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Abstract. The theoretical conscquences of assuming that a current flows along flaring arches consistent
with a twist in the field lines of thesc arches are examined. 1t is found that a sequence of
magneto-hydrodynamic (MHD) and resistive MHD instabilitics driven by the assumed current (which
we refer to as the toroidal current) can naturally explain most manifestations of a solar flare.

The principal flare instability in the proposed model is the resistive kink (or tearing modc in arch
geometry) which plays the role of thermalizing some of the field energy in the arch and generating
X-configured neutral points needed for particle acceleration. The differcnce between thermal and
nonthermal flares is clucidated and cxplained, in part, by amplitude-dependent instabilities, generally
referred to as overlapping resonances. We show that the criteria for the gencration of flare shocks
strongly depend on the magnitude and gradient steepness of the toroidal current, which also arc found
to determine the volume and rate of energy release. The resulting model is in cxcellent agreement with
present observations and has successfully predicted several flare phenomena.

1. Introduction

The solar flare, probably the most dramatic event in the solar atmosphere, has
long becen an enigma to the observer observing it and to the theorist trying to
explain it. The principal reason for this lack of progress is simply that the flare
theorist has tended to concentrate on mechanisms that can convert stored energy,
such as magnctic energy, into the energy of the solar flare, instcad of dealing with
a specific model with its attendant detailed field gcometry. In his quest for such
mechanisms the theorist has often shown little regard for the observations, and a
specific flare model has never really been elucidated, with the possible exception
of Sturrock’s (1966, 1968, 1972, 1974) and Syrovatskii (1966). However recently
(Vaiana and Gioconni, 1968; Widing and Purcell, 196%; Widing, 1973; Spicer et
al., 1974; Widing and Cheng, 1975; Widing, 1974; Widing and Cheng, 1975) the
data have indicated that the principal magnetic topology of a flare is that of an
arch and not that of a currcnt sheet as, c.g., is assumed by Sturrock and is
currently in the theoretical vogue. Hence it is the purpose of this paper to deal
with the observed flare geometry and to show that all the theoretical ideas
developed in sheet models have not gone to nought but can, in general, be
reapplied in arch geometry or similar geometry with some rather pleasing results.
For a flare model to be reasonably complete it should be able to describe thc
basic sequence of events that leads to a flare, its evolution, and finally its
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sccondary cffccts. Further we should accept the premise that for a model to be
useful it must not only explain what is known but should also predict new cffects
and thus be capable of development. In the model to be presented here we cannot
accurately calculate the energy distribution of the accelerated particles, nor can
we explain rigorously thc origin of the currents necessary to explain the flare
within the context of thc Harc model. However we can explain most of the
well-established observations and make some new predictions. Phenomena that
require a detailed theoretical prediction are not discussed at this stage, simply
because observations of the rclevant parameters nccessary for accurate calculation
do not have sufficient spatial or tcmporal rcsolution to makc any detailed
treatment meaningful. As new detailed observations, c¢.g., the temperature and
density structure of an arch become available, we should then be able to make
more accurate predictions; e.g., one could develop an overall computer code for
the model which could evolve in sophistication as more detailed input becomes
available.

This paper is organized as follows: First, in Section 2, we briefly review the
recently obtained Skylab data while commenting on how these data affect older
flare models. The principal observation is that the magnetic topology of the flare
volume is that of an arch or similar configuration, which may have a complicated
structure, e.g., currents and return currents.

In Sections 3, 4, and 5 we develop the flare model. In Section 3 we discuss the
location of the arch in the solar atmosphere which is necessary to explain the
observations. We then proceed to discuss the various types of flares which we
expect can be accommodated within the modecl, e.g., impulsive or those with a
gradual rise and fall. We then show that the resistivity need not be anomalous to
explain the flares observed by Skylab, although if the resistivity were to become
anomalous, the rcquired volume of energy release would be very small,
~10%*° cm®. Further, a discussion of mecchanisms that can form impulsive elec-
tromagnetic bursts and shocks is given in Section 4. Also, mcchanisms for particle
escape from the arch are pointed out. It is then noted that the model predicts all
flarcs should be impulsive in part, the difference then between thermal and
nonthermal flares being only an experimental sensitivity problem. Possible
mechanisms that can trigger the resistive kink modc are then discussed under
precursors. Here, for cxample, more intense coronal hearing by waves and shock
waves from other flarcs are found to act as possible flare pcrcursors.

We conclude, in Sections 6 and 7, with a discussion of the expected flare
phenomenology. A number of predictions concerning preflare behavior and arch
behavior during the flarc are made. In addition we note that any arch which
carries a current should be subject to the sequences of instabilities discussed and
that this point may explain the postflarc loop phenomenon, X-ray bright points,
and the slow rise and fall events recently reported (Sheeley, 1976).

Before proceeding, we note that probably the most appealing aspect of this
model is its simplicity. That is, the model requircs only a current-carrying arch or
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similar sheared structure, which, as Skylab has aptly proved, appears to be the
dominant magnetic structure within an active region. Thus it is hoped that
whether the model presented here is correct or incorrect, it will serve to point out
that current sheet models, the vogue for nearly 20 years, are not the only answer.

2. Recent Flare Observational Results

Probably the most significant obscrvational result for flares of the last decade has
been the apparent determination of the magnetic topology of the flare. With this
knowledge one can radically narrow the number of possible mechanisms that can
occur in the topology once the topology is determincd. Skylab ATM obscrvers
have reported (Widing, 1974a, b; Widing and Cheng, 1975; Cheng and Widing,
1975; Spicer et al., 1974; Petrasso et al, 1975; Vorphal et al., 1975; Gibson,
1977; Kahler et al., 1975; Brueckner, 1975) that the basic magnctic configuration
of the solar flare appears to be that of an arch. Figure 1 illustrates the basic
conclusions concerning the geometric structure of the flare plasma. One should
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note:

~ The primary flare ingredient appears to be an archlike structure;

~ A localized hot plasma cloud (=20x10° K and = 10'" particles cm ™) exists
near or at the apex of the arch during the early flash phase, this cloud is elongated
along the arch;

— The flare kernels have their origins at the ends (feet) of the arch, and these
kernels arc located in the double ribbons of the flare;

~ The arch is oblique to the ncutral line (the line along which the measured
component of B normal to the solar surfaces vanishes) and each flare ribbon lies
on each side of the neutral line;

~ As the plasma cools, the arch becomes very apparent in the cooler lines
(=2x10°K);

— The feet of arch clearly originate in bipolar regions and connect differing
polaritics;

— The small volume of the hot plasma core is indicative of well-localized
heating, and the energy appears to be released in situ in this core;

— The arch exhibits great stability during most of the flare;

- Many of the observed flares appears to be thermal flares and show little
dynamic behavior;

~ Evidence has been found that the flare may undergo repeated heatings,
occurring in differing arches (Widing and Dere, 1977);

— Evidence supports the assumption that neighboring arches may flare due to
shock disturbances generated by the initial flare (Vorpahl, 1976);

- Recent evidence, albeit weak cvidence, suggests that some arches kink, but it
is not clear whether all the kinking arches are the flare arches of higher lying
arches (Gibson, 1977; Cheng, 1976);

— The rise time, decay time, and rate of increase of soft X-ray emission tends to
increase with flare volume (Gibson, 1977);

— The volume of in situ intense heating was of about 2 cubic arcseconds,
corresponding to volume scales of 2.7 X 10** cm®,

Preflare observations (Petrasso er al., 1975; Brueckner, 1975; Gibson, 1977;
Patterson et al., 1976) have found:

— The arches are observed to brighten, sometimes gradually (hours) and
sometimes quickly (about 10 min), prior to flaring;

— Line spectra from the transition zonc show that the transition zone is
undergoing strong agitation;

— Subflares appear as arches and show strong agitation in transition zone lines;

— The arches are observed to exist prior to flaring.

These observations are in complete contradiction to all existing flare models
except possibly the ‘current interruption model’ (Alfvén and Carlquist, 1967).
This model however has been criticized theoretically (Smith and Priest, 1972).
Although all the criticisms made are not correct (Spicer, 1974), interruption of the
bulk current in an arch, by anomalous processes or otherwise, is highly unlikely (a
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detailed discussion will be published elsewhere). With these results and their
obvious inconsistency with present flare theories, there is strong motivation to
look elsewhere for an explanation of a flare.

3. Basic Flare Mechanism

Our purpose here is to establish whether a current-carrying arch in the solar
atmosphere, subject to MHD and resistive MHD modes can release the explosive
energy (typically of the order 10°® ergs™' for a small flare) associated with a flare.
We establish this by determining the location of the current-carrying arches that
we expect will cause the classically defined flare, i.e., those flares that result in
intense chromospheric heating. This allows us to assumc reasonable magnitudes
for various parameters, such as poloidal field strengths in the arches. With the
location of these arches determined, we then show that the occurrence of MHD
and resistive MHD instabilities in arches can explain the energy release of a flare.

In what follows we will apply rather freely various mechanisms in subsequent
sections, which have neither been collected together in a review or text nor been
discusscd adequately in the astrophysical literature for present purposes. For this
rcason the reader should consult Spicer (1976a) for a more thorough presentation
of all the mechanisms uscd here.* (Figurc 2 illustrates the scquence of mechan-
isms, which will lead to a flarc in this model.)

The principal gcometry of the flare model to be proposed is that of a
semitoroidal magnctic arch illustrated in Figure 3, along which a toroidal current
Jr is assumed to flow in some as yet unspecificd manner and driven by as yet
unknown mechanisms. The assumption that a toroidal current flows along the
main toroidal field of the arch implics that we are in reality considering a diffuse
pinch bent into a half torus. Thus it follows that we will be interested in the
stability of such a configuration. As we will soon see, such a diffuse pinch will be
subject to MHD kink modes and resistive kink modes; the former differing from
the latter in that the former strictly conserves magnetic flux whereas the latter
permits reconncction within the arch. However both kink modes arc driven by the
magnetic ficld energy stored in the poloidal field B, generated by the toroidal
current, and one can excite the other.

As will become evident during our discussion, MHD and resistive MHD
stability of the arch will be determined by the degree of magnetic shear in the
arch. However the stability criteria obtained depend critically on the quantity
k - B and where it vanishes, k being the wave-number vector of the perturbation
and B the magnctic field. Since the stability in both the MHD and resistive cases
was analyzed assuming cylindrical symmetry, which an arch clearly does not have,
it was necessary to show that the stability criteria obtained using cylindrical

* Copics of this report can be obtained directly from the author by request.
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Fig. 3. Principal geometry of arch flarc modcl being proposcd.

symmetry is valid in more complex gcometries such as the arch. This proof can be
found in Spicer (1976a).

