View metadata, citation and similar papers at core.ac.uk

THE ASTROPHYSICAL JOURNAL, 485:383-388, 1997 August 10
© 1997. The American Astronomical Society. All rights reserved. Printed in U.S.A.

-
brought to you by .{ CORE

provided by Research Commons@Waikato

THE POWER OUTPUT OF SPINE AND FAN MAGNETIC RECONNECTION SOLUTIONS

I. J. D. CraiG, R. B. FABLING, AND P. G. WATSON
University of Waikato, Hamilton, New Zealand
Received 1996 November 6, accepted 1997 March 4

ABSTRACT

The ability of three-dimensional magnetic “spine” and “fan” reconnection solutions to provide flare-
like energy release is discussed. It is pointed out, on the basis of exact analytic solutions, that fast dissi-
pation is possible only if the hydromagnetic pressure in the reconnection region becomes unbounded in
the limit of small plasma resistivities. The implication is that some “saturation” of the power output is
inevitable for realistic coronal plasmas. Estimates of the saturated power, based on limiting the flux
pileup in the field, suggest that the geometry of the spine reconnection mechanism precludes significant
flare energy release. However, the current sheet structures involved in fan reconnection seem able to
release sufficient magnetic energy fast enough to account for modest flares, even under the conservative

assumption of classical plasma resistivities.
Subject headings: MHD — plasmas

1. INTRODUCTION

It is widely believed that magnetic reconnection is the
mechanism underlying the spectacular energy release of the
solar flare (Forbes & Priest 1987; Biskamp 1994). Yet for
reconnection to be effective in a plasma of high conductiv-
ity, localized regions of strong current density must develop,
involving near-singularities in the magnetic field. Models of
magnetic merging displaying these characteristics have been
constructed, but it seems doubtful whether any resistive
mechanism yet developed can liberate sufficient magnetic
energy fast enough to explain the flare.

A feature common to all magnetic reconnection solutions
is the presence of intense, high-current regions in the vicin-
ity of the magnetic neutral point. This occurs in both
dynamic, planar simulations (Biskamp & Welter 1980;
DeLuca & Craig 1992; Rickard & Craig 1993; Rickard &
Priest 1994) and in analytic, steady state solutions in two
and three dimensions (Craig & Henton 1995; Craig &
Fabling 1996). The evidence suggests that the ohmic dissi-
pation rate can remain “fast,” with reductions in the plasma
resistivity (1) only if strong “flux pileup” can be sustained
by the flow.

Consider, for instance, a typical reconnection simulation
in planar geometry (e.g., Hassam 1992; Ofman, Morrison,
& Steinolfson 1993). There is a ground-state
configuration—usually a magnetic X-point—onto which
some global magnetic disturbance is superposed. As time
evolves, the disturbance becomes concentrated into a near-
singular current sheet. The length of the sheet is determined
externally (by the amplitude of the initial disturbance within
limits set by the global geometry), but the width is con-
trolled by the plasma resistivity, # (Craig & Watson 1992;
Craig 1994; McClymont & Craig 1996). Fast reconnection
in plasmas of finite pressure occurs provided that the field
strength at the onset of the current layer can continue to
increase with reductions in 7. However, the merging stalls
when the hydromagnetic back pressure in the sheet over-
comes the “external” Lorentz forces driving the flow
(Biskamp & Welter 1980; Craig, Henton, & Rickard 1993;
Biskamp 1994; McClymont & Craig 1996).

These findings seem robust to the details of the reconnec-
tion model. Although it is sometimes stated that arbitrary
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reconnection rates can be achieved in steady state merging
solutions, the truth is that all exact models imply some
“saturation” of the dissipation rate. This can be demon-
strated in “closed ” or periodic X-point geometries by per-
forming a magnetofrictional relaxation experiment at zero
resistivity to determine the amplitude of the saturated field
(Rickard & Craig 1993; Craig 1994). The recent three-
dimensional “spine” and “fan” reconnection solutions in
incompressible “open” plasmas (Craig & Fabling 1996)
also imply saturation. In this case fast reconnection requires
that massive hydromagnetic pressures (~n~/* or greater)
be available to drive the flows that localize the current.
Since there is an upper limit to the pressure available in the
solar atmosphere, the flux pileup must eventually saturate,
stalling the reconnection.

