THE ASTROPHYSICAL JOURNAL, 486:521-533, 1997 September 1
© 1997. The American Astronomical Society. All rights reserved. Printed in U.S.A.

A SOLAR FLARE MODEL BASED ON MAGNETIC RECONNECTION BETWEEN
CURRENT-CARRYING LOOPS

D. B. MELROSE
Special Research Centre for Theoretical Astrophysics, School of Physics, University of Sydney, NSW 2006, Australia

Received 1997 February 19; accepted 1997 April 3

ABSTRACT

A model for solar flares is proposed in which the flare energy is the magnetic energy released when
two current-carrying flux loops reconnect to form two new current-carrying flux loops between the orig-
inal four footpoints. It is assumed that a magnetic flux, AW, and an electric current, Al, are transferred
during the reconnection, subject to the constraint that the flux and the current at each footpoint are
unchanged. The change in the magnetic energy is separated into parts due to the transfer of current and
of “potential” field, and the latter is neglected (although the argument for doing so is a weak one). The
current transferred, Al, is assumed equal to its maximum possible value, which is the weaker of the two
currents in the initial flux loops. The change in magnetic energy is calculated for some specific simple
configurations of the spots (footpoints of the loops). Some favorable configurations for energy release are
when a positive polarity spot is near a negative polarity spot (so that one of the final loops is very small)
and when the two initial loops are at a large angle to each other. The model allows reconnection only
between loops with the same handedness (the sign of the helicity ocI/¥) and the handedness is preserved
during reconnection. Observational evidence that there is a preferred handedness for coronal magnetic
structures suggests that this requirement of the model is automatically satisfied, but specific data on the
helicity in active regions is less conclusive. It is energetically favorable for overlapping colinear loops to
reconnect to form a longer and a shorter (nested) loop, and it is suggested that very long loops connect-
ing different active regions form through a sequence of such reconnections involving ephemeral flux

loops that emerge between the active regions.

Subject headings: MHD — Sun: flares — Sun: magnetic fields

1. INTRODUCTION

An important class of solar flares is known to be associ-
ated with the emergence of new magnetic flux in an existing
complex active region (e.g., Svestka 1976; Heyvaerts, Priest,
& Rust 1977), especially in 6 regions in which the polarity of
the newly emerging flux is opposite to that of the existing
flux (e.g., Zirin & Liggett 1987). The standard interpretation
is that magnetic reconnection occurs, releasing magnetic
energy to produce the flare. Until quite recently the obser-
vational evidence for the implied change in the magnetic
topology in the overlying corona was weak. However,
recent developments of a technique due originally to Sweet
(1958) has allowed the topology of the coronal magnetic
field above a sunspot group with four components protrud-
ing through the photosphere to be explored. Sweet (1958)
found that the overlying structure separates into four
regions, determined by the connection of the field lines to
the spots, which are identified as the footpoints of magnetic
loops. This method was developed further by Baum & Bra-
tenahl (1980), Machado et al. (1988) and Gorbachev &
Somov (1988), and recently by Longcope (1996), who
referred to the method as magnetic charge topology (MCT).
Application of MCT to observational data on solar flares
(e.g., Gorbachev & Somov 1989; Mandrini et al. 1991, 1993,
1995; Démoulin et al. 1993, 1994, 1997 ; Van Driel-Gesztelyi
et al. 1994; Bagala et al. 1995) has shown that the locations
of the separatrices between the four regions correlate with
flare activity. Brown et al. (1994) summarized the results of
the MCT modeling by stating that it supports the sugges-
tions (i) that flare kernels correlate with the intersection of
the separatrices with the photosphere, (ii) that the magnetic
energy release is associated with currents flowing near the
separatrices, and (iii) that changes in the connectivity of the
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magnetic field are associated with large flares. Specific
changes in magnetic connectivity between different sun-
spots as the result of large flares have been identified by
several groups, e.g., Zirin & Liggett (1987), and Wang, Xu,
& Zhang (1994).

There is strong evidence that large-scale currents play a
central role in the energy release in solar flares. Recent dis-
cussions of relevant data on the currents in coronal loops
include those by Gary & Démoulin (1995), Wang et al.
(1994), and Leka et al. (1996). In particular, Leka et al.
(1996) reported observations of five well observed emerging
bipoles and found that the flux bundles that make up these
new bipoles are twisted before they emerge and that the new
bipoles are cospatial with significant vertical currents.
Reconnection between such bipoles occurs when they come
into contact in some manner (e.g., Machado et al. 1988), and
recent observational evidence for a rapid rise of flux loops
in active regions (Uchida et al. 1992) suggests that they are
pushed together primarily by this vertical motion rather
than by motion of the footpoints. These recent data provide
further support for the suggestions (1) that the large-scale
currents flow up at one footpoint and down at the other
footpoint of a current-carrying loop (Melrose 1991), (2) that
the energy released in solar flares is already stored in the
current system before the magnetic structures emerge from
below the photosphere, and (3) that photospheric motions
play no important role in the energetics of solar flares.

Most theories for the energy release in flares are based on
reconnection and make no direct reference to the large-scale
current. The only standard flare model that takes the
current into account directly is that of Alfvén & Carlqvist
(1967), but this model is seriously flawed. A central assump-
tion of the model is that magnetic energy is released as the
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current decays (due to a postulated formation of a double
layer), but the timescale for a flare is much shorter than the
time required (the Alfvén propagation time) to affect the
source of the current deep in the solar atmosphere. Hence,
no significant decay of the current can occur during a flare.
The current system can change in the corona during a flare
only through a redistribution of current paths, with the net
current flowing into and out of the corona at the footpoints
remaining fixed. Existing theories do not incorporate the
important constraint that the current at each footpoint
cannot change significantly during a flare (e.g., Melrose
1992).

In the present paper a model is proposed for estimating
the magnetic energy release that results from reconnection
between current-carrying magnetic flux loops. As in the
model of Sweet (1958), it is assumed that the magnetic flux,
¥, emerges from below the photosphere in two (positive
polarity) spots and submerges at two other (negative
polarity) spots. Here ¥ is referred to as the “potential”
field, by which is meant only that it is not generated by the
large-scale currents that flow into and out of the corona.
These spots are the footpoints of flux loops connecting
them. Initially, there are two loops connecting the foot-
points in pairs. Here the initial loops are denote loop 1,
connecting spots 1+ and 1—, and loop 2, connecting spots
2+ and 2—. The additional assumption is made here that a
current, I, is associated with the flux, ¥, at each spot. A
reconnection is defined as a transfer of flux, AW, and
current, Al, between two pairs of loops. This forms loop 3,
connecting spots 1+ and 2—, and loop 4, connecting spots
2+ and 1—. This transfer is constrained by the requirement
that the flux and current at each footpoint remain fixed.

In order to calculate the change in magnetic energy in the
corona due to such a reconnection, simplifying assumptions
concerning the geometric configuration of the magnetic
fields need to be made. Here, each loop is modeled as a
semi-torus with its center and axis in the photosphere.
These semi-tori act as “shells” of loops that may corre-
spond to actual loops or to hypothetical (empty) loops. A
reconnection transfers flux, A¥, and current, Al, from one
loop to another without changing the shape of either. This
assumption implies that the calculation of the energy stored
in the magnetic field can be separated into a calculation of
various coefficients (notably inductances) that depends only
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on the assumed geometry (tori of different sizes, displace-
ments, and orientations), which does not change during
reconnection. These coefficients are used to determine the
energy in terms of ¥ and I, which do change during a
reconnection. It is assumed that the favorable conditions for
a flare are when (1) the magnetic energy stored in the
current system before reconnection is much larger than that
after reconnection, and (2) the flux loops in which this
energy is stored touch each other so that reconnection
becomes possible.

