generation of the observed turbulence
in prominences . or i ts increase before flares . As a follow-up
of the present paper, which treated the damping of the
turbulence in prominences, a forthcoming paper w i l l deal with
its origin (Van Tend. 1979c).
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THE ORIGIN OF RANDOM MOTIONS IN PROMINENCES

w. van Tend

The Astronomical In s t i tu t e a t Iftrepht, Sterrewacht, ?onnenburg
2 . 3512 NL UTRECHT. The Netherlands.

Abstract

Different Mechanisms for the generation of motions in
prominences are considered. The dynamics of the prominence is
schematized by a set of modes with potentials Including
oscillatory and unstable behaviour. A relation between current
build—up and the generation of turbulence is suggested. Large
scale instabilities may drive the increased preflare small
scale turbulence.
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Introduction

In prominences random motions with velocities larger than
those of systematic motions are observed (Tandberg-Hanssen,
1974). Thus the prominence turbulence is not driven by the
energy of the large scale motion. A prominence looks like a
turbulent fluid, rather than a turbulent flow (Tennekes and
Lumley. 1<?72).

Acoustic radiation into the corona is a damping mechanism
for the turbulence (Van Tend, 1979a). The generation of the
turbulence constitutes the subject of the present paper. The
ensrgy source is probably magnetohydrodynamic in origin, as the
prominence is a concentration of electric currents (Van Tend
and Kuperus, 1978).

Section 2 considers the equilibria and the development of
possible perturbations. We consider both the global structure
(Van Tend and Kuperus, 1978) and the internal structure of a
prominence. A general classification of equilibrium situations
is given.

In Section 3 the generation of motions relating to
perturbations of equilibria is treated. Three types of
perturbations are considered; the pulse response, the effect of
a shift of the equilibrium position, and the development of an
equilibrium situation which is close to an instability point.

Section 4 applies the results to both quiescent and
activated prominences.

Section 5 summarizes the main conclusions.

Because of the complexity of the actual situation the
treatment has to be schematic. The cases treated are
illustrative, rather than realistic. The results obtained in
this way are intended to describe the general properties of the
system under consideration without requiring the detailed
specification of the actual structure (cf. zeeman, 1977, eg. p.
293 ff.).
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2 , The Dynamics of Prominences

2.1 Large S cale gquilibria

Van Tend and Kuperus (1970) and Van Tend (1978a)
considered the global equilibrium of a prominence current. The
equilibria found are represented in Figure 1. In the Van Tend
and Kuperus (1978) model the current I/c represents the control
variable X . and the height h of the current represents the
behaviour variable A. Graphs of the potential energy E as a
function of A at several different values of \ are given in
Figure 2 (cf. ?eeman, 1977). It is seen that those branches in
Figure 1 at which \ is an increasing (decreasing) function of
A are stable (unstable). A sudden Jump from one stable branch
to the other occurs when X rises to the
value Xtj (associated with . A( ) or falls to the
value X, (associated with A ).

The lower stable branch of the Van Tend and Kuperus (1970)
model represents prominences with an equilibrium determined by
Lorentz forces only. The upper stable branch represents
equilibria for which gravity is important. When this branch is
extended towards greater heights taking into account curvature
effects, another fold curve l ike Figure 1 is found (Van Tend.
197flb, 1979b). In this case the flux parameter b of Van Tend
(1978b. 1979b) represents \ . while the height (denoted in
this case as R) represents A, The. properties of stabil ity and
jumps are the sane as treated above.

The horizontal equilibrium of a prominence was treated by
Van Tend and Kuperus (1978). The direction of the background
field determines the direction of the current that can be
located stably above a certain neutral l ine . The potential
energy E as a function of the horizontal coordinate A for this
case is shown in Figure 3.

While .the models described sofar apply to prominences.
Birn eifc a l . (1970) used a similar formalism for force free
f ields.

2.2 Internal Structure

The models of Van Tend and Kuperus (1979) and Van Tend
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Equilibrium relation between the control rariable X and
the behaviour variable A.
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(1978a. 1978b. 1979b) did not consider the internal structure
of the prominence in any detail. In the prominence field
parallel to the current will be of importance for achieving a
local balance of forces . Such fields can be caused by
photospheric current systems, or by current systems which
formed in the corona during prominence formation.