Further, during our discussion we will note that the increasc in complexity of
the arch can give rise to complex nonlinear phenomena, which may prove useful
in cxplaining certain behavior of the solar flare in the context of this model. Thesc
phcnomena arise because of the complex distortion of magnetic surfaces due to
the arch curvature and the distortion of magnetic surfaces generated by the
flux-conserving MHD kink modes. This follows because the resistive kink mode
or tearing mode can be treated as a symmetry-brecaking mechanism, since it does
not conserve flux. Indced the resistive kink mode can result in neighboring
surfaces nonlinearly interacting with one another, thereby causing a sudden and
dramatic incrcase in reconnection, over and above that causcd by one surface
reconnccting. Since this nonlincar phenomenon has a threshold it must cross
before occurring, we will argue that it may be one possible explanation for the
nonthermal electromagnetic bursts associated with flares. A detailed discussion of
thesc mechanisms can be found in Spicer (1976a).

Because the location where k - B vanishes determincs in part the stability of the
arch, we require a knowledge of mechanisms that can steepen the radial profile of
the toroidal current. Further, we require a knowledge of mechanisms that may
prevent this current-density steepening. This is important, becausc the arches are
obscrved to exist prior to flaring; i.e.. thcy were not always arches cmerging from
the photospherc. Hence we necd to know those mechanisms that can lead to
instability and how they manifest themselves.



312 DANIEL S. SPICER

3.1. LOCATION OF ARCHES THAT CAUSE KLARES

To determine precisely the location of arches that flare is difficult without a
substantial improvement in our empirical knowledge of the physical conditions
within these arches. However we can heuristically determine where we expect the
arches that do flare to exist. Hence what follows should be considered in part as
predictions of the model.

We begin by recognizing that the locations of a particular kind of flare (e.g.,
impulsive rise versus gradual rise) is undoubtedly related to the rate of energy
released, which in turn is determined by the magnitudes and gradients of
quantitics like the magnetic field and density, which are in turn determined by the
arches’ size and location. Keeping this in mind, onc can represent the ratc at
which magnetic energy is thermalized by the tearing mode by

de_yBp AV (3.1)
dt 47
where AV is the incremental volume along the arch in which the tearing mode
occurs. The poloidal component of B occurs in Equation (3.1) because it is the
principal component of field dissipated. Since y and B, are in general functions of
position in the arch, de/dr will differ at different locations along the arch. Further,
since y and B, are strongly influenced by both the magnitudes and gradients of
various parameters, we should expect yB./47 to be greatest where the mag-
nitudes and gradients of these parameters maximize it. Hence we should expect
the location of instability to appear well localized within the arch; i.e., the
incremental volume AV should be such that AVIV <1, where V is the total arch
volume. This is what is observed (Widing and Cheng, 1975; Cheng and Widing,
1975). Indeed, since observationally AV is small, yB5/47 must nccessarily be
large, which implies steep gradients and large B,, which in turn clearly implies the
arches must exist low in the solar atmosphere if they are to explain solar flares.

If we werce 10 require the bulk current to be electrostatically unstable at flarc
onset, we again would be forced to require the arches to be low lying, since the
field gradients would then have to be of the order of a skin depth, if the current is
to be electrostatically unstable.

An alternate means of determining which arches will flare is to ask about the
global stability of the arch. As discussed in Section 2, arches are observed to exist
prior to their flaring and appear stable. If they are to be MHD stable, they must
be stable against the global kink mode prior to flaring. This requires the safety
factor g, to satisfy ¢ » 1 at every point in the arch. To see this, we note that by flux
conservation BTor(2)= constant and B,,=2I/cr,, where I is the total toroidal
current and assumed here to be constant. Hence, since q = #wryBr,/B,L, we find
q approximately independent of position along the current path. (In Spcicr, 1976a
we examine this point more critically.) Two things are clearly represented in
g » 1: the larger is 27r/L, the greater is g, and the larger is the ratio B,/B,, the
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greater is . These requirements however can be satisfied in small or large arches
for suitable parameter regions. Thus, to continue our argument, we must turn
again to flare energy requirements.

Since B, must be relatively large to explain the energy release from an arch, we
must also have By large for a fixed 2#r/L if g is to remain above 1. However, to
obtain a large By requires that we descend in altitude, since Br increases with
decreasing altitude. But in so doing L will usually decrease, causing 2#r/L to
increase. These arguments imply that for an arch to be kink stable prior to flaring
and then to release cnough energy to explain a flare, it must have a relatively low
altitude.

These arguments can be supplemented by noting the stabilizing effect of the
conducting cnds on the arch and demanding the arch be stable against G modes.
As shown by Solovev (1971), a sufficient condition for stability for a cylindrical
diffusc pinch attached to conducting cnds is

jrl
7cBy

<1, (3.2)

and thc necessary condition is

J 2L

——<].
8wB3c? 1 (

W
()
-z

Both conditions require By to be large and L to be small. Further, the arch will
be stable against resistive G quasi-modes if the B of the arch satisfies B < Bericicars
where
re?
Bcritical = 32 (34)

gwl
This can be cast in the form

2
L mgB
2
rc;

<1, (

[
n
~—

which again implies L must be small and Br must be large. We can then predict
that for an unstable arch to act as a flare and to release the appropriate amount of
cnergy in the requircd amount of time, it must be low lying with a smail length.

So far we have demanded the arch be MHD stablc. Alternately we can demand
that the bulk toroidal current density jr be electrostatically stable prior to flare
onset. A sufficicnt condition for the bulk current to be electrostatically stable is
that the drift velocity V,; bec less than some critical thermal velocity. Since the
Buneman instability is the lcast likely current-driven instability, we imposc the
condition that the bulk current be stablc against the electrostatic jon cyclotron
and ion sound modes. Using Amperes’ law, jr =nevy, and v, < ¢, we require

n»2.29x 105% (3.6)

~ T,
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within the arch, if the current is to remain electrostatically stable. Since, the larger
is n, the greater is the conductive and radiative cooling, we should expect T, to be
low in the stable low-lying arch. Further, since observationally n=10"" to
10'? em™ in the flaring arches, and the smallest observed temperature in the solar
atmosphere is 6000 K, wc should cxpect jr to satisfy jr<« 10* statampéres cm™? in
the arch prior to its flaring. As we shall see, jr> 10 statampéres cm ° is of the
order required to explain the energy release of the flarc. We can then forsee
requiring a preflare steeping of current density within the arch.

To summarize, we have predicied thar the arches prior to flaring are low lying,
with a small length, high density and probably a low temperature, at least in the
arch core, i.e., r=0. Later, after we discuss flare energy requirements, we will
estimate the length and height of an arch for the parameters to be adopted.

From the preceding discussion one should expect various classcs of flares to
occur, from an cxtremely impulsive rise to an extremely slow rise, all on the basis
of gradient steepness and field magnitudes. The fast-rise flares should occur in
regions of steep gradients, and slow-risc flares should occur in regions of weaker
gradients. Since in general gradients can be expected to wcaken with altitude, one
should expect the most impulsive flares 1o occur in small compact arches, and
gradual-rise-and-fall (GRF) flares should occur in larger arches, i.e., arches with
larger L. On the other hand, great flarcs, in the sensc of quantity of cnergy
released, should occur in arches with very large currents but not necessarily large
gradients, and small flares shoulf occur in arches with smaller currents but not
necessarily with wcak gradients. Hence on the basis of thesc rclatively trivial
arguments we should expect four basic classes of flares originating in arches:

— GREF with small energy release,

GREF with large cnergy release,
impulsive risc with little energy release,
impulsive rise with large release.

3.2. MECHANISMS FOR MAGNETIC ENFRGY CONVERSION

The most crucial question of any flare model is how the stored energy is converted
into the kinetic processes associated with a flare. As we have seen, there are
basically threc means by which current in a diffuse pinch, and thercfore an arch,
can be converted into kinetic energy: pure MHD modes, resistive MHD modes,
and elcctrostatic instabilities.

Electrostatic instabilitics will play a role in our flare model only as mechanisms
to alter the transport coefficients. This follows because, if the bulk current were to
become electrostatically unstable, the rate of anomalous heating by microturbul-
ence is of the order na,,j-z,- AV, where 1,, is the anomalous resistivity resulting from
the elcctrostatic instability. Since AV is small observationally, < 10*° cm®, jr must
be large to explain the energy release, and 7 is of the order 107'%s. Hence, if
=107 statamperes cm 2, de/dr=<10°° ergs s ', which is insufficient to explain a
flarc unless AV or j; are increased. In addition, it is easy to show that most MHD
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modes will be excited prior to the bulk current becoming electrostaticaily unsta-
ble. Hence one cxpects the MHD modes to come into play long before the arch
current cver becomes clectrostatically unstable. Therefore the pure MHD and
resistive MHD modes will be of primary concern.

As should be clear, the MHD modcs and the resistive modes differ only in that
the MHD modes assumc an infinite-conductivity model, whereas the resistive
modes relax this constraint and in so doing permit instabilities not because they
are energetically favorable but because the infinite conductivity constraint exc-
luded them from the outset. Thus wc found that once finite conductivity is
introduced. a much wider class of instabilities was permitted. We should therefore
be careful not to make the mistake of assuming that if a purc MHD mode were to
occur, a resistive mode cannot also occur or vice versa. Indeed we should expect
both classes of instabilities to occur during the duration of the flarc, if conditions
arc satisfied. Thus, although we emphasize the tearing mode in our discussion of
energy conversion, we should still expect MHD kink modes to occur.