The change in the magnetic energy in the corona is esti-
mated in § 2. The inductances are evaluated for several
different specific configurations of the spots in § 3. Applica-
tion of the model to specific orientations of the spots is
discussed in § 4. A particular requirement of the model is
that the reconnecting structures have the same handedness
or helicity, determined by the sign of I/¥, and the observ-
ational evidence for this is discussed in § 5. The conclusions
are summarized in § 6.

2. THE CHANGE IN MAGNETIC ENERGY

A general form of the model explored here consists of a
number of magnetic loops subject to magnetic reconnec-
tion. Each loop is defined by its footpoints, magnetic flux
and axial current. Let there be N footpoints of positive
polarity, denoted n+ withn =1, ..., N, and N footpoints
of negative polarity, denoted n—. There can be up to N?
loops connecting the footpoints. The magnetic flux is ¥, >
0 at n+ and —W, at n—, and the current is I, at n+ and
—1I, at n—. A reconnection involves transfer of flux and
current from one pair of initial loops to one pair of final
loops. Only the case N =2 is considered in detail here;
moreover, only two of the four possible loops (loops 1 and
2) are assumed to be present in the initial state, which is
equivalent to the other two (loops 3 and 4) being empty
shells, in that initially they have zero flux and current.

2.1. The Constraint on the Current

Suppose that magnetic reconnection occurs between the
two flux loops, as illustrated in Figure 1. The four flux
loops, labeled 1, 2, 3, and 4, connect the footpoints in pairs
1+,1-),2+,2—-),(1+,2—),and (2+, 1—), respectively.
Flux and current are assumed to be transferred together,
with the final values denoted by primes. Conservation of

1+ 2+

F1G. 1.—Schematic diagram (a) showing initial loops 1 and 2 (lightly shaded) connecting footpoints 1+, 1 — and 2+, 2 —, respectively, and final loops 3
and 4 (darkly shaded) connecting footpoints 1+, 2— and 2+, 1—, respectively; and (b) showing how the loops reconnect when viewed from above, with
heavy solid lines denoting initial loops, heavy dashed lines showing final loops, and light lines indicating a field/current lines in the process of transferring

from the initial to the final loops.
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current at the footpoints 1+,2+,1—, and 2 — requires
L+L,=I+1;, I,+1,=1,+1,,
L+I,=I'+1I,. I,+I,=1,+1%, (1)

respectively. It follows that one has

IL,-I'=1,—-I,=Al, I,—-1Iy=1,—I,=—AI, (2

where AI is an undetermined constant, identified as the
current transferred in the reconnection. An analogous dis-
cussion of the fluxes, which follows by replacing I by ¥ in
the foregoing, implies an analogous flux transfer, A'P.

Let the handedness of a particular loop be defined as the
sign of the ratio I/¥Y of that loop. (The magnetic helicity,
referred to here simply as the helicity, is also determined by
I/¥.) Thus, loop 1 is right hand (RH) if the current is up
(I; > 0)at 14+ and down at 1—, and it is left hand (LH) in
the opposite case (I; < 0). The handedness so defined corre-
sponds to the sense of twist of the magnetic field.

There is an important implication that follows from the
basic requirements of this model if one makes the additional
plausible assumption that the current in neither initial flux
loop can increase in magnitude as a result of the reconnec-
tion. Suppose that loop 1 is RH; this assumption then
implies that Al is positive, in order that I’ be less that I,. It
follows from I35 = AI and ¥ = AY that loop 3 is also RH.
Moreover, equation (2) with I, > Al requires I, > Al, so
that loop 2 must also be RH. Similarly, loop 4 must be RH.
Thus, reconnection can occur only between flux loops that
have the handedness. Moreover, the maximum current that
can be transferred from one footpoint to the other is the
minimum of I, and I,. In particular if one of the initial flux
loops carries no current, then it is not possible for the recon-
nection, as defined here, to occur. (This conclusion follows
from the assumption that current and magnetic flux are
transferred together, so that reconnection with zero transfer
of current is possible only if both initial flux loops have zero
current.)

2.2. The Change in the Magnetic Energy Due to the
Currents

The magnetic energy associated with the system of cur-
rents in the initial (i) and final (f) flux loops may be written
in the general form:

respectively, where L, = M,, is the self-inductance of flux
loop n, and M,,, = M,,, for m # n is the mutual inductance
between flux loops n and m. As explained above, in the
present model it is assumed that the reconnection does not
affect the shape of the loops, which are thought of as the
shells of loops that may or may not be actual loops. For
example, if loops 3 and 4 do not exist initially, then in the
expression (3) for E} one has I; =0 and I, =0, but the
coefficients M,,,, involving n = 3 or m = 3 are assumed to be
well defined and not to change between the initial and the
final states. This assumption should not lead to significant
error because it is well known that the self-inductance is
sensitive only to the length of the current path and is only a
weak function of the current profile, and that the mutual
inductance is sensitive to the length, separation and orienta-
tion of the two current segments, but not to the current
profile within each segment.

SOLAR FLARE MODEL 523

The energy released is the difference between the initial
and final magnetic energies. Only the case of two initial
pairs of spots is considered here. Throughout most of this
paper it is assumed (1) that loops 1 and 2 are the initial
loops, (2) that loops 3 and 4 are formed as a result of recon-
nection, and (3) that the maximum amount of flux and
current is transferred so that either loop 1 or loop 2 disap-
pears as a result of the reconnection. However, before
specializing to this case, it is relevant for a later purpose to
formulate the problem more generally by assuming that
loops 3 and 4 have nonzero initial currents, I;; and I,
respectively, and that loops 1 and 2 have nonzero final
currents, I, and I,., respectively. Then one has I, = I ;
+AL I, =1+ AL I =1,15=1,,and I; =15, I, =
1, I5 =15 + AL I, = 1,; + Al The transfer of current Al
leads to a change in energy

AE'= RAI + M¥YAI?, )]

R = MESSI,, + MEST,, — MSST,, — MESSI,,
©)
M =M, +M,, —M,;; — M, , (6)
M®=3L,+L,—L;—L,)+ M, — Mj,. 7

Magnetic energy is released, implying that the reconnection
can occur spontaneously, for AE" > 0.