Modelling the internal structure in detail seems a
forbidding task, in view of the prominence fine structure and
turbulence. Therefore we use a more schematic approach which
is sufficient for our purpose. We assume that it is possible
to distinguish a number of modes of oscillation of the interior
of the prominence. Each of these modes can be represented by
an energy diagram of one of the types shown in Figure 2 and 3.
A minimum in these curves indicates a stable equilibrium, and a
maximum indicates an unstable equilibrium. Due to external
influences the energy diagram of a mode can change. This can
be represented by a change of the control variable of
Figure 1 .

The oscillations will be damped, e.g. by acoustic
radiation into the corona (Van Tend, 1979a). So to explain the
continuous presence of motions, forces driving the oscillators
should be found. This will be the subject of the next Section.

3 . T ha G nnsruti nn n f lint H nna

We distinguish two types of systems by their location in
Figure 1 , namely stable systems located at some distance from
the points where jumps occur (Sections 3,1 and 3.2). and
systems close to these points (Section 3.3). For the f i r s t
type two kinds of external influences are distinguished:
f i r s t l y the excitation of motion (periodically changing A) at
constant X (Section 3.1), and secondly the shift ing of the
stable equilibrium position in A by a change of X (Section
3.2).

3 .1 Pu I B P R pan nnsp

The disturbance by a force acting during a time short
compared to the oscillation time can transfer energy to the
oscillator (Landau and Lifschitz , 1976). This property was
used by Kleczek and Kuperus (1969) in their model of the
horizontal oscil lation of a prominence as a whole, excited by a
flare shock wave. Note that the passage of the shock does not
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alter the equilibrium position of the prominence, as the shock,
when fallowed by a wake, does not represent a net current. The
disturbances that excite a mode of oscillation of the interior
structure of a prominence may originate from an instability in
some other mode.

Another possibility for energy transfer from one mode to
another is coupling of the oscillators. In this case one
oscillator is driven by a periodic force at the expense of the
energy of the other.

The processes described in this subsection do not create
kinetic energy out of other forms of energy. Only a transfer
from one mode to another occurs.

3 .2 S hi f t n f t ha SI -thr-lum PnH-HMnn

The shift of the equilibrium position of a harmonic
oscillator can be interpreted as the switching on of a force,
constant in space, to be added to the forces resulting from the:
original oscillator potential well (Landau and Lifschitz .
1976). Whether a shift of the equilibrium position, which i t
equivalent to a change of A in Figure 1 . causes oscillations,
depends upon the length of the switch-on time. In general the
amplitude of the oscillation and consequently the energy
tranfer is greatest for switch on times short compared to the
oscillation time. For switch-on times long compared to the
oscillation time l i t t l e motion results.

For instance, flare energy build-up is not a continuous
process , but i t is concentrated in bursts for example with the
time scale of 10*sec found in macrospicules (Van Tend. 1979c).
Thus the switch-on time of the shifts of equilibria due to the
increase of the prominence current by this process may be small
as compared with some oscillation times found in the
prominence.

3 .3 T natwh't'H-fci as

The jumps occurring at some speci f ic values of A . are
also tr iggered by a change in X . A s the osc i l l a t ion period
tends t o i n f i n i t y at these values, motions are excited for any
switch-on time in analogy with Section 3 . 2 . I t can be seen
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A different example, shoving the run of the potential
energy E of a proainence current as a function of its
horizontal position A in a background field.
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from Figure 2 that the further development wi l l result in an
oscillation around the other equilibrium value of A at the same
value of A . The potential energy difference between this
equilibrium and.the original position is the energy released in
the instability.. This energy is converted into the energy of
the oscillation. I f the potential energy well at the original
position is higher than on the .other side, an unbound system
results, as A can reach inf in i ty . Of course other barriers may
occur to prevent th is . An example of an evidently unbound
system is the large scale instability associated with coronal
transients (Van Tend. 1978b. 1979b).