3.3. VOLUML OF ENERGY RELEASE

When we consider the volume within which instability can occur, we have to ask:
what is the thickness in minor radius Ar where instability occurs, and over what
portion of the arch AL should it occur? However, to determine AL or Ar requires
precise knowledge of the current density and By over the whole of the arch. This
of course is not known. We can however argue that although Ar and AL have
certain minimal values initially, they will enlarge as the instability convects out of
the region of initial instability. For cxample as noted in Spicer (1976a) Suydam’s
condition implies convective mixing outward toward the outside boundary until
stable and that this convection should easily occur because of the small separation
of modes due to the scale of the arch. Further, because k - B =0 requires specifving
two mode numbers (k, m), there are potentially an infinite number of singular layers
possible 10 excite, particularly if a turbulent spectrum of k exists which satisfies
k + B=0. In addition singular layers within a distance 8r of one another will have
ncarly the same modc numbers (k, m) and therefore similar growth rates, if
unstable. Hence this region of thickness 8r will be subjected to nonlocal quasi-
modes, which can greatly increasc the volume in which instability occurs. Or, if
the amplitudes of the currcnt perturbations which result from the tearing mode
are large enough, rcsonances can overlap, substantially increasing the effective
volume and ratc of reconnection. We can then conclude that Ar should be much
greater than a thickness of a singular layer. Thus we assume Ar > gq and we take
Ar=rp./10, where ry,, is the minor radius of the outside boundary of arch,
a=(V|B|/|B])"" and ea is the singular layer thickness.

An examination of Equation (3.2) shows that critical current density for kink
instability is a function of the location along the arch as well as of r. We should
therefore cxpect therc is some length AL in which instability will occur. We will
let obscrvations of small flares guide us herc and assume AL =~ 1400 km. Since
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I'max Observationally appears to be of the order 700 km, we have that Ar=70 km.
Hence we will adopt in all the estimates to follow an incremental volume
AV =271y, ArAL~43x10" cm’ for a small flare. This necessarily implies
yB>/4m must be =10°ergscm s if we are to explain the small-flare encrgy
rclease, which is typical of the order 10°° ergs over 100s. In addition we will
adopt the values B, =500 gauss, n = 102 em™, and T=5%10°K as the initial
temperature at instability onsct. It must be recognized that the adopted values all
correspond to the values obtained from flares as observed by the ATM. We will
assume for the present that one can explain Jarge flares by an appropriate scaling
of these parameters.

In what follows we will assume that conditions cxisting within the arch are such
that the rearing mode can be excited, i.e., A'>0 (Furth et al., 1963). Further, we
will use the growth rate corresponding to the fastest growing tcaring modes in
sheet geomctry, i.e., a =0.2=ka (Furth et al.,, 1963) these being thc modes we
expect to grow first. This implies a growth ratc

! (3.7)

yx

VTRTH

We arc using sheet geometry only for easc in calculation, since the numerically
calculated growth rates for various cylindrical magnetic-field models in (Spicer,
1976a) are difficult to apply in parameterized form. However the growth rates
obtained for cylindrical models arc generally grcater for the same Reynolds
number and a. In particular the numerical growth rates appear to be very model
dependent; e.g., the force-frec BFM with S=~10° and a =0.2 gives y =107
whercas the sheet pinch gives vy~ 10.

Using
dma®
= —— :‘-8
TR <7]>C2 (’ )
and
aldr )1/2 N
TH = ———*—Bp . (‘)'9)

where a = (VB,/B,) ' across the singular layer or layers, we obtain from Equation
(3.1

. \1/2 B 3i2
de 16 1014(<—”,':>) AV(—") B,. (3.10)
dr vn a

Consider first the behavior of the energy rclease when the resistivity is classical.
Since m ~ T~ *2, de/dr~ T **, which suggests the energy release by the tearing
mode cvolves into a state of marginal stability. That is, since de/dt~ T **, the
ratc of energy release drops off and continues to do so until the mcchanisms that
cool result in a temperature drop, which then drives de/df back up above the
cooling rate, so the instability evolves to a marginal state.
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The marginal state will occur at some temperature Tp, at which time

1 de 3 (Tr)
ST Im U,

AV di " AL

(3.11)

wherc we have used the fact that thermal conduction appears to be the dominant
cooling mechanism during flares. Hence near marginal stability the growth rate is
given by

3 (Tr)dm

3 3.12
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y(Tg) =~ nmv
which is much less than y(T;,). We identify this marginal state with the so-called
gradual phase of the flare and identify the initial growth phase with the impulsive
phase or flash phase. Such identifications necessarily imply thal the energy release is
continuous but decreasing during the gradual phase.
Inserting the adopted values for T, n, B,, and AV into Equation (3.10), we
obtain

de 6.8x10%

~ T 3.13)
dt a’? (

A typical small flarc releases ~ 10 ergs in a time Ar=~100s. Thus we requirc
de/dt=~10%*, which implies a =7.7x 10> cm. An a=7.7x 10° cm corresponds to a
perturbation with a wavelength A =~10ma=2.4%x10cm if «=0.2. Such a
wavclength perturbation will not causc the arch to be globally kink unstable;
hence we do not expect these perturbations to cause global kinks in a flaring arch,
although longer wavclength kinks can develop and considerably distort the
plasma-field configuration macroscopically.

A gradient of the order 7.7x 10’ cm and a B, ~300 gauss corresponds to a
toroidal current density j= [ x 10° statampéres cm * in, or B,/a =~0.06 gauss cm ™'
across, the singular layer: a value =~ 10? times greater than has been observed in
active regions (Title and Andclin, 1971). This value of the ficld gradient should
not howecver be considercd excessive, since the observations typically have a
spatial resolution » 700 km and thus average over the whole of the arch cross
section, whereas this value of B,/a should cxist only in a localized region, which,
as wc will see, can occur because of a rapidly growing current density in the
region of instability.

3.4. ANOMALOLS RESISTIVITY AND THFE ENIRGY RELEASE RA[L

Using Equation (3.6) and inserting T, and j~1x 10® statampéres cm™2, we find
that n22.26x10""cm ? is required for stability against the electrostatic ion
sound or jon cyclotron mode. Since we have chosen n=10'?, we will satisty this
requirement and the bulk current is electrostatically stable. Similarly the value a
obtained earlicr also is above the gradient scale for the ion sound instability which
yields for the adopted values a=~10°cm. However both of these equivalent



318 DAMIEL S. SPICER

results imply that it may be possible to drive the current electrostatically unstable
in the regions around the singular layer. Hence it is important that we consider
how anomalous resistivity will affect the rate of energy releasc.

As discussed by Spicer (1976a) we can expect two types of instabilities that can
lead to anomalous resistivity: current driven, either parallel or perpendicular to
the magnetic field, and beam driven. We will consider only the parallel current-
driven and beam-driven instabilities, while noting that the cross-field-driven
instabilities have thresholds similar to the parallcl-field-driven instabilities and as
such will yield similar results. However a more correct treatment of current-
driven anomalous resistivity would examine j -driven instabilities, since the
current is flowing perpendicular to B near the singular layer. But because the
magnetic field changes sign at k< B =0, it is small therc, and we will neglect it to
first order.

Let us assume that the parallel-field current-driven ion sound instability is
excited and that T,/T;=10. The a required for instability is

¢ {1\ 1

a%:u—' E- T N7 T\ (’314)

) e
T, m, 2T,

which for the adopted values yields a = 1.4x 10°. Such a gradicnt corresponds to
jr=~8.53%x10° statamperes cm™> or B/a~3.57 gauss cm ' in or across thc sing-
ular layer. Such a field gradient is not likely to be found along the whole length of
arch but rather in a well localized region and will act as a localized current
interruption or discharge, generating localized voltagc drops along the singular
layers. '

These regions will expand somewhat, since the unstable waves of the cxcited
instability will propagate out of the region of instability, at their group velocity,
into a region where they arc stable. Within these small regions the resistivity will
be anomalous, and the instability exciting the anomalous resistivity, here assumed
to be the ion sound instability, will saturate in a few ion plasma times to a state of
marginal stability. Hence within these regions one should expect extreme
localized heating much greater than in the regions where the resistivity is classical.
However it is unlikely that the bulk current across the total cross section of the
arch wiil become electrostatically unstable, because of the steep gradients re-
quired.

Since the effective collision frequency, due to the current-driven turbulence,
goes typically as v.g~ Aw,., the growth rate of the tearing mode in the presence
of this bulk currcnt-driven anomalous resistivity will be dominated by the density,
so that y~n" ' rather than y~ T~**. Equation (3.1) becomes

Ath~lO " . B,. (3.15)
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where A for the ion sound instability is of the order 1/100. Using the adopted
valucs for n and B, and a = 10’ cm, we find

ﬁ$z4.26><107 ergsem Vst (3.16)
which is approximately 10® greater than if the resistivity were classical.

If the flare were duc only to these small regions within the arch, then the
volume of instability would be =~10?°cm?, or if a given flare resulted from a
combipation of tearing modes dominated by classical and anomalous resistivity,
that particular flare would show cvidence of extremely intense cmission within
rcgions 5% 107 cm? in cross scction and length =10° cm.

However the heating at the onset of anomalous resistivity is dominated not by
the tearing mode but by the current-driven microinstability, since the growth rates
for these microinstabilities are so much greater than thc growth rates for any
macroinstabilities. Thus the temperature within an electrostatically unstable sing-
ular laycr will grow impulsively at a rate

T,
ot

= Y|11icroTe- (317)

After saturation of the microinstability, which occurs in a few w,;, the heating rate
by the microinstability is given by

0T, >
”k(_zTIA:\']}* (318)
or

which is of the order 7x 10 crgsem™®s™' within the electrostatically unstable
singular layer. This heating howcver is dominated by the tcaring-modc energy
release, which in turn is dominated within these singular laycrs by anomalous
resistivity, as given by Equation (3.15).