The likelihood of saturation does not mean, however,
that the energetic output of the merging is negligible. As
Watson & Craig (1997a, 1997b) point out, the power output
from fan reconnection solutions can be quite considerable,
even under the assumption of classical collisional
resistivities. In fact, since a flare probably involves signifi-
cant enhancements of the classical resistivity by factors of
10° or more (Parker 1979), the power estimates of Watson
& Craig could be significantly underestimated.

The purpose of the present paper is to assess how the
energy outputs from spine and fan reconnection measure up
against the extreme requirements of the flare. We consider
mainly classical, uniform resistivities, but assume that the
hydromagnetic pressures driving the merging can never
exceed the level set by photospheric sunspot fields (typically
a few thousand gauss) at the base of the solar atmosphere.
These broad assumptions are all that is necessary to esti-
mate the saturated output power of the reconnection solu-
tions.

In § 2 we compare the predictions of recent analytic,
three-dimensional reconnection solutions against the ener-
getic requirements of the flare. A discussion of the saturated
power outputs is given in § 3, where it is pointed out
that the spine reconnection output is insufficient for the
flare. A simple geometrical argument shows that fan recon-
nection solutions provide energy release scalings which
are near optimum. Our main conclusions are summarized
in§ 4.
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2. SPINE AND FAN RECONNECTION SOLUTIONS

2.1. MHD Equations

We assume that the plasma is governed by the steady
state momentum and induction equations for an incom-
pressible, resistive plasma. The geometry is open in the
sense that material can enter and leave the reconnection
region. The system can be written in the nondimensional
form

@ Vio—(@-Vo=B-VV-J-V)B, (1)
@-V)B—(B-Vw=nVB, 2.2)

where the magnetic and velocity fields satisfy V- B =
V:v=0, and the current density and fluid vorticity are
given by

J=VxB, o=Vxv. (2.3)

The system is conservative apart from the resistive losses
of the plasma. The dimensionless coronal resistivity # has
the magnitude of an inverse Lundquist number. Lundquist
numbers from 107'* to 1071° have been quoted in the
literature, and we shall assume a logarithmic mean 5 =
. = 1072 in what follows. The smallness of the resistivity
implies that the ohmic dissipation rate,

W, =1 Jﬂ av = n<J? 2.4)

can be significant only in the presence of steep gradients in
the magnetic field. A central aim of reconnection theory is
to demonstrate solutions that—for well-defined B and v
fields on the inflow boundaries—can produce strong local-
ized currents in the vicinity of the magnetic neutral point.
The solution is “fast” if W, scales independently of any
positive power of the plasma resistivity. In practice this
requires <J?» to grow faster than 1/g asy — 0.

2.2. Energetic Requirements of the Flare

It is generally accepted that only fast dissipation mecha-
nisms can explain the flare. Suppose we consider a coronal
plasma of field strength B, = 100 G occupying the volume
V.= L3, where L. = 10°> cm. The typical Alfvén speed
v, = 108-% cm s~ 1, corresponding to a plasma of number
density 10'° ¢cm™3, leads to an Alfvén timescale of 7, =
L./v, = 10 s. The flare release time, typically 10? s, corre-
sponds to several coronal Alfvén times.

However, although the global magnetic energy of the
plasma is 103! ergs, only a small fraction is required to
power a modest flare. A global reduction of just 1 G yields
an output of 10293 ergs, which is directly comparable to the
thermal content of a soft X-ray—emitting flare plasma of 107
K. Yet the smallness of the resistivity makes it is difficult for
any resistive mechanism to achieve the required power
output of 1027-10?8 ergs s 1.