The change in magnetic energy is separated into two
terms on the right-hand side of equation (4). The first term is
referred to as the irreducible reconnection (IR) term. One
may interpret the IR term in equation (4) as follows:
separate the currents into the parts that do not change and
the parts that are transferred in the reconnection; the IR
term is the energy change when only the latter parts of the
currents are retained. The IR term corresponds to I; =
I,,=15,=1, =0, so that one has I, = I, = Al initially
and Iy = I, = Al finally, with all other currents zero. The
other term in equation (4) may be attributed to an addi-
tional contribution from the magnetic energy released when
like currents separate, and this term is referred to as the like
current separation (LCS) term. The LCS term takes account
of the change due to the effective mutual inductance as
currents move apart or together. Consider the specific case
Iio=1,—1,,1,,=1I;=1,=0,and hence Al =I,. Then
only the term involving M}“S contributes in the LCS term
(eq. [5]). One can interpret the four terms in equation (6),
specifically MY =L, + M;, — M, — M,,, as follows.
The initial magnetic energy associated with the current in
loop 1is 3L, I3 = 3L, I}; + 3L,(AI)> + L, I;Al The first
term is unaffected by the reconnection, the second term
contributes to the IR term in equation (4) and the third term
gives the L; term in M,LCS. In this context, L; may be
interpreted as the initial mutual inductance between the two
parts I,;, AI of the initial current. Thus, the term L, in M5
may be interpreted in terms of the change in the magnetic
energy as these two parts of the initial current move apart.
The next term, M,, in M%, arises from the magnetic
energy associated with the mutual inductance between I,
and I, = Al in the initial state. The final two terms arise
from the magnetic energy associated with the mutual induc-
tance between I, and I; = Al and I, = Al, respectively, in
the final state. Thus, the LCS terms take into account the
net effect of the energy change as the various parts of the
current move apart or together.
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2.3. Specific Model for the Change in Magnetic Energy

In the following discussion, loop 1 is assumed longer than
loop 2 (a; > a,), and the maximum possible current is
assumed to be transferred in the reconnection. Hence, the
change in the magnetic energy is given by

AE! = MYS(I, — L), + M®I%2 for I, > 1, , ®)
MU, — IDI, + M®RI? for I, > 1, ,

which follows from equation (4) for I; =1, =0 and Al =
|1, — I, |. The coefficients in equation (8) are given by equa-
tions (6) and (7), respectively.

2.4. Flux Loops as Half-Tori

In the idealized model for the reconnecting magnetic
structures adopted here the flux loops above the photo-
sphere are modeled as the visible halves of tori whose axes
of symmetry are in the photosphere, as illustrated in Figure
2. Let the nth torus have a major radius a,, a cross-sectional
area A, = nr2, where r, is the minor radius, and have its
axis of symmetry along the direction defined by the unit
vector n,. The self-inductance, L,, of the nth loop is (e.g.,
Landau & Lifshitz 1960, p. 139),

L,=uCa,, C= <1n8“" _ %) , )

Ty

where the term 7/4 applies for a uniform current profile;
other profiles are discussed by Book, Turchi, & Stein (1979).
One has C = 0.7 for a,/r, = 3 and C = 1.3 for a,/r, = 10.

We also require an appropriate expression for the mutual
induction, M,,, of two loops. Specifically, consider two
loops with major radii a,, a,,, whose centers are separated
by a distance d,,,, and which are oriented at an angle 6, =
arccos (n, * n,). A suitable approximation for the mutual
inductances needs to satisfy the requirement M,, =
(L,L,)'* for a, = a,, d,, =0 and 0,,, = 0. The following
form is an interpolation between some known results sum-
marized in the Appendix and the requirement M,, =
(L, L,,)""* for identical, parallel, coincident loops:

_uC 8aZ a2 cos 0,
~ " e, + a) + 217

The actual values of the mutual inductances play an impor-
tant role in the model, as developed below, and the numeri-
cal results rely on the form of equation (10). It should be
emphasized that equation (10) is an interpolation between
known results, which are themselves derived under ideal-
ized conditions.

M, (10)

2.5. The Change Due to the “ Potential” Field

The energy in the “ potential ” field, described by the mag-
netic fluxes, may also change as a result of reconnection. A
semiquantitative estimate of the magnetic energy in a flux
loop with a magnetic flux ¥, follows by noting that if the
flux loop were a cylinder of length /, = na, and area 4,
with an axial magnetic field B,, then one has ¥, = B, 4,
and a magnetic energy B2/, A,/2p,. In the model con-
sidered here, the flux loop is a semi-torus, but in practice,
the cross section of a coronal flux loop may vary between its
footpoints and its top. To take this possibility into account
a factor, f, of order unity is included in identifying the
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magnetic energy as frna, ¥2/u, A,, where A, is the average
cross section along the length of the loop.

The change in the “potential ” energy, analogous to the
change (eq. [8]) in the energy associated with the currents,
then reduces to

AWy
AB? = n<ﬂ+&_“—3_&)(
ﬁ Al AZ A3 A4 ﬂ()
ﬁZl AY, — PHAY for ¥, > ¥, =AY,
P 11)
2

2¥, —¥Y)AY for ¥, > ¥, =AY.
2

The first term on the right-hand side of equation (11) is the
analog of the IR term in equation (8). Whether this term is
positive or negative depends on how the cross section, 4,,
scales with length, ma,, of a typical flux loop during the
reconnection process. The final term on the right-hand side
of equation (11) is always positive. Let us consider these two
terms separately.

Suppose one assumes that the scaling during reconnec-
tion is A4, oc d;, so that the mean magnetic field along the
flux loop is oca, %, where a, may be reinterpreted as the
height of the top of the flux loop above the photosphere.
For example, consider a dipolar model in which the flux
loop is assumed to have a dipolar shape, say with the dipole
a depth h, below the photosphere; then the magnetic field at
the top of the loop scales oc(h, + a,)”>. This suggests 1 <
{ < 3 as a plausible range for the scaling. For { ~ 1 the first
term on right-hand side of equation (11) is close to zero, and
for { > 1 it tends to be negative if one of the new loops is
much shorter than the two initial loops. Whether the
expected negative contribution from this term is larger or
smaller than the positive contribution from the final term in
equation (11) is uncertain, due both to its dependence on
this uncertain scaling and to its dependence on the values of
¥, and ¥,.

The final term in equation (11), say for ¥; > ¥,, is analo-
gous to the LCS term in equation (8), and one can compare
the magnitude of these changes in the “potential” and
current-induced terms given for a given value of the ratio
AI/AY. Suppose one assumes that there is a characteristic
helicity, described by a characteristic value of I/¥ (cf. § 5),
and that the reconnection maintains this value, implying
AI/AY = 1,/¥, = I/¥. Then the ratio of the LCS term in
equation (8) to the final term in equation (11) is
(1o A; MYS/2nBa,)I/¥)>. The angle of twist, ¢, of a flux

loop is
_(Bs) _ o RI
tan ¢ = <Bz> =y (12)

with R = (4,/n)'* here. Writing MT® = py,Aa,, the
ratio of these two terms reduces to (2Aa,/a,) tan® ¢,, where
¢, is the angle of twist at the top of the flux loop. For a loop
whose cross section at its top is much larger than at its
footpoint, the twist at the top of the loop is much larger
than at the footpoint (tan ¢ oc AY/?). If such a loop were
moderately twisted at its footpoint, it would be strongly
twisted near its top, implying tan? ¢, > 1 under plausible
conditions. In such a situation, the ratio of the LCS term in
equation (8) to the final term in equation (11) would be
(2Aa,/a,) tan® ¢,, and the change (eq. [11]) could justifi-
ably be ignored in comparison to equation (8).
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F1G. 2—Schematic diagram indicating the model of loops as semi-tori,
with each torus projected as a ring; the regions below the photosphere are
shown dashes, and the light arrows indicate the direction of the magnetic
field and the solid arrows indicate the direction of the current.

The foregoing arguments suggest that one may be justi-
fied in neglecting the change (eq. [11]) in the energy associ-
ated with the “potential” field in comparison with the
change (eq. [8]) in the magnetic energy associated with the
large-scale current system. Here the change (eq. [11]) is
ignored, and although this assumption is discussed further
in § 4, the justification for it remains relatively weak. An
entirely different model based on the change (eq. [11]) in the
magnetic energy could be formulated, but this is not
attempted here.