An example of a possible instability in the internal
structure of a prominence might be the instability of a current
layer treated by Birn et al . (1978). The boundary conditions
of the current layer, which are determined by the equilibrium
at a larger scale, may change in such a way as to make the
current layer go unstable.

Another example showing many subsequent instabilities in
the internal structure of a prominence in statu nascendi might
be the ordering of f ibr i ls observed by Smith (1968) and
interpreted by Van Tend and Kuperus (1978).

4 . D isn/ss inn

As several examples of applications to large scale
dynamics of flares and prominences have already been given in
the previous Sections we wi l l restrict ourselves to the small
scale dynamics in the following.

E narijv B wiwnr.a n f lint inns

As neither the detailed modes of oscillation of a
prominence nor the small scale forces acting on them are known,
an estimate of the energies involved can be obtained only as a
rough order of magnitude estimate. We use two methods for
this .

3 , Firstly a flare constitutes a global instability releasing
10 ergs of energy . This energy is being stored in the
prominence over a time of about 10 sec (Van Tend and Kuperus,
1978. Van Tend. 1979c). We assume that during that build-up
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time a similar amount of energy is released in the active
region in the form of small scale motions (directly by the
mechanism of Section 3.2, or, after having been stored for some
time, by the mechanism of Section 3 .3 ) . Then the energy input
into the motions is 10*ergs/sec. This energv may ultimately
heat the corona, which loses an energy of 10 ergs cm"2 sec"'per
unit time per unit surface area of i ts base (Van Tend, 1979a).
Thus a coronal volume with a base, area of 10**cmzcould be heated
by means of prominence turbulence. This base area is somewhat
larger than the surface area of the active region.

Secondly we consider energy losses by acoustic radiation
as a starting point . For a prominence surface area of lO^cm*,
and an energy loss by acoustic radiation of 10*ergs cm ŝec"1 (Van
Tend, 1979a). lO^ergs/day in the form of prominence turbulence
should be generated. For comparison we note that at a mean
f ie ld strength
energy, of
volume •

of 30
3.10*s cm3, which

gauss . 10* ergs represents the magnetic
is approximately the prominence

Thus the energy requirements for flares and prominence
turbulence may indeed be of the same order.

Howard and Svestka (1978) found that loop brightenings in
active regionswere loosely associated with f lares. This may
indicate that the f lare build-up process indeed continuously
generates prominence turbulence, which in its turn may heat
coronal loops (Van Tend, 1979a). Then the brightenings are
caused by the f lare build-up and not directly by the f lares,
explaining the looseness of the association between flares and
loop brightenings.

A .2 Prpfiiirp Tnrhu 1 pnr.p

We now consider the effect of the large scale instabi l i ty
associated with the eruption of a prominence (possibly
associated with a f la re ) on the small scale modes. The
eruption of the prominence w i l l cause a shi f t of the
equilibrium positions of i ts inter ior osci l lat ion modes. I f
the eruption is faster than the osci l lat ion time of these, then
energy is fed into the internal modes, causing the observed
enhanced turbulence (cf . Section 3 . 2 ) . Van Tend (1979a) showed
that this enhanced turbulence could give r ise to the heating in
the actual f l a r e .
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Even before the actual eruption occurs shifts in
equilibrium positions may occur, as shown in the following. I f
we assume a constant rate of increase of the control
Parameter X associated with the large scale dynamics . the
rate of change in the corresponding A is larger near the top of
the stable branch (associated with A,and Xy ) than before
(Figure 1) . Hence more energy is fed into the small scale
oscillations near the top of the stable branch than in i ts
linear part .

The increased excitation of oscillations before a f lare
may relate also to the coherent preflare oscillations observed
by Tanaka (1974). Even i f the oscillations are not real at
other times (cf. the discussion at the end of that paper), the
larger amplitudes occurring before a flare according to our
model support the interpretation of the observations as an
oscillation just before the f lare .

