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ABSTRACT

We present a model for the spontaneous onset of fast magnetic reconnection in a weakly collisional plasma,
such as the solar corona. When sheared magnetic fields in the corona undergo collisional (Sweet-Parker) recon-
nection, a narrow dissipation region forms around the X-line. This dissipation region dynamicaly becomes
narrower during the reconnection process as stronger magnetic fields are convected toward the X-line. When the
dissipation region becomes thinner than the ion skin depth, resistive magnetohydrodynamics breaks down as the
Hall effect becomes important, and the Sweet-Parker solution ceases to exist. A transition to collisionless (Hall)
reconnection ensues, increasing the reconnection rate by many orders of magnitudein avery short time. Predictions
of the model are consistent with constraints set by observations of solar flares.
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1. INTRODUCTION

Magnetic reconnection isthe driver of explosionsin the solar
corona. The first self-consistent description of magnetic recon-
nection, the Sweet-Parker model (Sweet 1958; Parker 1957),
was immediately recognized as yielding energy release rates
that aretoo slow to explain observations. Petschek reconnection
(Petschek 1964) and related models (Priest & Forbes 1986)
can be much faster, but they require anomalousresistivity (Sato
& Hayashi 1979; Biskamp 1986), a process that is not well
understood. In the past 10-15 yr, a new paradigm of colli-
sionless (Hall) reconnection has emerged, in which nonmag-
netohydrodynamic terms make reconnection much faster (Birn
et a. 2001), about 6 orders of magnitude faster for solar flare
parameters. Signatures of Hall reconnection have been ob-
served in magnetospheric observations (Jieroset et a. 2001,
Mozer et a. 2002) and laboratory experiments (Cothran et al.
2003; Ren et a. 2005).

However, explaining observed reconnection ratesisonly part
of the problem. One must also explain why reconnection is
explosive: explaining how magnetic energy can accumulate
without significant dissipation and identifying the mechanism
triggering the onset of fast (Hall) reconnection to release the
stored energy are long-standing problems.

A self-consistent theoretical explanation for the onset of Hall
magnetic reconnection has been elusive. One approach (Bhat-
tacharjee et al. 2005) describes the onset as a smooth, but rapid,
increase in the reconnection rate. More recently, Cassak et al.
(2005) showed that Hall reconnection begins catastrophically
as a transition from Sweet-Parker reconnection, which occurs
when the thickness 6 of the Sweet-Parker dissipation region
falls below the ion skin depth d = c/w,, where w, =
(47ne®’m)*? is the ion plasma frequency and n is the plasma
density. Thisisthe length scale at which magnetohydrodynam-
ics (MHD) breaks down and the Hall term in the generalized
Ohm’s law becomes important. While both the Sweet-Parker
and Hall solutions are valid when 6 > d,, the Sweet-Parker so-
lution ceases to exist for 6 <d. As 6 fals below d during
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Sweset-Parker reconnection, an abrupt transition to Hall recon-
nection ensues.

The catastrophic transition to Hall reconnection when 6 ~
d, was demonstrated by (externally) decreasing the resistivity
n. However, theideathat a solar eruption is caused by a change
in the resistivity requires ad hoc assumptions about the poorly
understood energetics of the corona. In this Letter, we suggest
that the transition can occur as the result of the dissipation
region thinning due to the convection of stronger magnetic
fields into the dissipation region during slow Sweet-Parker re-
connection. Thisisageneric processthat isentirely self-driven:
it relies on no external forcing or fine-tuning of any parameters.
To our knowledge, thisis the first self-consistent model for the
spontaneous onset of fast reconnection.

To see why transitions to fast reconnection are generic to
the reconnection process, consider a macroscopic equilibrium
current layer with asmall but nonnegligible resistivity. Without
small-scale structure, the Hall term in Ohm’s law is unimpor-
tant, so the system undergoes Sweet-Parker reconnection. Since
the resistivity is small, the dissipation region is embedded
within the macroscopic current layer. The thickness 6 of the
Sweset-Parker current sheet is given by (Sweet 1958; Parker

1957)
7’ c 2 1/2
)

=
47Ch o
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where c, ,, = B,,/(4rmn)*? is the Alfvén speed evaluated
using the magnetic field B, just upstream of the dissipation
region and L is the macroscopic length of the Sweet-Parker
current sheet in the outflow direction. During reconnection,
stronger magnetic field lines are convected into the dissipation
region by the inflow, which, according to equation (1), causes
the Sweet-Parker sheet thickness to become smaller. When the
dissipation region becomes thinner than d,, a transition ensues.