Let us summarize what we have found as far as cnergy releasc is concerncd. We
have considered two cases: an electrostatically stable bulk current which leads to a
flare by the tearing mode dominated by classical resistivity, and an elcctrostati-
cally unstable currcnt occurring only in some singular layers while the remaining
singular laycrs remain electrostatically stable. This second case results in whai
should be construed as nonthermal heating within the electrostatically unstable
singular layers. Further, the total volume occupicd by all the singular layers
dominated by anomalous resistivity is = 10°° cm”, which is =10 " lcss than the
resolution-limited volume of <10* cm® rcported by the Skylab obscrvers
whereas the volume required to explain the flare with a classical resistivity
dominated cnergy rclease was 10> cm®, which is ~10> less than the observec
volumc. However present observations do not require that we invoke bulk
current-driven anomalous resistivity to explain the flare energy, nor do presen
observations support the assumptions of such gradients. Hence wc will no
comment on this further.
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Let us now consider a source of anomalous resistivity that is generated by a
nonthermal beam trapped in a current-carrying arch, as developed by
Papadopoulous and Coffcy (1974a, b). If this beam is inhibited from relaxing
quasilinearly by nonlinear processcs, the beam will represent a nonthermal driving
mechanism, capable of producing ion density fluctuations. The particular non-
linear process considered by Papadopoulous and Coffey is the parametric oscillat-
ing two-stream instability (OTS). The requirement that OTS stabilizes the beam
before the quasilinear relaxation of the beam occurs is given by

. 2/3 [, \2/3 i\ 1/ 3/
ﬂ? |:102 (—n‘b) : (EL) (_’T"_l)] z(km)\d)_z!?’:r 77 (319)
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where v, is the beam velocity, A, is the beam thermal spread, n, is thc beam
density, and k,As=0.15, k,, being the wave number with the maximum growth
rate.
The assumption that a beam cxists in an arch (the origins of such a beam will be
discussed in Section 5) with v,~10'""cms™" and T, ~10°K yields
Ags 2/7
v, 10(3’—’) : (3.20)
Up n
If Avy/v, ~% and n=10"?cm >, Equation (3.20) implies n, <7X 10° em ? if the
beam is to be stable against quasi-linear relaxation. If such a beam exists within
the arch, it will lcad to purcly growing ion-density fluctuations with an effective
collision frequency

1/2 ) . 2 Av
Vcﬂ'zz (;) wpe(km)\d) (ﬂ> (ﬂ) ﬁ (321)
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(Papadopoulas and Coffey, 1974b). Using the valucs previously obtained, we have
that

Ver~ 86.7 wpe (%) (3.22)

As noted by Papadopoulos and Coftey, Equations (3.21) and (3.22) show that
the anomalous resistivity is proportional to the bcam energy, and for fixed beam
energy the resistivity scales as n 2 Thus the anomalous resistivity will be a
decrcasing function of altitude in the arch.

Since the Coulomb collision frequency w. ~80nT,”?, we find for T, =~
5%x10°K, n=10"cm™>, and ny/n=10"° that

Ve

3% 10%. (3.23)

Vei
Hence we expect the bulk resistivity m to increase by ~3x 10” over its classical
value. Using Equation (3.10), we find that the encrgy releasc will increase by a
factor of 17 over thosc values obtained when the resistivity was assumed classical.
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Since the time scales for beam stabilization by OTS are so short, a quasi-stcady
state should be established so together the beam plasma and parametric in-
stabilities will evolve to a marginally stable state. Thus the bulk anomalous
resistivity generated by the bcam will cxist with a v.s given by Equation (3.22)
over the duration of the beam. However the effectivencss of this mechanism is
clearly related to lifetime of the beam, or the period of time in which beam
replenishment occurs, as well as the cross sectional area in which the beam exists.
Since thesc questions are clearly related to the origins of the bcam, we will
postponce its discussion until we take up the question of flare precusors.

We arc now in a position to estimate the size of the arch. Taking the adopted
value of B, and taking the total energy release during a small flarc to be
~ 10 ergs, we find the total storage volume rcquired is of the order 5x 10** ecm?,
which is relatively small.

If the volume of the observed arches is greater than this, with B, ~500 gauss,
the arch will have sufficient volume to store the energy necessary to explain the
cnergy release. If the volume is less than this, a current reservoir must exist
bencath the photospherc which maintains the current throughout the flare dura-
tion.

If we take 27r/L =~ 7/5, with B, =500 gauss we rcquire Br>» 795 gauss, if the
arch is to be MHD stablc prior to flaring. A ratio of r/L =15, using L ~wR, we
find R~3x10%cm. Hence, the arch will have an altitude of the order 3000 km
for the small flarc considcred.

We will conclude this section by discussing briefly the validity of Equation (3.1).
First, it should be obvious that the usc of

de yB,AV
de A5

swecps many problems under the rug. It ignores the fact that one should expect
things like nonlinear mode coupling between primary resonances, sccondary
resonanccs, ctc. which occur by gencrating higher harmonics and subharmonics of
the original modes. Everything else being equal, these higher harmonics necessar-
ily have greater growth rates. In addition Equation (3.1) ignores the fact that
different singular layers are tearing at diffcrent places at different times within the
flare volume. Or. to put it othcrwise, Equation (3.1) averages over a multitude of
sins which the complexities of the physics and mathematics forces on the physicist.

4. The Formation of Impulsive Electromagnetic Bursts and Shocks

As is clear from Section 3, the mechanisms we have proposed for the thermaliza-
tion of the magnetic field in an arch arc more than adequate to explain the total
energy rclease of a flare. If these thermalization mechanisms were to lead 10 a
thermal plasma only, our model could explain only the thermal flare, i.c., those
flares that do not lead ro impulsive electromagnetic bursts (IEBs) and to shocks.
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Hence the purpose of this section is to examine the means by which MHD and
resistive MHD instabilities can lead to IEBs and to shocks.

As a way of introduction to what we feel is a more realistic explanation of
IEBs, we briefly illustrate a well-known laboratory phenomenon that has many
features similar to those that occur during a nonthermal flare.

Figure 4 illustrates the X-ray trace, obtained from the ST Tokamak (von
Gocler et al., 1974), generated by an instability referred to as the disruptive
instability. This figure illustrates two things: an extended X-ray burst and,
superimposcd on it, impulsive X-ray bursts. The similarity between this laboratory
phenomenon and the impulsive flare should be obvious and appears to be quite
significant. First, the explanation of this impulsive behavior, as we will discuss in
more detail, is believed to result from a combination of MHD and resistive MHD
modes, and, second, the bremsstrahlung bursts are not due to just accelcrated
particles but rather from both intense thermalization of the magnctic fields and
electron acceleration in the induced clectric fields generated during instability.
Hence soft and hard components of these IEBs exist, both emanating from the
same volume.

4.1. THERMAL OR NONTHERMAL FLARES

To make clear what we mecan by thermal and nonthermal flares, we examine
under what circumstances the tearing mode is a thermal or nonthermal process.
The defination we will adopt is: a thermal plasma is a plasma in which relaxation
between like species has occurred or in which the approach to relaxation has
reached some semblance of a steady state. Hence a necessary condition for the
heating to be nonthcrmal is: the heating per particle per second must excecd the

X-RAY SIGNAL—=

0 50 100
t/ms

Fig. 4. X-ray trace due to disruptive instability.
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rate at which relaxation occurs between like species. In our case the species of
interest is the electron.

The above definition implies that the tearing mode will act as a nonthcrmal
hcating mechanism for electrons if

YB,
>y, kT,, (4.1)
dang
where n, is the number density of these electrons in ‘resonance’ with the tearing
mode and v, is the rclaxation time between electrons, defined (Spitzer, 1967) as

TS%(K)
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(4.2)

Equation (4.1) states that those clectrons in resonance with the tearing mode
will be heated at a faster ratc than electron—electron collisions can rclax the
electron distribution. Generally only the fast-growing short-wavelength tear-
ing modes will satisfy this condition.

Equation (4.1) has a number of consequences which can better define the
origins of thc thermal and nonthermal flares. Clearly the larger the ambient
density, the harder (4.1) is to satisfy, and the larger the B, and 1, the casier (4.1)
is to satisfy. Since we expect B, and vy to increase as we descend in altitude and n
to decreasc as we ascend in altitude, there should exist an annulus, with a thickness
Ah in altitude and mean altitude h, within which nonthermal flares generally occur.

Using the adopted values from Scction 3, we find the energy transmitted to an
electron per sccond, by the tearing mode, is of the order 86 keV's ', if n, = n. This
rate of nonthermal hcaring is more than sufficient to explain the observations.

The tearing mode will also accelerate a sclected few electrons by the induced
low frequency electric fields, generated during reconnection. The magnitude of
these clectric ficlds. and the subscquent encrgy gains Ae can be crudely obtained
from Faraday’s equation. We obtain Ae~eyB,a’2n/ca, and using the valucs
adopted for B,, v, a, and a, we find a maximum energy gain of the order 2 MeV.

It should be emphasized that because the induced electric fields generated by
the tearing mode have a low frequency they appear as DC electric fields to the
electrons and ions and can thercfore accelerate the particles to high energies, even
though a driven two stream instability will result (Spicer, 1976b).

4.2. MECHANISMS THAT CAN FORM IEBS AND SHOCKS

As noted, nonthcrmal flares are invariably associated with shocks. This is highly
suggestive, because the formation of a shock requires a sudden increase in
pressure, and to form such a pressure pulse requires either that the flare heating
mechanism rapidly thermalize part of the stored cnergy or that rapid motion of
the bulk plasma takes placc. We consider both thesc possibilities.

It we require the impulsively hcated and/or accelerated electrons and shocks to
ecmanate from the same thermalization volume within the arch, we must also
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require the conversion of potential energy to kinetic energy be extremely rapid
during their formation. This suggests the difference between the thermal and
nonthermal flare lies in the rate of energy conversion per unit volume. Since the
greater the conversion rate for this model, the greater the rate of current
dissipation, it follows that during such rapid dissipation the magnitudes of the
expected current perturbations by the tearing mode are also greater. Hence the
likelihood of nonlinear resonant overlap is greatest in this situation. A consequ-
ence of overlap is to increase the degree of reconnection per unit volume
substantially, increasing the rate at which magnetic energy is thermalized per unit
volume.

Nonlinear resonant overlap, we have noted will result in abrupt and dramatic
increases in the rate of reconnection. During overlap we can therefore expect
impulsive heating and acceleration at rates which are much greater than linear
analysis would predict. overlap should also increase in likelihood of (4.1) being
satisfied.

Finn (1975) has calculated the magnitude of the required current perturbations
for overlap of the m =2 islands and m =3 islands for a peaked current model
(Furth et al, 1973). He found that the perturbations necessary were typically
~1.5%. For a less peaked current profile (Jess shear) Finn found somewhat larger
current perturbations necessary (4%). These studies illustrate that relatively weak
perturbations can lead to resonant overlap and may play a very important role in
flares.

An alternate as well as complementary means by which this model can
generate IEBs and shocks is global kink modcs. That is, the wholc arch or a
substantial portion of it mav undergo kinking, leading to a strong disruption of the
bound plasma. Since a kinking arch will produce effects similar to the disruptive
instability previously mentioned, this would be an appropriate place to include it
in our discussion.