R . C nnr.iuw Inn

We have shown that the shifts of the equilibria of the
internal modes of oscillation of a prominence may generate
motions, which are observed as prominence turbulence. For this
mechanism to be effective the shift needs to take place within
a short time interval. The release of energy from
instabilities of the internal modes may also be important, but
its detailed consideration is not possible, due to our
incomplete knowledge of the properties of the internal modes.
Kinetic energy released by these two processes may drive other
modes by energy transfer. Also external sources, l ike shocks,
may drive motions in prominences.
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SAMENVATTING

Een zonnevlam is een plotselinge energieomzetting op enige
hoogte boven het zonsoppervlak. Hierbij is in een tijd van
enkele minuten binnen een gebiedje met een afmeting van een
paar duizendste zonsstraal evenveel, energie betrokken als de
hele zon in een sekonde uitzendt. Voordat de zonnevlam
optreedt is deze energie opgeslagen in magnetiese velden;
tijdens de vlam wordt zij omgezet in bewegingenergie van wolken
en slierten koel gas, in inwendige energie van zear heet gas,'
en in de energie van bijna met de lichtsnelheid bewegende
deeltjes. Deze deeltjes zijn in ons betoog geheel buiten
beschouwing gelaten; zij lijken niet rechtstreeks bepalend voor
het overige verloop der gebeurtenissen.

Deze eenvoudige omschrijving van een zonnevlam als een
plotselinge omzetting van een grote hoeveelheid magnetiese
energie gaat voorbij aan tal van waargenomen verschijnselen die
met de zonnevlam samenhangen. Doordat de waarnemingen ons
zowel het verloop van de gebeurtenissen in de tijd als de
ruimtelijke verschillen tonen, zijn over zonnevlammen meer
gegevens beschikbaar dan over de meeste andere onderwerpen waar
de sterrekunde zich mee bezig houdt. Oe grote rijkdom aan
waarnemingen biedt een goede houvast voor de theorie zoals die
in dit proefschrift is ontwikkeld.

*.

£"

Het proefschrift heeft drie ingangen. Oe eerste, die
leidt tot een uiteenzetting over de opslag en de vrijmaking van
magnetiese energie is hoofdstuk 1. De magnetiese energie voor
de vlam is in de zonnekorona (het hoogste deel van de dampkring
van de zon) aanwezig in de vorm van een gedeelte van een
elektriese stroomkring. Wanneer de grootte van de stroom die
door deze kring loopt, toeneemt, wordt ook de hoogte van de top
van de kring groter,
doordat gelijkgerichte

Dat de stroom echt kan toenemen, komt
stromen ontstaan door veldvervormingen

in de omgeving. De gelijkgerichte stromen trekken elkaar aan.
en klonteren vervolgens samen. Op een bepaalde hoogte kan de
stroomsterkte niet meer groter worden zonder dat er een
plotselinge overgang naar een veel grotere hoogte optreedt. Oe
neerwaartse kracht die op de oorspronkelijke hoogte door het
omringende magneetveld werd uitgeoefend, was daar namelijk niet
meer in staat de opwaartse kracht op te heffen, die afkomstig
was van de afstoting tussen het onderste en het bovenste deel
van de stroomkring - in die twee delen zijn de stromen
tegengesteld gericht. Op een veel grotere hoogte kan wel weer
een evenwichtsstand bereikt worden, waarbij nu de zwaartekracht
de voornaamste neerwaartse kracht is. Deze plotselinge
verandering in de hoogte waarop de stroomkring zich bevindt.
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vatten we op als het voornaamste zonnevlamverschi jnsel, Pij de
hoogteverandering wordt magnetiese energie (uit de stroomkring)
omgezet in bewegingsenergie.

Het is een bekend waarneminggegevBn dat zonnevlammen en de
gasslierten die voor de vlam aanwezig zijn,' en die samenhangen
met de genoemde elektriese stroom, alleen voorkomen bovsn de
grenzen tussen gebieden met een tegengesteld gericht
magneetveld. In hoofdstuk 1 wordt ook aangetoond dat dit de
enige te verwezenlijken evenwichtsplaats is, gegeven de
krachten die het achtergrondmagneetveld uitoefend.