In the following section, we review the salient properties of
Swest-Parker and Hall reconnection. In 8§ 3, we describe the
numerical simulations and their results, and we discuss impli-
cations for the onset of solar flaresin § 4.
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2. SWEET-PARKER AND HALL RECONNECTION

In the Sweet-Parker model (Sweet 1958; Parker 1957), a
steady state is reached when the convective inflow of magnetic
field lines is balanced by diffusion of field lines toward the X-
line,

R
5 4wd?’

@

where v,, is the inflow speed. From continuity, »,,L ~ v,,9,
where v, is the outflow speed. Therefore, the inflow Alfvén
Mach number M, = v, /c, ,, (& measure of the reconnection
rate) is given in the right-hand side of equation (1) since
Vou ~ Ca.up- The extreme elongation of the dissipation region
due to n being very small and L being macroscopic throttles
Sweet-Parker reconnection. For solar flares, the Sweet-Parker
prediction of M, ~ 2 x 1077 is far smaller than inferred from
observations, where we used typical parameters of n~ 3 x
10° cm~ for the preflare density, B, ~ 100 G for the preflare
coronal magnetic field, and a classical resistivity of n ~ 2 x
107 s based on a temperature of T ~ 10° K (Priest & Forbes
2002). In the Sweet-Parker model, L is linked to the macro-
structure of the coronal magnetic fields, which we have taken
as L ~ 10* km (Priest & Forbes 2002).

The physics of Hall reconnection is fundamentally different
from that of Sweet-Parker. The motion of ions decouples from
that of the electrons and the magnetic field at a distance d, from
the X-line. The electrons remain frozen-in to the magnetic field
down to the electron skin depth d, = c/w .. Where the species
are decoupled, the Hall term in Ohm'’s law introduces whistler
and/or kinetic Alfvén waves (depending on the plasma () into
the system (Mandt et al. 1994; Rogers et al. 2001). Both waves
are dispersive with w oc k2. The dispersive property of these
waves causes the outflow jet from the X-line to open as dis-
cussed by Petschek (Rogers et a. 2001). In the absence of
dispersive waves, reconnection is slow, as in the Sweet-Parker
model.

Numerical simulations (Shay et al. 1999; Huba & Rudakov
2004; Shay et a. 2004) have shown that the inflow speed for
steady state Hall reconnection is

v, ~ 0.1C, 3)

(i.e., M, ~ 0.1). This result has been found to be independent
of electron mass (Shay & Drake 1998; Hesse et al. 1999),
system size (Shay et a. 1999), and dissi pation mechanism (Birn
et al. 2001). Thus, we expect a dramatic increase in the re-
connection rate when a transition from Sweet-Parker to Hall
reconnection occurs.

3. NUMERICAL SIMULATIONS AND RESULTS

We perform numerical simulationsusingthe massively pardlel
compressible two-fluid code F3D (Shay et al. 2004) in aperiodic
two-dimensional domain. The initial equilibrium magnetic field
is a double current sheet configuration given by one period of
acosine sheet, B, ,(y) = B, cos(2wy/L,), where L, isthe size
of the domain in the inflow direction, with pressure balance
enforced by a nonuniform density profile, n(y) = n,+
(B¥/8xT,) sir? (2mylL,). Here, n, isa constant corresponding to
the density at the edge of the domain, and T, = BZ/4wn, is the
temperature, which is assumed to be constant and uniform for
simplicity. Therefore, the initial density at the center of the cur-
rent sheet is 1.5n,. We impose no initial guide field. Lengths are
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normalized to the ion skin depth d, , based on the density n, at
the edge of the computational domain, not the center of the X-
line, whichwedenoteasd; . Magneticfield strengths, velocities,
times, and resistivities are normalized to B,, the Alfvén speed
Cao based on B, and n,, the ion-cyclotron time Q' =
(eB,/mce)™, and n, = 4mCad, o/C? respectively.

The computational domain is of size L, xL, =
409.6d, , x 204.8d , with a cell size of 0.1d , x 0.1d, ,.
There is no viscosity, but fourth-order diffusion with coef-
ficient 2 x 107° isused in all of the equations to damp noise
at the grid scale. An electron mass of m, = m/25 is used.
Although this value is unrealistic, the electron mass only con-
trolsdissipation at the electron scal es, and this does not impact
the rate of Hall reconnection. A small coherent perturbation
B, = —(0.004B,L,/27)z x V[sin (2zX/L,) sir? (2zy/L,)] is
used to initiate reconnection. The resistivity is taken to be
uniform. Simulations are performed with n = 0.00255, and
0.0090y,, both of which exhibit transitions to fast reconnec-
tion. We present results from the n = 0.00255, simulation,
which was initialized from the n = 0.0090y, simulation at
t = 5.364 kQ_". Initializing the simulation in this way intro-
duces transient behavior, but it dies away (by t~ 11 kQ_%)
before small-scale dynamics become important.