The disruptive instability (DI) develops when the toroidal current in a tokamak
causes the safety factor g at the plasma boundary to be small, i.e., g=3 or 4. The
DI manifests itself either as singular or quasi-periodic abrupt changes in the
plasma parameters. These changes are a result of a slow m =1, n =1 internal kink
mode which has a growth rate y=v4/R. During the growth X-rays are formed
which are suddenly reduced in magnitude because of a rapid cooling in the central
region of the Tokamak. This cooling disruption appears as a symmetric m =0,
n=0 mode (in an arch the n =0 mode is forbidden, although the m=0, n=1
mode can occur). After the cooling disruption a slow process of relaxation sets in
with g¢<1 at the magnetic axis, i.e., r=0, and the whole sequcnce may repcat
itself.

Kadomtsev (1976) has recently proposed a new explanation for this phenome-
non. Qualitatively Kadomtsev argues that as the intcrnal kink grows, it will
compress neighboring magnetic surfaces to one side, which then undergo resistive
kink modes and thus reconnection. As the kink attempts to stabilize itself, it will
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nonlinearly swing back and forth between stability and instability. During this
period the reconnection process will repeat itself quasi-periodically, so the magne-
tic field dissipated will appear as impulsive joule heating and subsequently as
X-rays. If the distortion of the magnetic surfaces by the kink modes is great
enough, the kink can cause resonant overlap with an accompaning increase in
field dissipation and subsequent heating. This should be especially true in an arch,
because of the close spacing of the modes.

If we apply these ideas to an arch, we find similar effects. Since a kink oscillates
with a frequency of the order f=2u/kv,, we find for the m=1, n=1 mode
f=LJ/va. This corresponds to a frequency range of about 1 to 30s, the exact
magnitude being determined by the local conditions within the arch.

If the kink were an external kink rather than an internal kink, the kink could
thrash about, causing shock waves in the ambient atmosphere. If these shocks
have a large enough Mach number, the shocks can excite various two-stream
instabilities (Tidman and Krall, 1971), thereby causing a rapid ‘thermalization’ of
the shock’s ordered cnergy. Hence, in this case, one should expect bursts of
bremsstrahlung with a period similar to those obtained earlier.

\\ |
\\R .
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i

Fig. 5. Resistive instabilitics for a diffusc pinch: (a) stabilized pinch with kink in J_(m =1); (b)
stabilized pinch with sausage in J.(m =0).

If the kink were instead a resistive kink which formed on the plasma boundary
of the arch, as depicted for a diffuse pinch in Figure 5 and for an arch in Figure 6,
it could explain why impulsive X-ray bursts and type 11l bursts sometimes appear
in groups, five type III bursts and five X-ray bursts with similar structure. This
follows because an MHD kink results in a strong distortion of the plasma column
and in so doing results in an appreciable induced electric field, which can
accelerate particles (Glasstone and Lovberg, 1960).
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RESISTIVE KINK
SLIDES ACROSS
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L . te1

TYPE 111 BURSTS FORMED HERE
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Fig. 6. Type LI bursts and resistive shect kink.

A similar situation can occur when resistivity is taken into account. Here a
kinking current sheet will be formed at the boundary of the plasma column and
will slide across the column as it kinks (Figure 5). Hence the electrons can escape
from the sheet as the sheet undergoes resistive kinking. However, for this
mechanism to explain the repetitive behavoir typical of many type III chains, the
wavelength of the kinking portion of the arch must be much less than the arch
length, so as the kink thrashes back and forth, it will accelerate electrons in bursts
with the proper frequency f=~ 2m/kv,. If such behavior should be observed and is
correlated with type III bursts, it will be strong evidence in support of this
resistive-kink flare model.

The formation of TEBs by the above mechanisms has a number of advantages
over the standard explanation that IEBs form by electron deposition into the
dcnser atmosphere beneath the acceleration site. These advantages are:

— There is no need to find an exotic acceleration mechanism that accelerates
only electrons with a 90 to 100% efficiency;

— we need not accelerate = 10°° electrons to form the IEBs, as required by the
deposition hypothesis, since the same electrons can be repeatedly heated and/or
accelerated within the same volume (the accelerated electrons being stopped
quickly by the high arch densities);
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- we need not develop separate mechanisms 1o form IEBs and shocks, since
they appear together as a natural consequence;

~ we can show that similar behavior manifests itself in laboratory experiments,
serving as a guide to our understanding.

In summary we have argucd that IEBs and shocks can result from impulsive
heating and/or acceleration. This explanation we believe is morc natural than
previous explanations.

4.3. OTHER MODULATION MECHANISMS

One odd thing about nonthermal flarcs is that occasionally chains of type Ill
bursts are formed, the bursts sometimes being separated by intcrvals of < |s.
Since the type IIl burst results from an electron stream, these chains may be
simply a result of pinching instabilities to which electron streams are inherently
subject. However, although this explanation may be correct, there are two other
means by which one could explain these chains within the context of this model.
Consider first the MHD m =0 modc. As discussed by Glasstone and Lovberg
(1960), this mode in the presence of a stabilizing axial field B, is known to
oscillate with a frequency
. B

" danp,’ #3)
where r, is the equilibrium pinch radius, B is the magnitude of B, and p, is the
surface density of the current sheath which is assumed to exist at the equilibrium
radius. These oscillations, unlike the m =0 oscillation in the unstabilized pinch
(B, =0), are usually small but discernible. However they generally do not
gencrate the radial shocks characteristic of the unstabilized pinch.

Since the period of oscillation that is characteristic of the observed quasi-
periodic bursts is typically about 1 to 10s, and we adopted a value for B =~
500 gauss, we find that rip, = 10°®. This implies both the equilibrium radius of the
arch and its length must be large. Using a value of r, = 10° cm, and demanding the
period be of the order 10 s, we find the m = 0 mode will induce an electric field

ETxrl—B”. (4.4)
c
which gives E, =~ 1072 statvolts cm ™ '. The energy accumulated by these particles
per oscillation is e=5AL (eV), where AL is the length in centimeters of the
region where B, is changing within thc sausage. Thus, if an arch were sausage-
mode unstable, it can generated modulated-heated and accclerated electrons of
reasonably high energy, with a pcriod given by (4.3).

An alternate cause of quasi-periodic bursts may be the fusing of one or more
island chains formed at the resonant surfaces g = m. The associated rapid change
of magnetic flux as the islands are fused will produce voltage spikes due to flux
changes, i.e., V=d®/dt, where ®=1/c B -dS.
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The evolution of an island chain is as follows: Short wavelengths island chains are
formed first during the evolution of the tearing mode, because the shorter
wavelength islands have a much greater growth rate than the longer wavclength
islands. These short-wavelength islands then represent parallel filaments, which
then fuse to form lower energy and slower growing islands (Figure 7). This
process repeats itself until the lowest energy longest wavelength is reached.
Investigations by Finn and Kaw (1976) have shown that fusing of islands will
occur at the fast MHD rate, when the forces of fusion overwhelm the stabilizing
forces, due to the compression of the magnetic field between islands. We can treat
this phenomena in a semiquantitative form by developing a circuit analog to the
problem. To do this we can introduce lump circuit parameters to describe the
physical mechanisms at work in a plasma. Following Tidman and Stamper (1973),
we convert the electron momentum equation to the form

d(IL) Id:
V=]JR+——+—, 4.5
I dt C (4.5)

where I is the total current, R is the total resistance, L is the inductance, and C is
the plasma capacitance. Recognizing that a magnetic island represcnts a circuit
filament, we can treat each island as a conducting wire with a self-inductance and
a mutual inductance between differing islands. First we assume each island is part
of one island chain on a resonant surface q = m, so that each island is in parallel.
The inductance of multiple conductors may be found from circuit theory, using

B

t=0 ©Jz
e Bx

CURRENT

LAYER

t=t,

’f:‘tz

b=ty

Fig. 7. Evolution of the tearing modc.
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formulas for the sclf-inductance of a straight conductor and for the mutual
inductance of parallel conductors. In our simple case, that of m equal wircs
corresponding to m islands spaced uniformly on a circle whose radius is deter-
mined by g = m and connected in parallel, the inductance is given (Grover, 1946)
by

2AL :
L=0.002AL [ln (—r—) -1 ] , (4.6)
microhenries

where
R=(rmr™ "', 4.7)

in which r=1In p—%, p being the mean island radius, and in which r, corresponds
to the radius of the resonant surface. When the islands fuse, we expect a voltage
drop

IdL{r)
dr

V()= (4.8)
assuming I is constant.

Typically in conventional electric circuits inductances are constant, so that the
dL/dt term is zero. However in plasma configurations this is not thc general
situation, and one finds rather novel electrical behavior. Indeed, as noted by
Glasstone and Lovberg (1960), the I dL/ds term is commonly much larger than
the voltage driving the circuit. It is from this term we expect the chains of voltage
spikes to have their origins. To see this, assume that Am islands fuse in a time Ar.
Differentiating Equation (4.6) with respect to time gives

dL ALdR Am
ar 5 2L 1 C
dt 0.002 R dm At’ (4.9)

which leads to Am voltage spikes every At scconds. Assuming At~y ', where vy
is the rate of island fusion, we expect Amy voltage spikes per second. These
voltage spikes will lead to Am bursts of heated and accelerated clectrons per
second, which will appear as a chain of bursts when an island chain fuses to from
the lowest cnergy island. Since other island chains can fuse, more than one chain
of bursts can occur.

Estimating the magnitude of Equation (4.8) is difficult, sincc the total current is
distributed throughout the cross section of the arch; and each island when it
forms will have a portion of the total current, which differs from that of its
neighbor on a diffcrent resonant surface. However it is not difficult to convince
onesclf that the maximum cnergy gained by a charged particle during these
voltage changes is of the order 2 McV found earlier, and the time between bursts
is like an MHD growth time, which is of the order 1 to 10s, depending on the
wavelength of the mode.
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5. Flare Model Precursors

The role of precursors is of particular importance in this model, becausc the
precursor mechanisms must set up conditions for onset of the MHD and resistive
MHD instabilities used to cxplain the energy rclease of the flare. Since thesc
instabilities are driven by jj, we shall be interested in mechanisms that can modify
the radial-current-density profile. As discussed in Spicer (1976a), a perturbation
in jj is directly related to perturbations in either elcctron density or electron
temperature and to the driving electric field.