Hoofdstuk 2 geeft een
hoofdpunten van hoofdstuk 1.
hoofdstuk 4.

bondige uiteenzetting van de
Hoofdstuk 3 doet hetzelfde voor

In hoofdstuk 4 wordt de grote stroomkring, onderzocht
waarvoor de zwaartekracht de neerwaartse kracht is. Rij deze
grote stroomkringen moet rekening gehouden worden met de
kromming van de stroomkring en van het zonsoppervlak, die in
hoofdstuk 1 verwaarloosd konden worden. Ook de grote
stroomkringen kunnen op een bepaalde hoogte weer niet langer op
hun plaats gehouden worden. Doorgaans zal dan de top van de
stroomkring met de bijbehorende gassliert in de ruimte
verdwijnen. Oit verschijnsel wordt waargenomen als de
zogenaamde koronale doorloper.

Een aantal latere hoofdstukken gaat dieper in op punten
die in hoofdstuk 1 naar voren zijn gekomen. Zo werd in
hoofdstuk 1 enkel een bepaalde hoogte gevonden waarop de
uitbarsting komt. In werkelijkheid echter zullen er in een
magneties gebied op de zon een aantal zwakke punten zitten ;
waar uitbarstingen kunnen ontstaan. In hoofdstuk 5 worden deze
punten opgespoord. Er blijkt dat het aantal zwakke punten
overeenkomt net het aantal buigpunten in de grenslijn tussen de
gebieden met tegengesteld gerichte magneetvelden. Uit de
waarnemingen is dit aantal buigpunten een goede vlamvoorspeller
gebleken. Dit ondersteunt de vermoedens dat de hier bekeken
stroomkringen inderdaad rechtstreeks met de zonnevlam te maken
hebben.

Hoofdstuk 7 gaat nader in op de manier waarop de stroom in
de kring langzaam groeit. Een magneetveld waarin een
dergelijke stroom zit opgesloten ontstaat wanneer aan de grens
tussen de twee tegengestelde magneetvelden herverbinding van
veldlijnen plaatsvindt op de hoogte van het zonsoppervlak.
Voor die herverbinding is een stroming nodig die het veld van
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twee tegengestelde veldbuizen naar die grens brengt. De in dit
hoofdstuk besproken gang van zaken verschilt een beetje van die
die in hoofdstuk 1 werd voorgesteld. Daar werd gedacht aan
herverbinding van veldlijnen tussen een reeds aanwezig
magneties gebied en een nieuw tegengesteld magneties gebied
daarbinnenin. Deze herverbinding kan zowel aan het oppervlak
als daarboven plaatsvinden. Dit laatste gebeuren zal vooral in
de vroege levensfase van een groot, ingewikkeld magneties
gebied plaatsvinden, terwijl dat van hoofdstuk 7 laat in de
ontwikkeling belangrijk wordt.

Ook hoofdstuk 11 handelt over de rol van het magneetveld.
De plotselinge overgangen in hoogte die in de hoofdstukken 1
tot en met 4 werden behandeld, voltrokken zich op de grootste
schaal van het gebied dat we bekeken. Op kleine schaal zullen
ook plotselinge overgangen van de ene toestand naar de andere
plaatsvinden. Vanwege de kleinere afmetingen is daar minder
energie bij betrokken. Wel zullen er zo allerlei wanordelijk
lijkend« bewegingen ontstaan. Wanordelijke bewegingen worden
ook inderdaad waargenomen in da koele gasslierten boven da
grens tussen gebieden met tegengesteld gerichte magneetvelden.'
De snelheid van die bewegingen neemt .vlak voordat de
uitbarsting op grote schaal begint sterk toe. Ook dat wprdt in
hoofdstuk 11 verklaard, zij het slechts in grote trekken.'

Wat we tot nu toe besproken hebben, . had allemaal
betrekking op de rode draad van het proefschrift. Maar er zijn
nog twee ingangen. De ene is hoofdstuk 6 dat handelt over het
verVal van magnetiese veldbuizen aan het zonsoppervlak/ de
andere is hoofdstuk 8, dat de energie uitwisseling van de korona
bekijkt.