When the system isevolved intime, the Hall effectisinitially
very small because the thickness of the current layer L, /2 =
102.4d, , is large compared to d, ,, so the system evolves es-
sentialy as it would in pure resistive MHD. A Sweet-Parker
current sheet develops, as we will demonstrate later. The ion
and electron inflow velocities, measured as the maximum value
of the inflow into the X-line for each species, are plotted as a
function of time late in the simulation in Figure 1a. Up until
t ~ 18 kQ_*, the electrons and ions are coupled as expected in
MHD. The inflow speed is very small but is slowly rising due
to a gradua increase in the upstream magnetic field strength
B,, as stronger magnetic fields are convected into the dissi-
pation region. Figure 1b shows the slow increase in B,,, mea-
sured just upstream of the current sheet in the simulation.

When the ions decouple from the el ectrons, the inflow speeds
begin to increase dramatically, and the system begins a tran-
sition to Hall reconnection. Thistransition isinitiated when the
thickness of the current sheet 6 falls below d, , as is shown
in Figure 1c. The thick solid lineis d, x as a function of time.
After decoupling, one must distinguish between the electron
and ion current sheet thicknesses, which we denote as 6, and
6;, respectively. The thin solid lineisé,, determined by the half-
width at half-maximum of the total current sheet. The dashed
line is §;, determined by the greater of 6, and the half-width at
half-maximum of the total inflow current. The latter becomes
nonzero where the electrons and ions decouple, and istherefore
a measure of the edge of the ion dissipation region. One can
see 6, decreasing from large scales (larger than d, ) as the
upstream magnetic field increases, and the transition begins
when it is of the order of d, .

Findly, to verify that the system is undergoing Sweet-Parker
reconnection before the transition, and Hall reconnection after,
we must check the validity of the inflow speed predictions from
equations (2) and (3). The thick solid line of Figure 1d shows
v, 8 a function of time. The dashed line is the Sweet-Parker
prediction from equation (2) (v, ~ n/6 in code units), while the
thin solid line isthe Hall reconnection prediction with a constant
coefficient of 0.17, which is of the order of ~0.10 as expected
from equation (3). Clearly, up until about t ~ 18 kQ_!, there is
excellent agreement with the Sweet-Parker result. A gray-scale
plot of the current sheet during the Sweet-Parker phase (at
t = 11.4kQ."Y isshown in Figure 2a, showing the characteristic
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Fic. 1.—Time dependence (in thousands of ion-cyclotron times) of the
(a) ion (thick solid line) and electron (thick dashed line) inflow velocities,
(b) upstream magnetic field strength B,,, (c) electron (thin solid ling) and ion
(thin dashed line) current sheet thicknesses é, and 6, and ion skin depth (thick
solid line) at the X-line d, «, and (d) ion inflow velocity from the simulation
(thick solid line), with Sweet-Parker theory (thin dashed line, from eq. [2])
and Hall theory (thin solid line, from eg. [3] with 0.17 replacing 0.10).

elongated dissipation region (similar to those observed with pure
MHD simulations by Jemellaet al. 2004). After arelatively brief
transition time lasting until t ~ 19.5 kQ_*, the inflow speed is
well modeled by the Hall prediction. A gray-scale plot of the
current sheet during the Hall phase (att = 19.6 kQ_?) is shown
in Figure 2b, illustrating the open outflow configuration char-
acteristic of Hall reconnection. We observe alarge enhancement
of the quadrupolar structure in the out-of-plane magnetic field,
asignature of Hall reconnection (Mandt et a. 1994). Cuts across
the current sheet at the X-line normalized to its maximum value
are plotted as the dashed line and the dot-dashed line in Figure
2c, showing that 6, fallsto d, = 0.2d, during Hall reconnection,
asis expected when electron inertia provides the dissi pation. For
comparison, the solid line is a cut across the initial equilibrium
current sheet.

4. DISCUSSION

The spontaneous onset model presented here provides a pos-
sible explanation as to why reconnection sites in weakly col-
lisional plasmas are apparently quiet for along time asmagnetic
energy accumulates before a sudden onset of fast magnetic
reconnection releases it. A rigorous comparison of this model
with flare observations is challenging because the dissipation
regions associated with the transition to fast reconnection are
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Fic. 2—Gray-scale plot of the current sheet during (a) Sweet-Parker re-
connection (at t = 11.4 kQ3?) and (b) Hall reconnection (at t = 19.6 kQ ).
(c) Cuts across the X-line for the same two sheets (dashed and dot-dashed
lines, respectively) normalized to its maximum value. Theinitial current sheet
profile is the solid line. Notice the color table for panel b) has been skewed
for greater contrast, and the amplitude of the current density is vastly different
for the two sheets. [See the electronic edition of the Journal for a color version
of this figure.]

much narrower than can be resolved with satellite or ground-
based observations. We can, however, compare some basic pre-
dictions with observations.

