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A theory of fast collisionless reconnection is presented. Because of the Hall term in Ohm’s
law, electron and ion dynamics decouple on scales smaller than the ion inertial length c¢/w,;.
Though reconnection requires electron inertia to break the frozen-flux constraint, the rate is essentially
independent of the electron mass. Instead, ion inertia controls the reconnection rate, which is strongly
enhanced compared to previous estimates in which Hall effects were neglected.

PACS numbers: 52.30.—q, 52.65.Kj

Observations in space and laboratory devices indicate
that fast magnetic reconnection processes may occur
in nearly collisionless plasmas. For instance, the time
scales of the sawtooth collapse in tokamaks are much
faster than can be accounted for by weak collisional
effects such as resistivity and electron viscosity [1]. Even
more stunning are the rapid processes observed in the
magnetosphere, where plasmas are virtually collisionless.
In a collisionless plasma electron inertia enables the
frozen-flux constraint to be broken and reconnection to
proceed [2—4]. Reconnection takes place in a narrow
region around an X point of the magnetic configuration
[5], the diffusion region. In the collisionless limit, the
characteristic scale length of this region is of order d, =
¢/wpe. It has recently been shown that at scale lengths
smaller than d; = ¢/w,; > d, the Hall term allows the
electron and ion motion to decouple [6]. Thus, a proper
treatment of collisionless reconnection must include both
electron inertia and the Hall term and properly resolve and
separate the scales d., d; and the macroscale L. We show
that the decoupling of the electron and ion motion in the
diffusion region leads to strongly enhanced reconnection
rates. In the present Letter we focus on a high-8 system,
where the axial magnetic field component is small. The
results strongly suggest, however, that previous theories
of reconnection in systems with a strong axial magnetic
field must also be reevaluated [3,4].

For distances from the reconnection point smaller
than d; the ions can be considered immobile and the
dynamics is due only to the electrons moving in their
self-consistent electromagnetic fields, which are described
by electron magnetohydrodynamics (EMHD) [7-9]. In
2D the EMHD equations can be written in terms of
two scalar quantities, the flux function ¢ describing the
poloidal magnetic field B = 2z X V¢, and ¢. = 6B,,
the fluctuation of the axial field, which acts as a stream
function of the poloidal electron velocity v, = Z X Vg,:

3y — d2j) + ve - V(g — d2))
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3850 0031-9007/95/75(21)/3850(4)$06.00

a[(QDe - dzwe) + v, - V((De - d?we) + B - V]
= (=119, V20 Dy,
J=VY,  w.=Ve,. )

Since V - v, = V - j = 0, the density is time indepen-
dent for Vn = 0 initially. The electron pressure is fi-
nite but drops out of the equations without further
assumption as does any spatially homogeneous axial
field B,. Here we have used the normalizations x —
x/L, t — t/t,, where t, = L?/d*Q, is the whistler
time, ¢, — ¢./Bo, ¥ — /LBy, where By is a typical
poloidal field, and d, — d./L. We have also introduced
generalized dissipation terms 77,,, ¥ = 1 corresponding to
resistivity and » = 2 to (perpendicular) electron viscosity.

We consider stationary reconnection in the framework
of Egs. (1) and (2) with x and y defining the inflow
and outflow directions, respectively. For |x| > d, the
stationary equations with the reconnection electric field
E = 9,4 = const, are (neglecting dissipation)

E+v, Vy=0, 3)
B-Vj=0, 4
which have the similarity solution [10]
g =302 — a%y?), (5)
E +
pe = 3o [ T2 | ©)
2a x — ay

The upstream flow converges toward the X point, and the
downstream flow diverges away from it. Finite 7, is only
needed to smooth the flow singularity on the separatrix
x = *ay. The scale parameter a allows a finite uniform
current density, so that the separatrix branches may
intersect at any finite angle.

We now show that the solutions (5) and (6) in the
region |x| > d, remain valid when matched to the inertia
dominated region |x| < d., where ¢ and ¢, deviate
from the expressions (5) and (6). This is in contrast to
the resistive MHD behavior where the diffusion region
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consists of a macroscopic current sheet, which completely
alters the external solution. In the limit of weak collisions
the current layer develops a complex multiscale structure.
At the smallest scale the current density develops a
cusplike singularity as a result of the stagnation of the
flow at the X point [3]. The singularity is logarithmic
[4], so that its integrated current contribution is zero
and its presence does not impact the reconnection rate.
At larger scales the current density is driven by E in
a region of width & (along x) and length A (along y).
We show analytically and numerically that the integrated
current in this layer also goes to zero as d, — 0. Thus,
the magnetic field around the neutral point retains the
analytic form given in (5) for any E. The external
macroscopic dynamics therefore control E, allowing E ~
1. The calculation of the scaling of the current layer
during steady reconnection is straightforward. From the
convective terms in the ¢ equation we have B, ~ jé ~
d%j/8, so 8 ~ d,. The surface integral of the vorticity
equation over one quadrant of the current layer yields the
outflow velocity vo ~ By/d. ~ j, the EMHD equivalent
of the MHD Alfvén outflow condition. The equality of
vo and j results from the rotation of j into the outflow
direction by B,. The continuity of the flow into and
out of the layer yields vod, ~ v;A with v; the inflow
velocity. This can be combined with the inflow velocity
v; ~ E/B, from (1) to yield jd, ~ (EA)"/2. Finally,
canonical momentum conservation along the outflow from
(1) yields another relation between j and A, ¢(A) ~
B/.A? ~ A? ~ d?j, where B ~ 1. The final scaling
laws for the current layer are then given by
8 ~d,, A~ (Ed),
j~vo~ (E/d)P v~ (E/d)'.