In hoofdstuk 6 wordt de vervalsnelheid van veldbuizen aan
het zonsoppervlak afgeleid. Deze wordt gevonden uit de eis dat
het inwendige van de buis zich in dezelfde tijd weer opnieuw
moet instellen als waarin de grenslaag tussen de buis met
magneetveld en de omgeving zonder magneetveld verandert. Er
wordt verder nog aangetoond dat rondom een vervallende veldbuis
een uitstroming aanwezig is. Deze stroming voert magneetveld
af naar de grenslijn tussen tegengestelde magneetvelden. Zo
wordt de aansluiting met de eerdergenoemde rode draad weer
gevonden in hoofdstuk 7.

Het derde onderwerp dat in dit proefschrift ter sprake
komt, is de verhitting van het gas van de korona. Allereerst
wordt in hoofdstuk 8 gekeken naar energiewinsten en verliezen
die de korona ondergaat bij verandering van haar druk en
temperatuur. Als de korona een energieoverschot afstaat,
blijkt dit een soort gasfontein te kunnen aandrijven vanuit de
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onderliggende laag, die de warmte opneemt. ?ulke fonteinen
worden ook inderdaad waargenomen. In beginsel kunnen
dergelijke fonteinen voor alle waarden van de temperatuur van
de korona optreden. Het is dus niet mogelijk zo een bepaalde
waarde voor de temperatuur van de korona af te leiden.

Hoofdstuk 9 gaat verder door op het verschijnsel van de
gasfonteinen. De kleine kunnen verklaard worden zoals in
hoofdstuk 8 is beschreven. Grotere zijn echter een soort
kleine zonnevlammetjes. Zij zijn te zien wannser op de grens
van tegengestelde magneetvelden een wolk gas door magnetiese
krachten wordt weggeschoten.

Hoofdstuk 10 tenslotte stelt een nieuwe manier voor,
waarop energie aan de korona toegevoerd zou kunnen worden. Bij
da wanordelijke beweging in de koele gasslierten, die in
hoofdstuk 11 besproken wordt, ontstaan allerlei golven. De
belangrijkste blijkt een soort geluidsgolf te zijn, die zich
langs het magneetveld voortplant. Door demping staat de golf
zijn energie af aan de korona. Vanneer nu vlak voor de grote
zonnevlamuitbarsting de wanordelijke beweging in een gassliert
sterk is toegenomen,' neemt zo ook de energieinvoer naar de
korona toe. Op deze wijze kan hejb ontstaan van heel heet gas
bij een zonnevlam verklaard worden.
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LEVENSLOOP

De schrijver van dit proefschrift werd geboren op 15
mei 1954 in nosterbeek. Hij groeide op in Renkum. Vanaf
1966 bezocht hij de Rijksschalengemeenschap te «Tsgeningen,
alwaar hij in 1972 het diploma Gymnasium-beta (oude stijl)
behaalde. In hetzelfde jaar begon hij de studie in ds wis-,
natuur- en sterrekunde aan de Rijksuniversiteit te Utrecht.
In juli 1974 behaalde hij het kandidaatsexamen natuurkunde
en wiskunde met sterrekunde als bijvak (NI, cum laude), in
april 1975 gevolgd door het kandidaatsexamen wiskunde met
natuurkunde als bijvak fV3, cum laude). Het doctoraalexamen
algemene sterrekunde met als bijvakken wiskunde en
theoretiese natuurkunde werd afgelegd in september 1976 (cum
laude).

Voorafgaand aan het hier beschreven onderzoek naar de
opbouwfase van de zonnevlam, dat midden 1977 werd begonnen,
werkte hij vanaf 1975 aan onderzoeken over verschillen in de
differentiële rotatie van de zon, over extragalaktiese
dubbele radiobronnen en over het massaverlies van
melkwegstelsels.

Bij zijn werk aan de sterrewacht te Utrecht is hij van
februari tot december 1977 in dienst geweest van de
Rijksuniversiteit te Utrecht, terwijl hij hierbij vanaf
januari 1978 in dienst is van de Nederlandse Organisatie
voor Zuiver-Vfetenschappelijk Onderzoek.
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STELLINGEN

behorende b i j het proefschrift

Magnetohydrodynamic and Thermal Processes
in Solar Flare Energy Build-up and Release

1. De filamentuitbarsting is de kern van het zonnevlamgebeuren .

Dit proefschrift .