3. APPLICATION TO SPECIFIC MAGNETIC
CONFIGURATIONS

In this section the energy change (eq. [8]) is considered as
a function of the relative locations of the various footpoints
for a few idealized configurations. The objective is to iden-
tify the cases for which the largest fraction of the stored
magnetic energy is released.
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3.1. A Four Spot Model

Suppose that the four spots, identified as the footpoints of
flux loops, are at positions X,4, y,+, with n =1, 2. The
radius of the nth loop is then

a, = %[(xn+ - xn—)2 + (yn+ - yn—)2]1/2 ) (13)
the distance, d,,,,, between the centers of loops n and m is
dnm = %[(xn+ + Xn— — X+ — xm—)2
+(yn+ Yo— = VYm+ _ym—)2]1/2 s (14)

and the angle between the normal loops n and m may be
written as 0,,,, = 0, — 0,, with
0, = arctan Int = Vn- (15)
Xyt — Xp_
These values are to be inserted in the expressions (6) and
(7) for the coefficients in equation (8).

3.2. Particular Configurations

The general model, described by equations (13), (14), and
(15), involves five free parameters, one of which is a scaling
parameter and the other four define the shape. Specific sim-
plifying assumptions are needed to reduce this to a manage-
able number of free parameters. To identify some favorable
and unfavorable possibilities, consider the following specific
configurations.

Case 1a: Collinear spots, normal polarity—First, suppose
that all four spots are on the same line, along the x-axis.
Also suppose that both initial loops have “normal”
polarity, defined such that n+ is to the left of n—. As the
labelings are arbitrary, we are free to choose the leftmost
spot to be 1+ and loop 1 to be the larger (a; > a,). There
are then only two relevant different configurations: 1+,
2+, 1—, 2— (overlapping loops) and 1+, 2+, 2—, 1—
(nested loops). (According to the model reconnection is not
possible for 1+, 1—, 2+, 2—, which corresponds to dis-
joint loops.) A reconnection converts overlapping loops
into nested loops, or nested loops into overlapping loops. In
exploring which reconnection is energetically favorable,
only one configuration needs to be considered, and that
with overlapping loops is chosen. The configuration is then
as illustrated in Figure 3a.

(b)

F1G. 3.—Reconnection between two collinear loops, with the initial loops shown lightly shaded and the final loops shown darkly shaded and with the
arrows indicating the direction of the currents: (a) initially overlapping loops with the same polarity reconnect into a longer loop and a shorter nested loop;
(b) nested loops of opposite polarity reconnect into disjoint loops whose net length is shorter than the net length of the initial loops.
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This model involves three free parameters, which are
chosen to be a,, a, and the distance between the centers
of the initial loops, d,, = d. Overlapping loops require
a, —a, <d < a, + a,.In this configuration one has

az =3, +a,+d), a,=3@a,+a,—d, d,=d,
diz=az3—ay, digy=a,—a,, dyz=a3—a,,
424=02_a4= d3, =a, —a,, ) (16)
with cos 6,,, =1 for all loops. Then the coefficients in

equation (8) may be written in the form

N 8a? a2
1
[(a; + a2)2 + d2]3/2

Sad  [fiaa ]

@+ @) (@t + )"

N 8a3 a?
2 [a, + a,)* +d’T?

B /843 d3 J8a3d: :|

@ +a)* (a3 +ad)”

v

MR =y C 8a? a2 B \/§a§ a3 )

“HM e @) + 8P @+ e
with a; > a; > a, > a,, a; + a, = a; + a,. The coefficients
vanish for d = a, — a,, when one has a; = a,, a, = a,, and
the reconnection does not change the configuration. As d >
a, — a, increases, a; increases and a, decreases, and the
coefficients (eq. [17]) all increase. In the limiting case d = a,
+ a,, when spots 1 — and 2+ coincide, loop 4 is negligible,
a, = 0, and the energy change is maximized. The limit a, =
0 is discussed more generally as case 2 below.

Case 1b: Collinear spots, reverse polarity—Next suppose
that the two initial loops are collinear with opposite pol-
arities, as illustrated in Figure 3b. Unlike case 1a, the two
configurations of nested and overlapping loops do not
interchange as a result of reconnection, and both need to be
discussed. For either, reconnection leads to two disjoint
final loops, with the same polarity for initially nested loops
and with opposite polarity for initially overlapping loops.

For nested initial loops one has a; + a, =a; —a,, d =
a; — ay < a, — a, and then the coefficients in equation (8)
reduce to

MES = 5, C
y |:a 8a? a2 \/gaf a3 \/gaf a? |
L _ _
[ a0 + P17 i +a) it + 0.

MES = 4y €

-

8a? a?

* [“2 Ty +a) +dTR T

2.2 2,2
8aia; \/§a3a4 }

[(a, + ay)* + d°1° (i + a3)*?

\/gaﬁ a? N \/§a§ a2l

(a, +as)®  (ay+ a,)’ |

-

MR =y, C{a2 —

(18)

For overlapping loops one hasa; —a, = a; — a,,d = a;
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+ a4 > a, — a,, and equation (18)is replaced by

Mi® = p,C

wda 8a2 a3 B J8aidk . /8d3d}
Volata) + 8PP (@ +ad)? (e +an)S
M3 = p, C
Ao 8a? a2 \/§a§ a? B \/gaf a2
2 [ay+a)* +d* 12 " (a,+a5)®  (ad +ad)?f’

8(ai a3 — a3 aj)
(a; +a,)* +d*1**)° (19)

The two forms, equations (18) and (19), coincide for d =
a, — a,, when one has a, = 0, which is discussed below as a
limit of case 2 below. More generally, inspection of the signs
of the terms in equations (18) and (19), together with the
inequality a; > a,, suggests that M5 is the largest of
the coefficients provided that a,/a, is not too small. (This is
confirmed below for the special case a, = 0.) This leads to
the conclusion that reconnection when the smaller loop has
reverse polarity is favorable provided that the smaller loop
has the stronger current, that is, for I, > I, in equation (8).

Case 2: Triangular configuration: two coincident spots.—
Next suppose that the spots 2+ and 1— coincide, so that
the spots form a triangle with sides 2a,, 2a,, 2a;, with
a, =0, as illustrated in Figure 4. Let the angle between the
sides 2a, and 2a, be 0. Then one has

1
MIR=u0C{§(a1+a2—d)—[

ay = (a3 + a3 — 2a, a, cos )"/,
di;=az, diz=a,, dyz=ay,
(a% — a2 sin? 0)/?

cosf;, = —cosf, cosf;= ,
as

2 2 2 g)1/2
cos0,, = 7% 41 o0 g (20)
3

with the upper sign for a3 < a? — a3 (cos 0 > a,/a,) and the
lower sign for a3 > a? — a3 (cos 0 < a,/a,). The coefficients
in equation (8) reduce to

M@ =p,C
y {al _ 8ajajcosf  8ajas(aj—ajsin® 0)1/2} ’
[(a, + a,)* +a3]*? [(a, + a3)* +a3]*?
M3;® = p, C
y {az B 8a? aﬁzcos 62 _— 8a? a;(a% — a? sin® 0)1/2} ’
[(a; + a,)* + a3]*? [(a, + a3)* +a3]*?