Suppose we calibrate W, in units of the global magnetic
energy B?/8x divided by the Alfvén time 7,. Then W, must
be of order 103 to meet the rate of 1027 ergs s~ 1. We see
that in the coronal limit n = , ~ 10~ '2, the dimensionless
current density has to be enormous, {(J*)» ~ 10°, to achieve
an appreciable flare output.

2.3. Spine and Fan Reconnection Models

As Craig & Fabling (1996) have pointed out, any reconec-
tion solution is likely to be related to the eigenstructure of
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three-dimensional magnetic nulls (see Lau & Finn 1990;
Priest & Titov 1996). Consider the three-dimensional
X-point given by

Px)=of —xx +xyp + (1 — x)zz] . (2.5

Here « defines the isotropy of the field, « the intensity, and
all variables are measured in the coronal units introduced in
§ 2.2. By taking 0 <x <1 and « > 0, the x-axis always
defines a separatrix field line into the neutral point; out-
going separatrix lines are restricted to the plane x = 0 and
emanate radially from the null—as illustrated schematically
in Figure 1. In the nomenclature of Priest & Titov (1996),
the separatrices comprise the spine curve, namely, the
x-axis, and the fan plane x = 0.

Reconnection is driven by superposing disturbances onto
the X-point. Craig & Fabling (1996) show that the form of
the reconnection depends on which of the separatrices is
distorted by the disturbance field Q(x). The magnetic and
velocity fields are given by the general superposition

Bx)=iP+Q, vx)=P+ 10, (2.6)

where A is a constant and P is the X-point field (eq. [2.5]).
In fan current reconnection we have that

0=0(x) =Yxpy+ Zx)x, 27

and so only distortions of the spine occur. As shown sche-
matically in Figure 2, this leads to a classical current sheet
in the fan plane x = 0. Flux is piled up at the onset of a
narrow resistive layer overlying the neutral point. By taking
A =0, the solution degenerates to pure magnetic annihi-
lation involving straight field lines.

Figures 3 illustrates a second possibility, namely, that
quasi-cylindrical, spine-aligned currents are driven by dis-
turbances in the fan. In this case the disturbance field is two
dimensional,

Q(y, z)= X(y’ )X, (28)

and the reconnection solution displays counterrotating
current tubes aligned parallel to the axis of the spine. The

FAN PLANE

F1G. 1.—Schematic spine and fan structure for an isolated X-point null
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(b)

Fi1G. 2—Fan reconnection solutions. (a) Schematic representation of
the current sheet structure of a typical fan solution. Motions that distort
the spine generate currents in the fan plane. Light shaded areas represent
regions with high current magnitudes. (b) Flow streamlines for a fan recon-
nection solution with parameters x = 3, 0 =1, A=2,n=3 x 1073, and
Y(1) = Z(1) = . The arrows denote the inflow direction, while the cross
marks the position of the null.

spine solutions offer much richer current structures than the
simple current sheets of the fan model. They also allow
faster ohmic dissipation, provided the severe pressure
problem discussed in § 3.2 can be ignored.

2.4. Fan Reconnection Scalings

Let us first determine the dissipation scalings for fan
current solutions. By substituting equation (2.6) into the
momentum equation (2.1) and the induction equation (2.2)
we find that the fan current disturbance field Y(x) satisfies
(Craiget al. 1995)

_n
ol — 22)°

where 7 is of order #. An identical equation holds for Z(x)
under the replacements Y(x) —» Z(x), x — (1 — ).

Instead of the boundary-layer analysis of Craig et al.
(1995), we invoke here the parabolic cylinder function solu-
tion

X k+1 3 x? Kk 1 x?2
Y(x)_AWM<T9E, _2_ﬁ>+BM<E:§, _2_'_’>9

(2.10)

written in terms of the Kummer function M(a, b, z). Well-
behaved solutions require # > 0, which implies either « > 0,
[Al<lora<0,|i] > 1. We reject the latter possibility as
unphysical since it implies small length scales on the inflow
boundaries (Craig & Henton 1995).