2. Het protuberansmodel van Malville is een bijzonder geval van
dat van Anzer en Tandberg-Hanssen. Dit laatste is een
generalisatie van het Kippenhahn-Schlueter-model .

U . Anzer: 1978. p . 322 in : E . Jensen. P . Maltby en F . Q .
Orrall ( red . ) . Physics of Solar Prominences, Oslo.

U. Anzer en E . Tandberg-Hanssen: 1970, Solar Phys . J_3 . 6 1 .

R . Kippenhahn en A . Schlueter : 1957. Z . Astrophys . 4J3. 36.

3. In tegenstelling tot de behandeling in het aanhangsel b i j het
ar t ike l van Kuperus en Raadu kan het magneetveld binnen de
filamenten waarop hun theorie betrekking heeft, niet krachtvrij
z i j n , want dan kunnen die filamenten niet ondersteund worden.

M, Kuperus en M, A, Raadu: 1974, Astron. and Astrophys.
i j . 189.

4. De begintoestanden van de berekeningen van Sakurai kunnen
alleen ontstaan doordat een achtergrondmagneetveld of de
zwaartekracht de getwijnde veldhuis tot een bepaalde krit iese
hoogte s tab i l iseer t . In latere ontwikkelingsfasen van een
protuberansuit barst ing mogen deze twee factoren soms inderdaad
verwaarloosd worden.

Dit proefschrift.

T . Sakurai: 1976, Publ . Astron. Soc. Japan 23 • 177.

5. De resultaten van de numerieke berekeningen van Sakurai kunnen
ook ui t een eenvoudige natuurkundige beschouwing gevonden
worden .

T . Sakurai: 1976. Publ. Astron. Soc. Japan £J}. 177.

6. Wanneer de turbulente druk verwaarloosd wordt, b l i jk t het
magneetveld reeds b i j een geringe veldsterkte uit de
konvektiezone naar het zonsoppervlak op te stijgen door de
Archimedeskracht . Het wel in rekening brengen van turbulentie



leidt tot een model waarbij het veld lang genoeg onder het
oppervlak b l i j f t om voldoende versterkt te worden.

C. Zwaan: 1978. Solar Phys . 6_D . 213.

7. De beweging van het zwaartepunt van een zonnevlekkengroep wordt
grotendeels bepaald door groei en verval van afzonderlijke
vlekken. Os zwaartepuntsbeweging is daardoor niet geschikt
voor het bestuderen van snelheidsvelden en differentiële
ro ta t i e .

F. Ward: 1965. Astrophys . J . JJJ . 534.

F . Ward: 1966. Astrophys . J . 145- 416.

R. J .Rut ten . C . Zwaan en W. van Tend: 1979. kollege
fotosferiese snelheidsvelden.

8 . Het breukenpatroon aan het oppervlak van Mercurius kan zeer
eenvoudig verklaard worden wanneer de rotatiesnelheid van de
planeet in de loop van z i jn geschiedenis is afgenomen.

W . van Tend: 1979, Zenit . in druk.

9 . Bij het verklaren van waarnemingen is de sterrekundige veelal
gedwongen zich te beperken tot een zeer ruwe benadering: deze
ruwheid steekt schril af tegen het f i jnzinnig vernuft van de
ontwerpers en bouwers van de instrumenten waarmee de
waarnemingen gedaan worden.

10. B i j de diskussie over het bijvak wiskunde voor studenten in de
natuur— en sterrekunde wordt er onvoldoende rekening mee
gehouden dat het bestuderen van bepaalde stukken zuivere
wiskunde de denkvaardigheid sterk vergroot.

11. Aangezien universiteiten en andere onderzoeksinstellingen
steeds meer de nadruk leggen op vastomlijnde Projekten, zal de
echt baanbrekende wetenschap in de toekomst weer door
onafhankelijke onderzoekers gedaan worden.

W.van Tend 19 november 1979
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