B 8a% a2 cos 0 }
[(a, + a2)2 + a3]3/2 ’
1)

1
M® = p, C{E (a; +a; — a3)

The expressions reproduces the limit a, = 0 of case la
and case 1b (nested loops) for cos # = —1 and cos 0 =1,
respectively.

For cos § = —1, equation (21) reproduces the limita, = 0
in equation (17). For example for initial loops with a, =
a,/2, equation (21) implies MY =0.12y,Ca,,
M5 =031, Ca;, M™ =0.21p,Ca,, and for a, =a,
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1+ 2+1 -

F1G. 4—Triangular configuration in which spots 1 — and 2+ coincide;
the initial loops are shown as solid lines, and the final loop as a dashed line.

equation (21) implies M7 = M5 ~ M™® = 0.35y, Ca,.
Reconnection is energetically favorable for initially over-
lapping loops to form a larger final loop with a smaller
nested loops, and these examples correspond to the optimum
case when the smaller loop is negligible.

For cos 6 = 1, equation (21) reproduces the limit a, = 0
in equation (18). For this case, note that equation (21)
implies MY = M5 = M™ = 0 for both a, = 0 (only one
loop) and a, = a, (canceling identical loops). Between these
limits M5 changes sign three times and M™ once, both
being positive for small a,/a,. For a, = a,/2 one finds
M5 =017, Ca; » | M|, |[M™®|. One concludes that
while case 1b with I, > I, and a, = 0 allows energy release
on reconnection for small a,, it is not a particularly favor-
able configuration for energy release. On the other hand, for
I, > I, the coefficient M5 is relevant (cf. eq. [8]), and it
can be moderately large. It follows that the case where loop
2 has reverse polarity is favorable for energy release on
reconnection provided that loop 2 has the larger current.

For orthogonal initial loops, cos 8 = 0 in equation (21)
gives moderately large and positive values for the coeffi-
cients. For example, for a, = a,/2 equation (21) implies
MY = 0.13p, Ca,, M58 = 0.47u, Ca,, M® = 0.19u, Ca,.
The coefficients are not strong functions of cos 6
when cos 0 is small, so that there is a broad range of both
a,/a, and cos 0, where these positive values apply. One
concludes that this is a relatively favorable configuration for

2+ 2—

1+ 1 -

FI1G. 5—Same as in Fig. 4 but for a rectangular configuration of the
spots.
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a moderately large energy release.

Case 3: Spots forming a rectangle—In general, the four
spots define a quadrilateral. Suppose the spots define the
four corners of a rectangle, with sides of length 2a and 2b, as
illustrated in Figure 5. The initial loops overlap only if they
are along the diagonals of the rectangle, and the final loops
are then along two opposing sides of the rectangle. Let the
final loops correspond to the sides of length 2a, so that the
initial loops have radii b and the final loops have radii a.
Choosing the spots to be at 1+ = 3(—a, —b), 1— = 1(a, b),
2+ = 4(—a,b),2— = (a, —b), one has

a,=a,=./a*+b*, az=a,=a, d;,=0,

d13=d14=d23=d24=b, d34=2b,

cos 0, = % )
a*+b
cos 0,3 =cos 8,4, =cos 0,3 =cos 0,, = L,
cos 03, =1. (22

The coefficients in equation (8) reduce to
MY = MY =y, C

x{ R 4 a?> —b? B 16a3\/m }
JE+b0 [(Ja+b7+a)? + b))

MR =pu,C| /a*> +b*>—a+ @b — a .
o v JEir @+

(23)

The limit b* > a® is not favorable because the initial
energy in the current system is small (the currents are nearly
antiparallel). The limit b*> < a? is also not favorable because
the reconnection then makes only a small change in the
current paths.

The optimum case is that of a square (a = b, a, = 2'/%a),
when equation (23) reduces to M =MLS=
0.10u, Ca;, M™ =0.04u,Ca,. Thus, the coefficients in
equation (8) are positive, suggesting that the configuration
is favorable for energy release. However, the magnitudes of
the coefficients are not as large as in the triangular configu-
ration.

Case 4: Orthogonal final loops—As a final example, con-
sider a configuration suggested by reconnecting flaring
loops identified recently by Nishio et al. (1997) from X-ray
and microwave data. Figure 6 is a cartoon of the active
region. An idealized configuration for this case corresponds
to three of the spots in a line and the final two loops orthog-
onal, as illustrated in Figure 7, specifically with the follow-
ing locations for the spots: 1 + =(—2a,, 0), 1— = (0, 0),
2+ = (0, 2a, sin 0), 2— = (—2a, cos 0, 0), with 0 the acute
angle between loops 1 and 2. Then one has

ay=a; —a,cos @, a,=a,sinb,
di,=d%, =a} + a3 —2a,a, cos 0,
d?;=d%;=a%cos? 0,
d3,=a5, di,=ai+a5+2a,a,cos0,
cos ,, =cos,; = —cosf, cosf,, = sinf, (24)

with cos 0,5 =1, cos 0,, = 0. The coefficients in equation
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(a)

(8) reduce to

\/gaf a3 cos 0
[a} + a3 + a; a,(1 — cos 0)]°?

\/gaf(al — a, cos 0)? }

" [24% + a2 cos % 0 — 2a, a, cos 0]°2
\/§af a3 cos 0
[a? + a2 + a, a,(1 — cos 0)]*/?
\/§a§(a1 — a, cos 0)? cos 0
[a} + a,(a; + a,)(1 — cos 6)]*?
B 8a, sin® 0 }
(2 + 2 sin 0 + sin” 6)*?)°

MY = p, C{‘h -

M35S = p, C{az -

1
MR =y, C{E (ay(1 + cos 6 — sin 6)

_ \/§af a3 cos 6 25)
[a? + a2 + a, a)(1 — cos O)]**)°

respectively. On evaluating the coefficients equation (25) for
a,=a,/2, cos 0 =131, one finds MY = —0.01y,Ca,,
M5 = 0.16p,Ca;, M™® = —0.03u,Ca,. It follows that
this configuration is moderately favorable for energy
release, but only for I, > I,.

4. IMPLICATIONS OF THE MODEL

Applications of the foregoing model to solar flares and to
the formation of magnetic loops linking active regions are

FI1G. 7—Same as in Figs. 4 and 5 for an idealized configuration of the
loops in Fig. 6.
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(b)

FiG. 6.—Idealized model for reconnecting loops based on a specific event discussed by Nishio et al. (1997); (a) the light arrow indicates the rising motion
of the emerging flux loop, the solid arrows indicate the direction of the magnetic field, and the ring indicates the reconnection region; (b) same as for (a)
viewed from a different angle.

discussed in this section. Some comments are also made on
the neglect of changes in the energy associated with the
“potential ” magnetic field.

4.1. Favorable Spot Configurations

Although the investigation of all the possible configu-
rations of the spots in § 3 is far from complete, some favor-
able configurations are identified. An important qualitative
point is that the mutual inductances play an important role
in determining which configurations are favorable. For
example, for collinear, overlapping loops of the same
polarity (case la), the net self-inductance does not change
during reconnection, and the energy change is due entirely
to the mutual inductances.