An examination of the possiblc mechanisms for altering the currcnt density
requires a knowlcdge of the sources of the currcnt. One can conveniently but
somewhat artifically split the possible sources of current into those that occur in or
above the photosphere and those that occur below in the convection zone or
deeper. Examples of mechanisms that can cause currents by motion of the
photospheric fluid are: shearing of one foot of an arch with respect to the other,
the differential rotation of one foot of the arch with respect to the other, and the
rotation of the individual feet of the arch (Figurc 8).

Mechanisms that may cause currents to flow in the convection zone are poorly
understood and can only be assumed to exist. This assumption however is
reasonable, since the fluid in this zone is a partially ionized plasma with anisot-
ropic transport coefficients much like the ionosphere. Hence, due to collisons with
neutral particles, electrons and ions can move across field lines in the convection
zone, with diffcrent velocities and directions, thereby generating currents. Under
these circumstances the current will have large components perpendicular to B,
and the forcc-free behavior usually assumed in the solar atmosphere has abso-
lutcly no validity in the convection zone or in most of the photosphere.

_SUNSPOT

—
T _ _ _ __ NEUTRAL
LINE
——

ONE ARCHWITH EACH
FOOT BEING STRESSED
IN OPPOSITE DIRECTIONS

FOUR DIFFERENT ARCHES 8

ALL ATTACHED TO ARCH FEET AT DIFFERENT
ROTATING SUNSPOT. LATITUDES FEEL DIFFERENTIAL
EACH ARCH WILL FEEL ROTATION AND THUS INDUCED
INCREASINGLY MORE EMF

SHEAR

Fig. 8. Examples of photospheric-fiuid motion that can cause currents.
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Further, if one believes the typical models of solar magnetism, a safe assumption
is that the magnetic topology is multiply connected in the subphotospheric zones and
represents an enormous reservoir of stored energy in the form of currents, so that the
source of flare energy which is released in situ abote the photosphere need not be
tolally siored there. Consequently we will assume that a current does exist in the
convection zonc and that this current can be carried up with the magnetic tubes of
force into the solar atmosphere.

5.1. PARAMETRIC EXCITATION OF MHD KINK OR RESISTIVE KINK MODES

It is interesting to consider how onc might parametrically excite the MHD kink
and resistive kink modes. To excite thesc modes, there must be a coupling to an
imposed oscillation, i.e., a pump wave. This parametric coupling is provided by
nonlinear cffects, and to makc these modes grow, one must feed cnergy to them
at a rate which exceeds the rate at which energy is dissipated for thc mode in
qucstion. Thus, to excite these modes parametrically, the amplitude of the pump
has to cxceed a certain threshold.

Recent work in dynamic stabilization of kink modes in CTR (controlled-
thermonuclear-rcsearch) devices has shown that dynamic stabilization, as well as
destabilization, can occur by parametric resonances (e.g., Keller et al., 1976). For
cxample the cxcitation and suppression of kink modces by coupling to ion sound
waves has been shown to be possible (Guzdar et al., 1975). This is accomplished
by generating a torsional Alfvén wave, whosc azimuthal field By has an as-
sociated velocity Vg, leading to a rclative shear between concentric layers. The
Alfvén wave leads to a coupling betwcen the kink modes and ion-sound modes. If
the ion sound modes are growing, they can pass their energy to kink modes,
thereby driving them unstable. Thus it appears possible that waves from the
photosphere can Icad to cventual instability in the arch. Undoubtedly other means
exist to parametrically excitc kink modecs.

Parametric cxcitation of kink modes is of particular interest in the arch, because
the spacing between normal modes of the systcm will generally be very small
because of the large size of the arch. Thus it will be much easier to find modes
which are close enough together so as to satisfy the resonance conditions and thus
become parametrically excited.

A twisting of the arch can producc torsional Alfvén waves. However the
existencc of growing ion sound waves in an arch is in doubt unless T,» T,
although growing acoustic waves are a possibility, since they satisfy a dispcrsion
rclation similar to the ion sound waves. Hence it may be possible for acoustic
waves to couple with the torsional Alfvén wave and excite the kink modes.

5.2. ALTERATION OF THE CURRENI PROFILE IN THE ARCH

l.et us examine mcchanisms and perturbations that will alter the current-density
profile of an existing arch, assuming it is still evolving. The simplest types of
perturbations that immediately come to mind are thosc perturbations that satisfy
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k:B=0, i.e., perturbations which are slowly varying in the toroidal directions.
One such mechanism is a magnetosonic wave generated by perturbations inter-
nally or extcrnal to the arch. For example, if a Morcton wave generatcd by
another flare were to strike the arch, it could very easily give rise to magnetosonic
waves propagating perpendicular to B which would compress the magnetic
surfaces, exciting the tearing mode, or which could cause the arch to kink.

An alternatc mechanism, using magnetosonic waves, is the conversion of
Alfvén waves into magnetosonic waves, as the Alfvén waves propagate along the
twisted field lines of the arch. This requires the wavelength of the original Alfvén
wave to be less than the local or global curvature. Such a mechanism has been
proposcd by Wentzel (1974) as a source of heating in arches. The wavelength of
the Alfvén waves required are such that A <R and/or A <rB%/B} so as to satisfy
the WKB approximation used in Wentzel’s analysis. We will comment more on
this later. However we are interested in all perturbations that have long
wavelengths parallel to B along the arch so that thermal conduction will not play
an important role, thereby permitting resistive instabilities such as the superheat-
ing instability to occur, which we consider next.

The superheating instability is a resistive instability that grows only when
ky— 0. i.c., k+ B=0. Thus, when this instability does occur, the current density
within the singular layer will grow. Assuming the resistivity is classical, the
condition for growth is
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where Q= P,,q and we have neglected the ki)(% term due to thermal conduction
perpendicular to the field lines. Rewriting Equation (5.1) as

2

L()_>2Prud, (5.2)
(010 3
where Pig= n%_f(T), we can obtain f(T) from Figure 9. Since j,=enovy We can
rewrite Equation (5.2) as
,_ f(T) 3.77% 10

2> =2T*3(e T) ——. 53
ty o T (eV)f(T) YA (5.3)

Note that the condition for growth expressed by Equation (5.3) is independent of
density.

An examination of the radiation power function for the solar corona (Figure 9),
shows that thermal instability is most likely to occur when T3=10° K, which
corresponds to f(T)=3x10"">ergem™s '. Inserting these values for T and f(T)
into Equation (5.3) shows that v, >4.98 X 10° cm s™', if the superhcating instabil-
ity is to occur. Requiring a number density of 10'*> cm™, yields a current density
around k + B =0 of jr=2.4% 10" statampéres cm °, which is very nearly the value
found to be necessary to explain the energy release of thc flarc by the tearing
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Fig. 9. The radiation powcr function of the solar corona (McWhirter et al, 1974). The power
radiated per unit volume is ngn(H'}P,,ergem™ *s

mode. This corresponds to a growth rate for the superhcating instability of
y=2.07x107"s " or onc e-folding time of 4.8 s. If the arch had a lower number
density, for cxample at its outer boundary, it would havc a correspondingly lower
critical current density and growth rate. For example, if n~10"cm™, we must
have jr=2.39%x10° statampérescm °, which is close to the valuc reported by
Title and Andelin (1970). The superheating growth rate would be y=
2x10*s™", or onc e-fold time of 1.34 hr. Sincc superheating will causc the
tempcraturc to incrcase, it will produce a tempcrature gradient across k- B=0
such that the resistivity gradient will have a minimum there, which is one of the
critcria for the rippling-modec or current-convective instabilities. Assuming the
rippling mode is excited, we find that for the adopted values of B, a, n, and
T the limits on the growth rate for the rippling mode lie within the range
(9=<y=<7.43x10%s '. Hence, this mode can greatly ecnhance the growth of the
current within the singular layer before it saturates.

To excite thcse modes again requires perturbations that satisfy the condition
k-B=0. As alrcady noted, magnetosonic waves can accomplish this by bringing
the temperaturc around k * B=0 above = 10" K. Thus in this model the mechan-
ism that Wentzel (1974) has suggested to heat the the arch may trigger the flarc.
An alternative to this possibility is the long-wavelength (=10 km) photospheric
horizontal waves observed by Tanaka (1972) prior to flarcs. Mullen (1973) has
calculated the encrgy flux associated with these oscillations, assuming they exist,
and finds an energy flux €4, ~2x10" ergsem “s~'. Using the observed flaring-
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arch length of ~35X10°cm, the possible maximum total power that can be
transmitted to an arch is ~40ergscm s~ ', which is of the same order as the
radiation losses if n=10'>cm™>. A density less than 10'*>cm * would lead to a
heating of the arch, especially at the outer boundary.

This wave energy input could occur in the following way. Assume that these
photospheric waves modulate the tension of the magnetic field in the arch. If the
modulating period of the photospheric waves is T, and the natural frequency of

the arch is {2, and they together satisfy the condition
OT=nw (n=1,2,3,...), (5.4)

then the photospheric oscillations can result in an amplification of the natural
modes of the arch by parametric excitation (Minorvsky, 1962). In general one
natural mode of the arch will be the Alfvén mode, whose amplitude can be
increased through energy input by the photospheric pump. Since T=2%/w and
) = kjv4, we have from Equation (5.4) o =2kyva/n. Assuming higher frequency
harmonics of the photospheric waves exist, we can write w = wom, m =1 corres-
ponding to the fundamental harmonic. Then w =2kjvs/mn.

In general, v, is large for an arch and is about 107 or 10® cms™'. Since the
waves reported by Tanaka (1972) had a period of =300s, we find w,=2x 1072,
it follows that the excited Alfvén waves correspond to very long wavelengths
parallel to B, or the pump waves correspond to very high harmonics, and/or a
combination of these possibilities. With the excitation of these Alfvén waves, we
can then invoke the mechanisms discussed by Wentzel (1974) for decay of Alvén
waves into magnetosonic waves.

In the derivation of the superheating instability, no allowance was made for the
coronal heating mechanism. This was neglected simply because the coronal
heating mechanism is poorly understood and its inclusion during the derivation
would only complicate matters. However the coronal heating will act as a driving
term if (defining the coronal heating by the function C(T))dC/dT>0; i.e., the
coronal heating can actually excite the superheating instability, particularly if the
electrons are preferentially heated over the ions.

Unlike laboratory pinches, arches in the solar atmosphere have a cold core and
a hot sheath (Foukal, 1975). We should therefore expect the superheating and
rippling modes to be most easily excited within or near this sheath. This should
occur for two reasons: first, the density will be lower there and more susceptible
to thermal instability; second, the resistivity gradient will be negative as one
moves toward the hot sheath, which means the current density will have a
maximum in the sheath. such a circumstance is highly unstable to the double
tearing mode (Furth et al., 1973), as we will soon discuss.