7Y +xY' +xkY =0, 7

>0, (2.9
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We require only the asymptotic properties of the
Kummer function, namely,

1+az/b, asz—-0,
[z]7%,

M(a, b, z) ~ { (2.11)

asz— —oo .

We do not require the even solution (see Watson & Craig
1997a, 1997b), so we set B = 0. The odd solution grows
linearly for small x, peaks when x ~ 5!/, and falls off as
An*?x~* (recall we assume 7§ ~ 7). As k — 1 the flux pileup
is most severe, and, for prescribed field strengths of order
unity on x = +1, the amplitude of the disturbance field
scales as A ~ n~"/2. By contrast, for x = 0 the field ampli-
tude Y(x) is constant outside the current layer. These
extremes are simply the Dawson function and error func-
tion solutions, respectively, discussed by Fabling & Craig
(1966). Since our main concern is an estimate of the power
output, we shall adopt only the simplest solution: this is the
k = % fan solution in which the disturbance field Q builds
up as 5~ /4 at the onset of the current layer.

2.5. Spine Reconnection Scalings

Turning now to spine reconection, we note that x = 5 is
again the simplest model, since it allows a cylindrical mode
decomposition of the disturbance field in the planes of con-
stant x. Specifically, we let

X(y, 2) > X(r, 0) = f(r)e™

where r? = y* + z% and tan 0 = y/z. The radial spine equa-
tion for f(r) is then given by

’ 2
f+1rf'=ﬁ<f”+i—m—2 > (2.12)
2 ror
For the solution to be well behaved we require 7 < 0 with
a <0, ]|4] <1, which corresponds to plasma, injected into
the fan, being squirted out along the spine. It is easily shown
that only the m = 1 mode (Fig. 3) corresponds to reconnec-
tion involving finite currents at the neutral point: all other
modes are associated with pure resisitive diffusion in the
cylindrical current layer (Craig & Fabling 1996).
The solution, which is well behaved as r — 0, is given by

2 \m/2 1 2
f(r)=A<|fﬁ> M<1+§m,1+m, _V’;ﬁ) (2.13)

The m = 0 mode is exceptional, but for all higher modes f(r)
falls off as r~2 outside the axial region r ~ #/2 of high
current density. We must therefore take A ~ ! to achieve
fields of order unity on the r = 1 boundary. By using the
Kummer transformation

M1 +4im, 1 +m, —2%)=e ZM(Em, 1 +m, z?),
2.14)

we can show that the Kummer function solutions, for all
even m, reduce to the terminating series solutions deduced
by Craig & Fabling (1996). More critically, as discussed
below, the field amplitude | f(r)|~A ~#n ! leads to a
superfast dissipation rate.

3. POWER OUTPUT FOR SPINE AND FAN RECONNECTION

3.1. Introduction

The solutions outlined above offer an exact description of
steady state incompressible reconnection in open geome-
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Fi1G. 3—Spine reconnection solutions. (@) Schematic representation of the current structure of a typical spine solution. Motions that distort the fan
generate currents along the spine. In contrast to the sheet geometry of Fig. 1, the currents are now constrained to quasi-cylindrical tubes. (b) Flow streamlines
for spine reconnection. Inflow aligned to the fan is squired out along the spine. Parametersare x = 3,0 = —1,A =2, =3 x 1073, m = 1,and f(1) = 0.015.

tries. However, as we will see in § 3.2, fast reconnection is
achieved at the high price of unrealistic hydromagnetic
pressures throughout the reconnection region. This leads to
the absurd result that, for fixed-amplitude disturbance fields
on the inflow boundaries, the ohmic dissipation rate can
increase indefinitely (see [3.3]) with reductions in the
plasma resistivity.