Of the various configurations considered in § 3, the most
favorable is the triangular configuration, that is, when a
positive and a negative polarity footpoint are close together
and one of the two final loops is small. This configuration is
favorable over a wide range of angles from collinear (6 ~ 0
in Fig. 4) to roughly orthogonal (0 ~ 7/2), but not when the
initial loops are nearly collinear and antiparallel (6 ~ =). It
is instructive to consider why this final case (6 ~ 7 in Fig. 4)
is relatively unfavorable. Simple intuition might incorrectly
suggest that this is a favorable configuration because it
allows a maximum reduction in the net self-inductance, due
to reconnection forming two final loops with a net length
substantially shorter than the net length of the initial loops.
However, the mutual inductance between the initial loops is
large and negative, implying that the initial magnetic energy
is much less than would be (incorrectly) inferred by neglect-
ing the mutual inductance. This is a general feature of
reverse polarity configurations: these are unfavorable when
the two initial loops are nearly antiparallel. However, a
reverse polarity configuration is relatively favorable when
the two initial loops are at a moderately large angle, so that
the initial mutual inductance is small. Then there can be a
reduction in the net self-inductance, which is not canceled
by the change in the effective mutual inductance.

Another moderately favorable configuration is a square,
with the initial loops along the diagonals. In this case the
initial mutual inductance is zero, so that the initial magnetic
energy is the sum of the two independent magnetic energies
(3L, I? + 3L, I%). The reconnection causes a substantial
reduction in the self-inductance: the self-inductance reduces
by a factor (1/2'/?) equal to the ratio of the length of sides to
the diagonals of the square. However, the magnitudes of the
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coefficients in equation (8) are smaller (by a factor ~2) than
for the most favorable of the triangular configurations. This
indicates that it is more favorable to have one of the final
loops much shorter than the other (triangular case) than to
have both of the comparable length (square case). This con-
clusion is also supported by consideration of the most
favorable collinear configuration (case 1a), which is when
the two initial loops (with the same polarity) are just touch-
ing so that the two final loops have a; = a, + a, and
a,=0.

The magnitudes of the coefficients in equation (8) can be,
for the most favorable initial configurations, a significant
fraction of the initial self-inductance. The coefficients can be
written in the form p, Aa, where Aa is a characteristic length
that is a substantial fraction of the radius of the smaller of
the two initial loops, and where the parameter C in
equation (9) is incorporated in the definition of Aa. For
example, in the triangular case with initial loops of similar
lengths a, ~ a, that are nearly orthogonal, the fraction is
~3(Aa ~ a,/3).

4.2. The Energy Release in a Solar Flare

To be viable as a basis for interpreting solar flares, the
model must account for the observed energy release in solar
flares when the currents are of order those found observ-
ationally in flaring loops. The following estimates suggest
that this requirement is satisfied.

Writing the coefficients in equation (8) in the form p, Aaq,
a length Aa ~ 107 m corresponds to a projected length
~10” on the Sun. The loops involved in flares can have
radii ~10” or somewhat larger. This gives a characteristic
value for the coefficients in equation (8) of u,Aa ~ 10H.
Thus, for favorable configurations the coefficients in
equation (8) can be of order several henry. A characteristic
number for the energy available through reconnection in
this model is then

UoAa Al \?
AE™® ~ 1023<1‘})—H><m> T (26)

For example, for the five flares analyzed by Leka et al.
(1996), the estimated currents ranged from 2-5 x 101! A,
Assuming AI ~ 3 x 10*' A, equation (26) implies a mag-
netic energy release of order 1024 J. Such an energy is ade-
quate to account for the observed energy release in a
moderately large flare.

An important requirement of the model is that both
initial loops must be carrying a substantial current. The
current Al in equation (26) is to be identified as the weaker
of the two initial currents. With the resolution of presently
available vector magnetograms, a loop with no detectable
current would have I < 10'! A. According to equation (26),
the maximum energy that could be released in a flare in
which the current in one loop is not detectable is ~ 1023 J.
One concludes that it is only for the most energetic flares
that the currents in both initial loops should necessarily be
detectable using existing techniques.

4.3. Observational Consequences of the Model

The present model can be tested in several ways. A direct
quantitative test is to estimate the energy available and
compare it with the energy observed to be released in a
particular flare. The information required to calculate the
energy available consists of (1) the locations of the spots
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that form the footpoints of the reconnecting loops, and (2)
the currents initially flowing in these loops. Then equation
(8) gives the energy available, with the coefficients in
equation (8) calculated as in the specific examples described
in§ 3.

In order to carry out such a comparison, one needs to
identify the most favorable configurations for energy release
in a systematic way and compare these with the spot con-
figurations that lead to flares. From the cases considered in
§ 3, favorable configurations include two opposite polarity
spots that are close together, so that one of the final loops is
very short, and overlapping, nearly collinear loops forming
a longer and a (nested) shorter loop. However, there are
likely to be other configurations that may be more favor-
able, and these need to be identified before making any
detailed comparison with observational data. As pointed
out in § 3, a general configuration involves five free param-
eters. One of these may be regarded as a scaling parameter,
leaving four free parameters to be optimized (subject to the
constraint that the initial loops overlap) to find the most
favorable shapes. Moreover, the cases I; » I,, I, =1, and
I, > I, in equation (8) need to be considered separately.
Hence, a systematic search involves finding the maxima of
three separate functions in a four dimensional space. A sys-
tematic investigation of parameter space to identify the
most favorable configurations is being attempted.

Other ways in which the model might be tested relate to
confirming that large currents are redirected from one flux
loop to another as a result of reconnection during a flare. A
direct signature of the current is the handedness or helicity,
as discussed in § 5 below. The present model requires that
any new flux loop formed during reconnection have the
same handedness as the initial flux loops (cf. Berger & Field
1984), which also must both have the same handedness.
One investigation of the helicity of active regions (Pevtsov,
Canfield, & Medcalf 1995) found that the active regions that
produce flares tend to have opposite to the generally pre-
vailing helicity, but the statistical significance of this result
is not high. It is not clear whether this result is in conflict
with the model proposed here in that the important con-
straint in the model is that the reconnecting loops have the
same helicity: several loops in an active region may have the
same helicity whether or not this is opposite to the generally
prevailing helicity. It might be remarked that the suggestion
(Rust 1997) that helicity is conserved in space plasmas and
that it has a characteristic sign in each solar hemisphere is
consistent with the requirements of the present model
Although most of the observational evidence is consistent
with Rust’s hypothesis, the data on the helicity in flaring
active regions (Pevtsov et al. 1995), which of most relevance
here, is somewhat inconclusive concerning the sign of the
helicity.

A less direct way of observing the currents is through the
magnetic shear at the photosphere. Formation of a shorter
loop, as if favored in the present model, implies that the
current path moves closer to the photosphere. Qualit-
atively, formation of a shorter, current-carrying flux loop
from a longer one, with the current conserved, should
increase the shear at the photosphere. Such an increase,
which is sometimes observed (e.g., Wang et al. 1994), is not
expected in other models for flares.

4.4. Individual Reconnection Event
There is evidence for the energy release during the impul-
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sive phases of solar flares occurring in discrete events with a
range of timescales from milliseconds to tens of seconds
(e.g., Sturrock et al. 1984; Benz 1987). In a reconnection
model, such discrete events would correspond to discrete
reconnection events, each such event involving a small
value of AY and Al In the present model small individual
reconnection events may be described by equation (4), with
Lis, 1, 15, 1,; replaced by the instantaneous values of I,
1,, I, 1,, respectively. The energy change associated with a
discrete event involves the four coefficients ML with
n = 1-4 (cf. eq. [6]) but not the coefficient M™ (cf. eq. [7]).
In contrast, a single large flux transfer event (with AI the
minimum of I, and I, here) involves only two coefficients
M™ and either MY (for I, >1,) or M5 (for I, >
I,). Thus, although it is assumed in the present paper that
the condition for reconnection to occur is that M™® > 0 and
either M > 0 (for I, > I,) or M5 > 0 (for I, > I,), it is
evident from these remarks on discrete reconnection events
that the signs and magnitudes of the other coefficients are
relevant to any modification of the present model to con-
sider continuous reconnection. Although a detailed dis-
cussion of such discrete flux transfer events would be
directly relevant to the interpretation of flare data, no such
discussion is attempted in the present paper.