The formation of this peaked current profile will compete with mechanisms
which result in current penetration. The first competing mechanism to be consi-
dered is that of normal thermal conduction, perpendicular to the field lines.
Earlier we ignored conduction perpendicular to B. We were justified then
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because, as noted above, arches are typically observed to have hot sheaths; hence,
the thermal conductivity would be inward and will only enhance the superheating
instability initially. However, as the temperature gradient builds due to the
increased joule heating, the increased temperature gradient could stop the growth
of current due to increased conduction out of region of instability and into the
cooler core. During the rise of jr the electrons and ions are not very well coupled
by collisions, particularly in the low-density sheath, where the collision frequency
is further reduced. Hence the only means by which heat can be conducted inward
is by electron conduction, the ions being no longer well coupled to the electrons.
We therefore need to compare the joule heating terms with the electron thermal
conduction perpendicular to B.

Using the results of McBride et al. (1975) for a similar situation, we find
B2>(R/a)’, where B,=(B3/8wnkT,)”". If this condition is satisfied, thermal
conduction will stop the current runaway. Since normally 8,<1 in the solar
atmosphere, and since R/a >1 for an arch, thermal conduction is not expected to
inhibit the growth of the current sheath by the resistive instabilities discussed.

The other penetration mechanism of importance is the low frequency electron-
temperature-gradient drift wave instability, which is important when the tempera-
ture profile is the inverse of the density profile (Kadomtsev, 1965; Lui et al.,
1972). This mode requires the magnetic shear to be sufficiently weak so as to not
damp the mode. The condition for instability is expressed as

) @) <l G e )]
l+—— -— < | —— 1+_ _’__ e ln i En ,
'I‘e Ls 2L’T ’Tl \/2 m; m, L.\'

(5.5)

where L, ~2.39% 10°B,/jr, L, ~(n~"dn/dr)”", and Ly ~(T,'dT,/dr)™".

To see if the condition for this mode can be satisfied, we assume the pressure
profile is force free, i.e.. [Ly|~|L,|~r,. Equation (5.5) shows that when |L,|=
|L.|, the condition is most easily satisfied. Taking L, =~ L, ~r,, we find

2 2
5.23 (1+5)< [;—+ <1+£) kypi ] (5.6)
T. T./ ~2

Since p~0.81 cm and k, = m/r,, we find p,-2k§<< 1, and Equation (5.6) reduces to
5.23(1+ T/T.) <3. However, since T,/T;>»1 by assumption, this relation can
never be satisfied, and it appears that unless the shear length is such that L, >» L,
in an arch, this condition js almost impossible to satisfy.

Apparently once the current runaway begins, there is nothing to stop the
buildup of current in the hot sheath of an arch except MHD kink and resistive
kink instabilitics or current-driven electrostatic instabilities. Using the condition
jrR/cB; <1 and the threshold conditions for current-driven electrostatic modes it
is easy to show that MHD kink and resistive kink instabilities have a much lower
instability threshold than current-driven electrostatic instabilities. Thus we expect
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the MHD kink and resistive kink instabilities to occur in the arch long before the
bulk current could ever become electrostatically unstable. These macromodes will
then flatten the current profile by releasing the cnergy in the form of a flare.

The peaked current profile, caused by the mechanisms discussed above, is
particularly unstable to macromodes, because k* B =0 can vanish on either side
of the peak. This is because q x /B, is a double-valued function of r. This can be
seen using the skin-current-layer model (Furth et al., 1973) b= x3/(1+x%)?, where
b= Bp(r)/|B ., X =1/ry, and ry corresponds to where x = 1 and measures the current
shell width.

A more dramatic form of the tearing modc, in which mulitple tearing should
occur, follows from the force-free Bessel-function modecl and the helically sym-
metric three-dimensional solutions discussed by Spicer (1976a). To see this, we
first note j(r) = a(r) B(r). In equilibrium j, is proportional to Br = ByJo(ar); hence
jr = (ca/dmw)BoJo(ar). Thus jr will be alternately positive and negative, pcrmitting
multiple tcaring on either side of the local current peaks and wells. This type of
current distribution is particularly susceptible to overlapping resonances because
of the neighboring resonant surfaccs wherc k - B = 0. Such a situation would easily
occur in arches with return currents, since the currents will change sign at various
minor radii.

5.3. SIIE OF INITIAL CURRENT BUILDUP

We have so far argued that a sequcnce of resistive instabilities will occur in the
hot sheath of current-carrying arches. We would also like to consider where along
the arch the growth of these instabilities will be most rapid and thereby locate the
probable site of the initial current buildup. To do this, we make the rcasonable
assumption that the arch has a transition zonc within each leg much like the
ambient atmospherc in which the arch is ecmbedded. Where the tcmperature
minima occur within each leg of the arch need not be the same as the altitude of
the temperature minimum in the ambient atmosphere (due to more concentrated
wave heating within cach leg). However we will further assume that these minima
occur within the arch at altitudes similar to the altitude of the temperature
minimum in the ambicnt atmosphere. These assumptions necessarily imply that a
steep temperature gradient exists within each leg of the arch around each
minimum. Such a gradient alters one of the assumptions that was made in
deriving the dispersion relation for the superheating instability: the temperature
was not a function of height. When this assumption is relaxed, threc new terms
appear in the dispersion relation for the superheating instability which now has
the form
axik N ax) Ty axjk,oTo
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In the limit kj— 0 a term remains in (5.7) which is proportional to 8*To/dz* and
acts as a driving term for the instability if 9°T,/dz>>0. Physically this it to be
expected. As an clectron that is driven by an electric field moves through a region
wherc both the tcmperature and temperature gradient are incrcasing, the elec-

“tron’s mean free path is likewise increased, and the electric field can act on the
clectron for longer intervals of timc between collisions. The greater 8°T,/dz2, the
greater the effective runaway. Hence, because 3°T,/dz” is positive for a current
with a drift velocity moving in the same direction at T, is increasing, and becausc
9°To/oz” is greatest in the transition zone, the superheating instability should be
cxpected to have its greatest rate of growth there. Although we have not treated
the density decreasc with height in the arch, this decrease in n will have an effect
similar to an increase in T,. From this we conclude that the origin of the initial
preflare heating, by thc mechanisms discussed, is in the region along the arch
where the transition zone occurs. This may be along the leg of the arch or at its
top, depending on the height of the arch and the heating mechanism causing the
temperature gradicnt. Again it appears within the context of this model that the
coronal heating mechanism may be related to the origin of the flare.

Other mechanisms that can lead to this form of current runaway are a gradual
twisting of the field, a gradual shearing of the field by lateral foot motion, or a
transient EMF along B of unknown origin. The first two occur becausc the current
is steadily incrcasing and at some stage will start to run away by the combination
of resistive instabilitics and the cxternal current driver. We expect shearing to be
important as a precusor effect, because large shear will actually increase the
likelihood of the tearing instability. The effect of a transient EMF on j is obvious.

A modification of the basic superhcating instability could occur, if there werc
an electron beam stably trapped in the arch, sincc this bcam could lead to an
increase in bulk resistivity in the presence of an electrostatically stable current by
the mechanism of Papadopoulos and Coffey (19744, b). Hence, since this resistiv-
ity is a bulk resistivity, the joule heating would increase in its presence. This
increase in joule heating would then Icad to more electron runaway, which then
feeds the beam that generates the anomalous resistivity. If this proposed mechan-
ism were to occur, a sclf-sustaining nonlinear fcedback mechanism betwecn
current and beam could lead to the currcnt buildup desired. Earlier we found that
this mechanism increased the resistivity for the adopted parameters by 10% In
addition it was noted in Section 3 that this mechanism was most effective in
increasing the resistivity in regions of lower density, which in an arch would
correspond to the arch apex and within the hot sheath. Thus the mecchanism fits
into the scquence of instabilities discussed earlier, where the resistivity was
assumed classical. The increase in n by 10 will lower the required j by 10 for
the onset of the superhcating instability.

Since this mechanism requires a beam of electrons, we must find a source for
such a beam. The most obvious and most reasonable source of such a beam would
be the runaway high-cnergy tail of the clectron current distribution function. The
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number density in the tail of a Maxwellian is obtained by integrating the ambient
Maxwellian from v, to infinity, obtaining

ox (_b_>
ne 2 TPATRT 59)

n V/ET (ﬁ)
Ur,
Taking v~ 3vy, we obtain n/n=~2.95x10"". Since n~10>cm™>, we find nr~
2.95x10” em™>, which is 10° times larger than the number of electrons required

to form the beam as calculated earlicr from Equation (3.19). Hence, only 10° of
the tail electrons need to run away to form the beam.

-3

5.4. LOCATION OF INITIAL INSTABILITY IN THE ARCH

Although we have examined where the most probablc initial current buildup
should occur, it docs not necessarily follow that the flare instability should start
there. Indeed as shown Spicer (1976a), the safety factor will be a minimum at the
apex of the arch, assuming the toroidal component of B is the same in both legs.
In general however B, in one leg will not necessarily be the same as in the other.
Thus, it follows that g will have its minimum, as a function of the toroidal
coordinate, at differcnt locations for different arches. However, since jr will have
its greatest growth in the transition zone of the arch, one should expcct the
instability to start somewhere between this region and the apex of the arch,
assuming that the transition zone does not coincide with the top of the arch and
that By is the same in both legs of the arch. For any other set of circumstances the
picture becomes more complicated, and an accurate prediction can be made only
when the physical details of arches become known.

6. Phenomenological Aspects of the Flare Model

This section will be devoted primarily to examining the flare model in various
situations which are belicved to occur on occasion.

However, before proceeding we emphasize that any magnetic topology which
contains a current and has magnetic shear should be susceptible to just about
cvery instability we have discussed. This should include X-ray bright points,
filaments, GRF cvents, and loops in general. This will help in understanding the
relationship between flares and filaments.

6.1. EXPECTLD OBSERVATIONAL CHARACTERISTICS OF THE MODEL

As seen in Section 3, our flare model is intrinsically associated with prefiare
effects, which dictates whether a flare will or will not occur. What then is the
cxpected phenomenological behavior of this model? Essentially two types of
arches are to be considcred: the emerging arch and the preexisting arch. A single
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emerging arch is difficult to treat. Hence, whilc we consider them as potential
candidates for flaring, we will confine our discussion to preexisting arches with the
exception of an emerging arch interacting with a preexisting filament or arch
similar to the Canfield et al. (1974) model.