To overcome this lack of physicality we need to impose
an upper limit to the hydromagnetic pressures that can be
tolerated in the reconnection region (Watson & Craig
1997a, 1997b). The disturbance field must be limited to
some saturated amplitude determined, for a prescribed
hydromagnetic pressure bound, by the plasma resistivity #.
We will see that this prescription leads to concrete predic-
tions for the maximum power output at realistic coronal
resistivities.

3.2. The Problem with Fast Reconnection

To determine the scaling of the dissipation rate, we must
fix the level of the disturbance field Q on the inflow bound-
aries of the model. Consider first the fan reconnection scal-
ings for k¥ = . The volume containing the current AV is
proportional to the width Ax ~ /2 of the sheet. If fields of
order unity are washed in through the inflow boundaries
x = +1, the field amplitude at the current layer must scale
as| Q(x)| ~ n~ 14, and so

W, ~ nJ2AV ~ Q*AV ~ n° . (3.1)

This confirms W, as fast when fields of fixed amplitude are
washed into the reconnection region.

The plasma pressure is obtained from the uncurled form
of the momentum equation (2.1). The result is

p(x, ¥, 2) = po — (P* + Q)2 — aA[yY(x) + 2Z(x)]/2,
(3.2)

and so the pressure p, at the neutral point must increase
without bound as # — 0 in order for the pressure to remain
positive. In particular, p, ~ Q* ~ n~ /2. This huge pressure
reflects the magnetic pressure in the sheet and the hydro-
magnetic pressure on the inflow boundary x = 1. It follows
that pressure in the reconnection region is ultimately set (as
a boundary condition for any fixed #) by the nature of the
external regions that drive the reconnection. Equation (3.2)
then confirms that the external hydromagnetic pressures (at
x = +1) required to sustain the reconnection must be com-
parable to the gas pressure p, at the neutral point.

The pressure problem is even more severe for spine
reconnection. The disturbance field builds up as
0 = X ~y~ !, and since AV ~ mr? ~  we obtain the super-
fast rate

W, ~nJ?AV ~ Q*AV ~n~ 1. (3.3)
Instead of equation (3.2) we now have
p(x, ¥, z) = po — (P* + X?)/2 + adxX , (3-4)

and the scaling of the pressure, namely, p, ~ X(y, z)*> ~ 2,

is even more extreme.
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3.3. Saturated Power Output for Fan Reconnection

We now limit the output power by assuming that the
hydromagnetic pressure of the neutral-point region is
bounded by the external pressure available to drive the
merging. Since the largest pressures in the solar atmosphere
are associated with photospheric sunspot fields of around
B, =107 G, we assume that the localized magnetic field
surrounding the neutral point can be enhanced (relative to
our reference coronal field B, = 100 G) by factors not
exceeding 10'°. Thus B, ~ 10" in the nondimensional
units of § 2.2.

In the case of fan reconnection we assume the limit
| Q(x)| ~ B, for n ~ n,. This gives the saturated output

W, ~ BZAV ~nl?B2~1073, (3.5)

assuming #, = 10~ 12, Since our unit of power is 103° ergs
s~ 1, we achieve our target rate of 10?7 ergs s .

How much energy is actually liberated during the recon-
nection process? If we evaluate the total energy in the dis-
turbance field, we find that [by a factor of In(1/5,)] the
outer region x > #'/?> accounts for the bulk of the excess

magnetic energy,

1 2 1 1/2Rp2 l -2
<2B>_4nc B2In . ~1072. (3.6)

This translates to liberating 2 x 102° ergs in the dis-
turbance field in typically

JSBY2y 1L (1)
T = 41n<m>_10 3.7)

He
coronal Alfvén times. This corresponds to a time of around
102 s typically.
3.4. Saturated Power Output for Spine Reconnection
For spine reconnection we assume the bound | X(y, z) | =

|f(r)| ~ B, when n ~n,. However, because of the small
volume element AV ~ nr? ~y, we obtain a saturated
output of only