Taking n as a given, what is the critical upstream magnetic
field strength B, that would make the thickness of a Sweet-
Parker current sheet equal to d,? Setting 6 = d, in equation (1),
we find

2

—_— C
B*~\47rmn0(n )~27G (4)

—L
47d?

using the values from § 2. This is accessible during reconnec-
tion in the corona.

What is the timescale for the quiet time 7, during which
Sweet-Parker reconnection could be active but during which
magnetic energy could accumulate? Since the field is frozen-
in outside of the dissipation region, it is the time it takes for
afield of strength B, to be convected in by the inflow,

m=j%, 5
Uin

where £ is the distance upstream from the X-line. This can be
approximated using v, ~ (yc*4mrc,L)"? and by assuming alinear
profile in the magnetic field B = By&/W, in c,, where W, is the
magnetic shear length, the characteristic scale length over which
coronal magnetic fields change their direction. At present, mea
suring W, in the corona is not possible, athough based on obser-
vations Dahlburg et a. (2005) put an upper bound of 100 km.
Integrating from &£ ~ BW./B, to approximately zero gives

4rl B W
~ 20\ —*~( )1.2 10°s, (6
> 2W B, ~ \100 km/ 12 ¥ 10"s  (©

2
NC Ca,0 Bo

where ¢, , is the Alfvén speed based on B,. The numerica
factor is about 34 hr, which is a reasonable timescale for the
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accumulation of magnetic energy due to footpoint motion in
the photosphere (Dahlburg et al. 2005). Broader initial current
layers would, of course, require a longer time before onset.

Thetimeit takes for the transition from Sweet-Parker to Hall
reconnection, corresponding to the time from onset until max-
imum flare signal, can be bounded above by the convective
time across the Sweet-Parker current sheet 6/v,,,, which at the
transition time is the same as the resistive time across the sheet
(nc¥4%8%)~* and the convective time along the sheet L/v,,.
For our simulation, the resistive time is ~400Q*, which com-
pares reasonably well with the observed time of the transition
(see Fig. 1d). For solar flare parameters, the resistive time
across the sheet is approximately 9 s, which is comparable to
the onset times seen in flares (Priest & Forbes 2002). The
predicted observable parameters are quite consistent with solar
flare phenomena.

The present simulations do not include the effect of an out-
of-plane (guide) field, the more generic configuration for mag-
netic reconnection. It was conjectured (Cassak et al. 2005) that
the transition to fast reconnection in the presence of a guide
field is aso catastrophic but occurs when the thickness of the
current sheet reaches theion Larmor radius p, = ¢./Q, where
C. istheion sound speed, instead of the ion skin depth d.. This
is because p, is the scale where dispersive (kinetic Alfvén)
waves become important in the presence of a guide field (Rog-
ers et al. 2001). Interestingly, recent laboratory experiments at
the Versatile Toroidal Facility (Egedal et a. 2000) have ob-
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served spontaneous reconnection, and preliminary diagnostics
suggest that the thickness of the current sheet at onset is very
closeto their value of theion Larmor radius p, (J. Egedal 2006,
private communication).

Finally, Longcope et al. (2005) studied TRACE observations
of an active region reconnecting with a nearby flux loop as it
emerged from the corona. A phase of slow reconnection was
observed for ~24 hr, during which magnetic energy accumu-
lated in the corona. This was followed by fast reconnection
lasting ~3 hr. The onset was sudden, with no visible trigger
mechanism observed. The energy released during fast recon-
nection was shown to be comparabl e to the energy accumulated
during slow reconnection. Based on parameters inferred from
the observations (L ~ 3 x 10* km, n ~ 10° cm™2, aloop volt-
age of 10° V, a separator length of 2 x 10° km, and a sheet
current of 1 ~ 1.34 x 10™ A [Longcope et al. 2005]), the fast
reconnection rate was M, ~ 0.05, based on areconnection elec-
tric field of E~ 5V m™ and a reconnecting magnetic field of
B, ~ 4 G, consistent with Hall reconnection. These observa-
tions provide solid evidence for the accumulation of magnetic
energy during a slow reconnection phase followed by the spon-
taneous onset of fast reconnection, as proposed here.

This work has been supported by NSF grant PHY-0316197
and by DOE grants ER54197 and ER54784. Computations
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Computing Center.
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