Preexisting arches will flare if one can alter the magnetic shear sufficiently to
trigger the MHD kink and resistive kink modes. In addition the magnitude of this
shear will determine whether the flare will exhibit weak or strong impulsive behavior
in the form of nonlinear overlapping resonances and global kinks. Further, we
have found therc exists basically two means by which the shear of the field can be
altcred, namely a steeping of the current-density profile by cither transport
mechanisms or transient phenomena. Alteration of the current-density profile by
transport mechanisms was shown to be closely related to mechanisms that are
belicved to heat the corona. Hence we expect this type of mcchanism to result
from a preheating of the arch, i.e., the flux of waves believed to heat the corona
must be increasing in the arch, thereby altering the current-density profile by the
resistive modes discussed. Logically there is no rcason why one arch should be
singled out from other arches in an active region during this incrcase in wave flux.
Thus we should cxpect preheating in all arches. If this is the case, why should a
few arches flare and not all arches in the active region? The answer is that
preheating, and the subsequent current density profile steepening, is only a part of
a scquence of events which ultimately leads to a flarc. The preheating prepares
the arch for flaring, and the transient motions provide the final push necessary to
start the flare. This occurs because the current stecpening will be balanced by the
weak dissipation of the current, when the shear becomes stcep enough to excite
the tearing mode, so that the system will evolve into a state of marginal stability.
During this period an increasc in heating will occur, above that due to the
prcheating. In addition impulsive behavior may occur due to weak kink and
resistive kink modes. The actual onset of the flare will occur when cither an
cxternal transient provides the push or the arch itself nonlinearly evolves into a
strong global kink. The global kink will result in the cffects discussed in Section 4.
Some possible transient effects that may push thc arch into instability are
illustrated in Figure 8.

With what has been said, what should be observed? Obviously a gencral
preheating of the arches in the active region should be observed. This preheating
should be particularly strong in the transition zone, because most of the wave flux
will dissipate therc. The arch should appear to brighten substantially, particularly
the plasma boundary, which should sharpen with time; this occurring over a
period of hours or minutes, as shown in Section 3. If the prcheating is maintained
for the proper interval, an extended burst and possibly weak 1EBs should appear.
This period corresponds to the marginal state just discussed. Two things can now
occur: the arch may remain in a marginal state until the heating source is shut off
and the current profile relaxes or the arch may flare, being pushed into flaring by
somc transient phenomena, e.g., emerging magnetic flux.
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What occurs during the actual flare is difficult to state precisely, since the
evolution of each flare is highly nonlinear and thus unique. However we can
heuristically discuss the general.sequence of events. If the flare is thermal, in the
extreme sense discussed in Section 4, very little dynamic behavior will occur as far
as the arch is concerned. The volume of energy release will generally be small
compared to the total-volume field energy of the arch and will be situated in the leg
of the arch where the current flows parallel to the temperature gradient. The
localized energy release will cause heat to diffuse out of the heated region,
increasing the volume of apparent instability. Hence, from an observational point
of view, there will be a small core or cores of hor plasma surrounded by decreasing
temperature gradients; i.e., the flaring arch will have a multithermal siructure. Since
the rate of encrgy release is slower, we expect any shock waves cxcited to be weak,
if they are excited at all. We expect these flares to occur in arches with larger
volumes or densities than those in which the impulsive flares which relcase an
cquivalent amount of energy occur.

The nonthermal impulsive flare is similar to the thermal flare, except the rate of
energy release is much greater and strong resonant overlap can occur as well ag
global kink modes. We can then expect strong blast waves and strong bursts of
impulsively heated and accelerated particles. Figure 10 illustrates thc basic
sequence of events if. the flare is excited by external heating mechanisms.

Recently a flare modecl bascd on emerging arches intcracting with preexisting
magnetic structurcs has been advanced (Canfield et al., 1974). This model was
advanced because of the strong correlation between emerging flux and filament
flares (Rust and Roy, 1974; Zirin, 1974) and thc subsequent activation of
filaments (Rust et al, 1975). This type of flare is different, e.g., from that
observed by Petrasso et al. (1975) in which a preexisting arch itself preheated and
then flared in a manner similar to that just discussed theoretically. Because of this
difference in flare types, it is of interest to examine whether the modcl advanced
here can also satisfy these interesting observations.

The mechanism invoked by Canfield et al. (1974) to explain the energy rclease
of the flarc was that at the interface between the interacting emerging arch and
preexisting filament (or similar configuration) a current sheet is formed and when
the current density within the sheet exceeds a critical value, rapid magnctic
reconnection takes place producing the desired flare. Let us ask ‘what would
occur if a current carrying arch, as discussed throughout this paper, were to
interact with a preexisting filament or similar configuration’? Granted a current
sheet interface may form, as emphasized by Canfield et al. (1974). However, more
importantly if the pressurc exerted between the two magnetic configurations is
sufficient to cause the current density within the sheet to grow, as required by
Canfield er al. (1974), it is also sufficient to compress and distort the nested
magnetic surfaces within the emerging current carrying arch and within the
filament (Figurc 11). This compression would eventually rcsult in significant
reconnection within the emerging arch iself and the filament, if the filament
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Fig. 10. Emerging current carrying arch, interacting with a pre-cxisting magnetic structure.

possesses a shearcd magnetic field. The reconnection within the arch itself would
explain the energy releasc of the flare rather than the shcct formed (if ever
formed) at the interface between the configurations.

Obviously the strengths of this mode] over that cnvisaged by Canfield et al.
(1974) is that a sizablc volume within which reconnection takes place is obviously
preferred to an extremely thin reconnccting sheet at the interface between the
two configurations. In addition, there is no absolute need for turbulent resistivity,
since the volume in which reconnection is occurring is significantly increased over
that of one sheet. A further point worth noting is that when reconnection rate
is determined by the fluid velocity resulting from the pressure at the interface the
tearing mode may evolve nonlinearly into a faster Petschek type rcconnection (a
Petschek box at every neutral point, Kaw, 1976; Spicer, 1976b). Because of this
the magnetic islands formed during the tearing mode process will expand substan-
tially beyond that predicted by linear theory (Kaw, 1976; Spicer, 1976b, 1977b).
Under these circumstances interaction of neighboring reconnecting layers be-
comes more likely (Spicer, 1976a) and the rate of magnetic ficld thermalization per
unit volume can increasc substantially (Spicer, 1976b) producing the nonthermal
effects common to flarcs.

It one who is familiar with the Canficld er al. (1974) model can ignore the
differences in encrgy release mechanisms advanced by Canficld es al. and that
presented here he should realize that the resulting models are cssentially the same
and thercfore have similar phenomenological consequences. Hence, the principal
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Fig. 11. Examplc of events that can lead to a flare.

differencc is the volumc and rates of encrgy release and the type of emerging
arches. Or to put it otherwise the energy release mechanism presented here can
do the same job as the simple sheet and can do it better. In addition, we find that
incorporating emerging flux into the model presents no problem if the situation
envisaged by Canfield er al. (1974) is physically the situation (e.g., an alternate
possibility would be a simple current carrying arch emerging and flaring but not
directly interacting with the filament except through the strong hydrodynamic
effects produced by the fare). Thus we can conclude that we can explain flarcs
occurring in pre-existing arches, as described by Petrasso et al. (1975) and those
described by Rust and Roy (1974) and Zirin (1974) using a simple arch.

7. Discussion and Conclusions

In the development of this model we have used the observational fact that the
magnetic topology of a flarc appears as an arch. In addition we have assumed that
a toroidal current exists in the arch. With this, we have examined the physical
consequences of the assumption and how it relates to the solar flare. We have
found that the consequences are many and that the model can explain many of
the observations obtained from Skylab, as well as previous observations. The
assumption of the existence of such a current has led, quitc naturally, to a flarc
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model that has explanations for many varied phenomena, which include:

— The role of preflare heating.

— The small volume of energy release within the arch in comparison to the total
arch volume.

— The integrity generally maintained by the arch.

— The difference between thermal and nonthermal flares.

- Kinking arches.

— A close relationship that may exist between flare instabilities and filament
instabilities if the filaments contain currents.

We predict that:

— The nonthermal flare, Jarge or small energy relcase, will generally come from
low altitude arches.

— Impulsive bursts are a result of nonthermal heating and strong disruptions of
the plasma.

— The thermal fiare will come from larger arches, unless the plasma density is
very large and invalidates Equation (4.1), even in the presence of large ficlds and
field gradients.

— The rate of cnergy rclease decreases with incrcasing volume.

— Type 1II bursts either cscape from arches by drift mechanisms and/or are
caused by sheet kinks.

— Shock waves may excite multiplc arches to flaring by a domino effect.

- Energy is stored mainly in the form of currcnts generated beneath the visible
photosphere, and the total storcd energy is probably much greater than the actual
energy relcased during a flare.

- The faster the flare rise time the morc nonthermal the flare.

— High-altitude arches with weak ficld gradients will have large-diameter
magnetic islands, and low-altitude arches with strong field gradients will have
small-diameter magnctic islands, with both high and low arches having the
appearance of being stranded like a rope.

Some of these cxplanations arc heuristic, but this is by neccssity and not by
choice. For the theorist to develop a more quantitative model will require high
instrumental resolution, which will not become available in the foreseeable futurc.
However the theorist must complement the observer regardless of the observer’s
instrumental weaknesses. Hence the theorist must, within his ability, help guide
the observer in his obscrvations, and for him to do so requires a model which is
rcasonably complete and which can be tested. If tests prove positive, this model or
a more successful model can then be quantitatively improved, such as by a
numerical modeling. However at present only particular features of this model
need to bc studicd in more detail, e.g., overlapping resonances and the degree of
enhanced reconnection, or the phenomenological release of the equivalent of a
flare cnergy into a model solar atmosphere, using realistic numerical techniqucs.
In this way progress can be made theoretically, and simultaneously other problem
areas can be dcfined.
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It is hoped that this model, whether correct or incorrect, will act as a catalyst
for others and make the development of more realistic theoretical models of flares
a reality. In addition it is hoped that the observer will give it a chance and
compare theory with observations carefully, being cautious not to confuse flare
manifestations with the actual event.
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