4.5. Formation of Large Loops by Multiple Reconnections

The existence of very long loops that connect different
active regions has long been known from both radio data,
specifically inverted-U radio bursts (e.g., Suzuki & Dulk
1985) and EUV and soft X-ray data, specifically from
Skylab (e.g., Bray et al. 1991, p. 183). Their existence has
been confirmed by more recent data (e.g., Tsuneta 1996;
Mangharan et al. 1996). However, how such loops form is
unclear. The discussion in § 3 (cases 1a and 2) of reconnec-
tion of overlapping collinear loops implies that it is ener-
getically favorable for nearly aligned, current-carrying
loops to reconnect to form larger loops. This suggests a
possible explanation for how such loops might form. A very
large loop can form by a sequence of reconnections, each of
which increases the length of the loop only a moderate
amount. For such large loops to form between two active
regions requires that suitable small loops emerge in between
active region, so that a sequence of reconnections could
allow a loop to lengthen sequentially by reconnecting with
many smaller loops until it spans the intervening region.

The observational data provide some support for the sug-
gestion that long loops might form in this manner. Mag-
netic flux emerges from below the photosphere in the form
of bipolar spots (e.g., the review by Zwaan 1985). Only
roughly half the emerging magnetic flux is associated with
large active regions. The flux that emerges between large
active regions forms “ephemeral active regions” of which
there are hundreds at any one time with a range of orienta-
tions and each with a lifetime ~1 hr (Harvey, Harvey, &
Martin 1975). Ephemeral loops could allow sequential for-
mation of a very long loop provided they have appropriate
orientation and handedness. The range of orientations
observed suggests that long loops could form in a variety of
directions, and any preferred orientation would favor a long
loop forming with this preferred orientation. As discussed in
§ 5 the requirement on the handedness should be satisfied.
Thus, sequential reconnection with ephemeral loops
appears to be a viable mechanism for forming long loops
between active regions.
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4.6. Neglect of Change in the Energy of the “ Potential”
Field

As stated in § 2.5, the change in the energy associated
with “potential ” field is ignored here, but the justification
for this is weak. Another way of thinking about the change
in magnetic energy associated with the “ potential ” field is
in terms of currents confined to the corona.

The flux ¥ is not a true potential field: all models for
coronal flux loops involve an implicit assumption concern-
ing a surface current. The change in the energy of the
“potential ” field (eq. [11]) is actually a change in the energy
associated with such localized currents, but the actual form
of these currents is poorly understood. The requirement
that the surface current be force free in the corona is a
severe constraint. In particular, a cylindrical flux tube can
have boundary conditions that require either B, =0 or
B, = 0 outside the flux tube, but both B, =0 and B, =0
simultaneously is not possible (e.g., Gold & Hoyle 1960;
Melrose, Nicholls, & Broderick 1994). The boundary condi-
tion B, = 0 outside the flux tube would be the more appro-
priate here, but would also be artificial. A more realistic
model for a flux loop requires a more realistic boundary
condition. Thus, the change in the energy associated with
the “potential ” magnetic field requires a realistic boundary
condition that determines the form of the localized coronal
currents and how they change during reconnection. No
attempt is made to formulate such a model in the present
paper.

The neglect of the change in energy associated with the
“potential ” magnetic field is based primarily on the evi-
dence that flares correlate with regions of strong current
flowing into and out of the corona. Any change in the
“potential ” field is related to currents that close entirely
within the corona. A flare model based on energy release
due to such currents is not excluded, and such a model
would be an alternative to the model proposed here.

5. THE HANDEDNESS OF CORONAL MAGNETIC
STRUCTURES

An important constraint implied by the reconnection
model in § 2 is that reconnection is possible only between
flux loops with the same handedness. The handedness is
determined by the sign of I/¥, and both loops must have
the same sign of this quantity so that current and flux can
be transferred together during reconnection. Moreover, the
handedness is related to the helicity, which is conserved
during reconnection (Berger & Field 1984). In this section it
is argued that the available observational data point strong-
ly toward there being a preferred handedness for coronal
flux loops.

It was pointed out by Martin, Marquette, & Bilimoria
(1992) that there is a characteristic handedness to solar
magnetic structures, and this has been discussed in more
detail by Rust (1994, 1997), Rust & Kumar (1994, 1996), and
Priest, van Ballegooijen, & MacKay (1996). The filaments
are left hand (negative helicity) in the northern hemisphere
and right hand (positive helicity) in the southern hemi-
sphere (irrespective of the solar cycle). Pevtsov et al. (1995)
considered the latitudinal variation of the photospheric
magnetic helicity, based on a data set consisting of 69
diverse active regions. They found that 76% of the regions
in the northern hemisphere had negative helicity and 69%
of the regions in the southern hemisphere had positive heli-
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city. They also found a tendency for active regions whose
helicity does not obey the general rule, and whose helicity is
time-variable, to produce more flares. Leka et al. (1996)
found that the sense of twist of newly emerging bipoles is
the same as the large-scale twist of the preexisting large spot
(I/¥Y < 0). In might be noted that the suggestion that the
observable twisting of flux loops is already present as they
emerge had been made much earlier by Weart (1970, 1972),
and also by Tanaka (1991), both of whom suggested that the
ultimate seat of the activity is in the interior of the Sun
where the twisted flux ropes are formed.

Seehafer (1990) considered the helicity of the electric
current, defined by B x (V x B). From a study of 16 active
regions it was found that the electric current helicity is pre-
dominantly negative in the northern hemisphere and posi-
tive in the southern hemisphere. Seehafer (1990) noted that
the sign of the electric current helicity produced by a stan-
dard « model for the solar dynamo is opposite to that
observed. However, the sign is consistent with some alterna-
tive dynamo models, e.g., with that of Glatzmaier (1985).
Rust (1996) has carried these arguments on magnetic heli-
city further to propose that helicity is conserved in space
plasmas. Rust also noted that the correct handedness is
produced by the Babcock model for the solar cycle, and also
by Glatzmaier’s (1985) model of the solar dynamo.

These various data on the handedness of magnetic struc-
tures and the sense of current flow are consistent with flux
loops emerging with a characteristic sign of I/¥. Granted
this, one would conclude that the requirement of the present
model that the reconnecting flux tubes have the same sign of
I/¥ is normally satisfied. However, the most relevant data
on active regions (Pevtsov et al. 1995) is inconclusive on this
important point.