W, ~B2AV ~nn B: ~1078% . (3-8)

This is down by a factor of 10°-> on our target rate of 1027
ergs s~ ! and suggests that spine reconnection is incapable
of powering even a tiny flare. The problem lies in the
geometry: we find that the energy contained in the field,

(B*/2) ~ nn, B: ~ 10755, (3.9)

translates to only 6 x 10> ergs. Thus, although the energy
is released over a single Alfvén time, that is,

(B?/2)
w,

Ne

~

~1, (3.10)

the quasi-cylindrical spine region simply cannot contain
enough magnetic energy under the constraint that | f(r)| <
B, for n ~ n,. Obviously, the condition of fast dissipation is
only necessary, not sufficient, for a significant power output.

3.5. Geometrical Considerations

It is interesting that the previous results can be antici-
pated on very simple geometrical considerations, indepen-
dent of the details of the spine and fan solutions. Suppose
AV is the current volume enclosing the flux pileup field of
amplitude Q. We shall assume, in line with the previous
solutions, that AV contains a representative fraction of the
magnetic energy in the disturbance field Q. Suppose further
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that
AV ~PL3Y, L~y°, (3.11)

where [ scales in some way with #, and v > 1 governs the
dimensionality of the current region. Then v =1 gives a
current sheet, appropriate to fan current reconnection,
while v = 2 represents the current cylinder of spine recon-
nection. The case v = 3 has no direct interpretation in terms
of the present solutions but can be thought of as a localized
current ball. In the same sense v = 1.5 (for example) corre-
sponds to a flattened cylinder of current.

Since J ~ Q/I, the power and energy scalings are given by

W, ~nQl 203, (3.12)
(B22> ~ QL3 . (3.13)

Obviously we would like both these quantities to scale
favorably with . While Q should be chosen as large as
possible (consistent with Q> < B2), the scaling with [ is con-
tradictory. However, by taking I ~ #/2, we obtain identical
scalings for both W, and (B?/2) for any dimensionality v.

This corresponds to the invariant dissipation timescale

2 2
B P
W, n

It seems a remarkable coincidence that both the spine and
fan solutions possess this /2 scaling. It is clear that in this
case the dimensionality v = 1, corresponding to the fan
current solution (eq. [3.5]), maximizes the amount of energy
that can be released.

These arguments, of course, are not restricted to the spine
and fan solutions: they apply equally well to time-
dependent reconnection models. Consider, for instance, the
case of planar reconnection driven by the coalescence insta-
bility, as in Biskamp & Welter (1980) and Rickard & Craig
(1993). Here the sheet is quasi—one-dimensional (v = 1) with
only the width dependent on #. In the flux pileup regime the
instability drives the sheet according to I ~ 5?3, Q ~ /3.
Thus a superfast dissipation rate W, ~ n '/ i

(3.14)

is obtained at
the expense of the energy in the sheet (B?/2> ~ 5°. By con-
trast, in the planar reconnection experiment of Deluca &
Craig (1992),v = 1,1 ~ #'/2, 0 ~ n~'/#, and so an invariant
dissipation timescale is maintained without compromising
the fast dissipation rate W, ~ (B?/2) ~ n°.

Of course, in any concrete case, the reconnection rate is
determined by the details of the simulation, which involves
both the magnetic geometry and the boundary and initial
conditions of the problem. Watson & Craig (1997a, 1997b)
have already demonstrated that multiple scalings can arise
in magnetic geometries which comprise several nulls.
Although such models offer intriguing possibilities, the
present argument suggests that of all the possible flux pileup
models, the scaling of the three-dimensional fan solution
offers the best compromise.