6. CONCLUSIONS

The model for solar flares proposed here is based on the
assumption that the energy released in a flare is stored ini-
tially in currents that close deep in the solar atmosphere
and that are already flowing in newly emerging flux loops.
The energy release mechanism is assumed to be magnetic
reconnection in which flux and current are transferred
together between flux loops, subject to the constraints that
the flux and current at each footpoint do not change during
the reconnection process. In order for reconnection to occur
the initial flux loops must be in contact, and the observ-
ational evidence suggests that this occur due to a rapid rise
of emerging flux (Uchida et al. 1992). The loops are modeled
as semi-tori with their axes in the photosphere, and the
shapes of these tori are assumed fixed by the locations of the
spots, so that they do not change during a flare. Thus, the
semi-tori are actually shells of loops that may correspond to
an actual loops or may be empty. A magnetic reconnection
moves flux and current together between these shells,
forming a new loop if one shell is initially empty, and
destroying an initial loop if all its flux and current are trans-
ferred.

The conclusions from the present investigation can be
summarized as follows:

1. The requirement for energy release is that the final
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magnetic energy be less than the initial magnetic energy; the
condition for this follows from equation (8) in the case
where the maximum possible current is transferred.

2. Some favorable configurations for energy release are
identified; these include two spots of opposite polarity
being close together (so that one of the final loops is very
short) and initial loops at a large angle to each other; if one
of the flux loops has reverse polarity, reconnection is more
favorable when the smaller loop has the strong current
(I, > I, here). A systematic search of parameter space is
required to identify other possible favorable configurations.

3. The magnitude of the energy release under favorable
conditions depends on the current transferred, and for AI of
a few 10! A an energy release of a few 1024 J is possible;
this is adequate to account for a moderately large flare.

4. The model requires that AI not exceed the smaller of
the currents (I,, I,) in the initial loops, and the observable
threshold for detection of a current from vector magneto-
grams is such that energy release up to about 10?* J would
be compatible with currents below this present-day thresh-
old of detectability.

5. Another favorable configuration for modest energy
release is two overlapping collinear loops reconnecting to
form a longer loop and a nested shorter loop; it is suggested
that a sequence of such reconnections involving ephemeral
flux loops might account for the formation of very long
loops linking active regions.

6. The model requires that the reconnecting flux loops
have the same handedness, defined by the sign of I/'¥, which
is also the sign of the helicity, and the helicity is conserved
during reconnection. There is considerable evidence that
coronal magnetic structures have a characteristic hand-
edness, implying that this requirement is probable satisfied.
However, there is also an indication (albeit with low sta-
tistical significance) that active region that produce flares
have opposite to the prevailing helicity. Further observ-
ational data are required to clarify whether or not the
observed helicities of reconnecting loops are consistent with
the model.

7. The most direct observational test for the model is a
comparison of the magnetic energy available for release
with the energy actually released in a subsequent flare. The
magnetic energy available can be calculated in terms of a
known configuration of the spots and known currents in the
initial loops. Other tests are that the helicity of a newly
formed loop must be the same as that of the initial loops,
and that, when a newly formed loop is smaller than the
initial loops, the magnetic shear in the photosphere should
increase as a result of the flare.

8. The energy associated with the “potential” field,
described by the flux ¥, should change during reconnection,
and this change is ignored in the present model. Although it
is argued that this neglect may be justified, the argument is a
weak one. An alternative model for the energy release could
be formulated based on the changes associated with the
“potential ” field.

I thank Lawrence Cram, Stephen Hardy, and Mark
Walker for helpful comments on the manuscript.
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APPENDIX
ESTIMATES OF THE MUTUAL INDUCTANCES

A simplifying assumption that allows the mutual inductance between two current loops to be evaluated is to replace the
actual currents by line currents. Then one has
¢, - d¢
_Ho p%n Gl (A1)

nm b
4n Pum

where r,,, is the distance between the two line elements d/, and d/,,, and where d/, denotes an element of length around the
path of the nth current loop. For two loop currents that have their axes aligned and their centers separated by a distance d,,,,
one has (e.g., Stratton 1941, p. 263; Batygin & Toptygin 1962, p. 254)

2 2 4a,a
M,, = V2 (= — Ky K (ky) — — E T v E A2
nm uO(an am) [(knm knm) (knm) knm (knm):| 2 knm (an + am)z + d’%m 2 ( )
where K(k) and E(k) are complete elliptic integrals (e.g., Abramowitz & Stegun 1965, p. 590). The leading term in the power

series expansions,
T k2 9k* T K?  3k*
K(k)—§<1+—+—+--->, E(k)—§<1—1—a—--->, (A3)
in equation (A2) reproduces the dipole approximation (see below). Two special cases treated by Jackson (1975, p. 263) are for
two identical current loops, of radius a. For the case where their axes are aligned and are a distance d apart, Jackson quoted

=6 o) ) ]

where the expansion is for d > 2a. The result (eq. [A4]) is equivalent to equation (A2) for a, = a,, = a, d,,, = d. For the case
where the two loops are in the same plane, with the centers separated by a distance d, Jackson found

3 5 7
_ _toma|fa)" 9 fa) 375 (a)"
YR [(d)+4(d>+64 9. (A3)
ford > 2a.

For two loops whose axes intersect at an angle y at a point where the radius a of one loop subtends and angle o and the
radius b of the other loop subtends an angle f, the mutual inductance may be evaluated in terms of associated Legendre
polynomials Py (e.g., Gray 1972, pp. 5-31):

0 3 ; 1
M = muob sin asin g Y 02 S0P (9 >P,1(cos 2)PL(cos B)P,(cos 7) . (A6)
= W+ 1) \a

In the limit b < a only the term [ = 1 need be retained, and then equation (A6) gives M ~ muy(b*/2a) sin* a sin* B cos .
Furthermore, for loops aligned along their axes, one has y = 0, sin § = 1 and sin « = a/(a®> + d?)'/?, where d is the separation
between their centers.

One case not covered by the foregoing standard results is the case of nearby loops at an oblique angle to each other.
Consider the particular case of two loops with a common center, with radii a and b, and at an angle 6 to each other. The

integral (A1) gives
_ poab [*" 2 cos 0 cos ¢, cos ¢, + sin ¢, sin ¢,
MO = 4z J; do, L d¢s [a* + b? — 2ab(cos ¢, cos ¢, + cos O sin ¢, sin ¢p,)]'/* "

For arbitrary 0 the integral in equation (A7) may be evaluated approximately for b < a by expanding in powers of b/a. The
leading term gives

(A7)

Uo mh? cos 0
2a '

The result (eq. [A8]) is similar to the approximate forms mentioned following equation (A6). The interpolation (10) includes
these cases when one loop is much smaller than the other.

If the distances between the current loops is sufficiently large (compared with the sizes of the loops), the magnetic dipole
approximation applies. The mutual inductance of two magnetic dipoles, m, and m,,, whose centers are separated by a distance
d,. = | X,m |, Where x,,, is the vector displacement between them, is

2,2
Ko Tay Ay 3nn * Xy M ° Xym
Mnm=_Tsrn<nn'nm_T). (A9)

In the case where the magnetic dipoles are aligned along the line joining them (n,, n,, x,, all parallel) equation (A9)
reproduces the leading term in the result obtained from equation (A2) in the limit k,,,, < 1 using equation (A3), which reduces
to the leading term in equation (A4) for a, = a,, = a and d,,, = d. Also for n,, n,, parallel and orthogonal to x,,,, (eq. [A9])
reproduces the leading term in equation (A5) for a, = a,, = a and d,,,, = d. The interpolation formula (10) gives the correct

M) = (A8)
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dipole dependence oc1/d3, for large d,,, and although it does not reproduce the correct angular dependence in the dipole
approximation in general (cf. eq. [A9]), it is correct in the special case where one of the dipoles is aligned with the line joining

their centers.
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