3.6. Physical Interpretation

The previous results suggest that fan current reconnec-
tion is most likely to meet the energetic constraints of the
flare. Even so, the largest flares seem well beyond the satu-
rated fan output based on the classical resistivity n = #, =
10~ !2, This difficulty is eased considerably, however, if we
make the plausible assumption that microinstabilities
enhance the resistivity by some typical factor F. In fact,
since the physical extent of the high current region is below
the collisional mean free path of the plasma, some break-
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down of the classical resistivity is inevitable. Since estimates
(e.g., Parker 1979) suggest F ~ 10%, both the fan output
power and the magnitude of the energy release can be raised
by the amount F'/> = 102, without altering the dissipation
timescale (eqs [3.5], [3.6], and [3.7] above). Alternatively,
for a fixed saturated output, the hydromagnetic pressure in
the fan reconnection region could be eased by an order of
magnitude F~'/4, to a level which barely exceeds the typical
coronal value.

We recognize, of course, that there are many other pos-
sibilities for enhancing the classical dissipation rate. Aside
from other mechanisms for enhancing the resistivity (e.g., by
turbulent convection), we have not considered the influence
of time-dependent effects (e.g., Politano, Pouquet, & Sulem
1995; Craig & McClymont 1997), or the finite compress-
ibility of the plasma (e.g., Scheper & Hassam 1995; Rickard
& Titov 1996). Multiple null solutions also appear prom-
ising at first sight. But although these can involve multiple
length scales and allow several sites for the energy dissi-
pation, it seems difficult to achieve much improvement over
the present fan reconnection scalings (Watson & Craig
1997a, 1997b).

Turning to time-dependent effects, we note that the main
feature of the saturated power calculation is the need to
limit the amplitude of the disturbance field on the inflow
boundary. This field is strongly amplified by the inflow—by
factors of 100 or more—and eventually piles up in a narrow
current layer overlying the neutral point. It is the back
pressure generated in the flux pileup layer that stalls the
reconnection and leads to saturation. It is possible to
imagine situations, however, where the outer field region
becomes causally decoupled from the neutral point—for
example, in dynamic compressible plasmas where near-
vacuum regions develop at the onset of the sheet. Such
extreme situations may well allow a relaxation of the steady
state saturation limit.

4. CONCLUSIONS

We have considered the energy output characteristics of
three-dimensional spine and fan magnetic reconnection

solutions. Although these models have the potential for
rapid energy release, the ohmic dissipation rate is fast only if
the hydromagnetic pressure in the reconnection region
builds up continually with reductions in the plasma resis-
tivity, #. We have argued, following Watson & Craig (1997a,
1997b), that the important energetic quantity in this case is
the saturated power output obtained by limiting the hydro-
magnetic pressure in the model to levels available in the
solar atmosphere. This automatically overcomes the physi-
cal implausibility of accelerating dissipation rates as # — 0.
It is also consistent with dynamic merging simulations
which show that the reconnection rate stalls when the back
pressure in the current layer overcomes the hydromagnetic
(boundary) forces driving the reconnection (see Biskamp
1994; Craig et al. 1993).

Of the two reconnection solutions considered, it seems
the fan model is the more promising flare candidate. The
narrow cylindrical current structures r ~ #/? of the spine
solution contain insufficient magnetic energy for the flare, at
least within the limits imposed by the saturated field ampli-
tudes. By contrast, the current sheet of the fan solution is
energetically far more favorable: our estimates suggest that
it can account for a modest flare even without invoking the
likely enhancement of the classical resistivity by micro-
instabilities.

In the present study we have considered only the sim-
plest, exact three-dimensional reconnection solutions, yet
we know from Watson & Craig (1997a, 1997b) that other
reconnection solutions can be constructed, possibly with
more favorable dissipation scalings. The geometrical argu-
ments of § 3.5 suggest, however, that unless the scaling
I ~n'/? is obtained, either the power output or energy
release will be adversely affected. In meeting this require-
ment, we believe the current generation of exact, three-
dimensional reconnection solutions offer encouraging
possibilities for interpreting the flare release.

We thank Ernie Kalnins for encouraging us to express
our solutions in terms of named functions. P. G. W.
acknowledges the support of NZ FRST funding.
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