Again, since By, ~ jé — 0 as d. — 0, the electron dy-
namics do not limit the rate of reconnection. A second
important result is that the length of the layer is micro-
scopic rather than macroscopic as in resistive MHD.

These results are supported by numerical simulations
using Eqgs. (1) and (2). We consider the coalescence of
two flux bundles located on the diagonal in a square box
of edge size L = 27r:

¢ = exp{—[(x — x))* + (y — y1)’T/4}

+exp{—[(x — x2)” + (y — »2)°F/4},  ©®
where x| =y, = 7/2 + 02, x =y, = 37/2 — 0.2.
The calculations are performed using a psedospectral
method. The number of modes N? is chosen to provide
adequate spatial resolution, varying from 2562 to 20482,
We typically take » = 3 in order to concentrate dissipa-
tion at the highest wave numbers. Figures 1(a) and 1(b)
show enlargements of (x,y) and ¢.(x,y) around the X
point during the coalescence of the flux bundles. The
X-point structure of ¢ and the converging pattern of ¢,
are consistent with the solutions (5) and (6). As a result
of the acceleration of the flow toward the X point, there is
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FIG. 1. Coalescence of two magnetic flux bundles in EMHD.
Blowups around the X point showing (a) ¢ and (b) ¢, for
d, = 0.06; and (c) ¢, for d, = 0.015, ¢ being partically
identical to (a).

no pileup of flux upstream of the X point as occurs in the
MHD case at low resistivity. Similar behavior has been
seen in Ref. [3]. The inertia dominated region appears
as a small layer of high velocity around the X point.
Decreasing d, reduces the size of this region along both
the inflow and outflow directions [Fig. 1(c)] consistent
with the scaling laws (7). The flux reconnection rate £
is found to be independent of d. and 73, which have
been varied over the intervals 107! =< d, = 1072 and
107 = 53 = 10711,

At scale lengths larger than d; ions and electrons
move essentially together. To include the ions in a
simple model, we assume that their motion is incom-
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pressible and introduce the ion stream function ¢;, v; =
2 X Vo,;, w; = V?>@;. The incompressibility assumption
is valid, when the characteristic reconnection velocities
are slow compared with the magnetosonic speed. For
simplicity, we consider only the high-8 case, where the
ion pressure equation yields V - v; = 0 and compressibil-
ity terms of the form B,V - v, in Eq. (2) can hence be
neglected.

Adding the equations of motion of ions and electrons
gives

d,»z(atwi +v;, - Vw;) + dg(a,we +v, Vw,)—B-Vj
= (=1)"[p, V" Vw; + 7,V Dg,]. 1)

Neglecting the axial velocity of the ions compared with
that of the electrons, the axial current density j remains
unchanged and so does Eq. (1) for . The poloidal cur-
rent density is, however, modified, j = —Z X VéB, =
Z X V(p; — @), s0 6B, = ¢. — ¢;. Equation (2) then
becomes

(e — @i — dzwe) + Ve - V(QDe - @ — d?(ue)
+B-Vji=()"nV" Ve, (10

Equations (1), (9), and (10) have been solved numeri-
cally for the same initial state (7). Since it is diffi-
cult to combine the most interesting case d; < 1 with
a realistic ratio d;/d., = \Jm;/m. ~ 50, we choose val-
ues d;/d, ~ 10, varying both d; and d,/d., 04 = d; =
0.025, 13.3 = d;/d, = 6.6, to obtain the relevant scal-
ing behavior. Figure 2 shows a typical state from a
simulation run with d; = 0.1, d, = 0.015, 13 = u3 =
4 X 10719, It can be seen by comparing ¢, and ¢; con-
tours that at large distances from the X point (and the
separatrix) ion and electron flow patterns are very simi-
lar. They differ, however, in the vicinity of the X point,
where ion spatial scales (~ d;) are much larger than those
of the electrons (~ d,). For |x| < d; the electron flow
again shows the converging pattern as in the EMHD case.

Table I gives the maximum reconnection rate Ep,g
and the time #y required for complete coalescence for
several different runs. The reconnection rate depends
only on d;, i.e., the ion mass, being independent of
both d, and the dissipation coefficients. For not too
small values of d;, 1 > d; = 0.1, we find the scaling
Enax ~ d,-_1 Since the time unit in these simulations
is the whistler time ¢,,, which is related to the Alfvén
time t4 = L /4wnm;/By by ts/t, = d;, reconnection
in this range is Alfvénic depending only on the global
configuration. For smaller values of d; the reconnection
rate is slower than Alfvénic. Though the asymptotic
behavior for d; — 0 cannot be unambiguously inferred
from the data in Table I, it appears that the reconnection
rate approaches a constant corresponding to an inflow
velocity v; ~ d;va/L, which implies that the ions form a
macroscopic Sweet-Parker-like layer with a width d; and
outflow velocity vg4.
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FIG. 2. Coalescence of two flux bundles including the ion
dynamics, d; = 0.1 and d, = 0.015.

Finally, to demonstrate that the decoupling of the elec-
tron and ion motion by the Hall term fundamentally al-
ters the reconnection process, we switch off the Hall term
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TABLE I. Summary of results of different simulation runs
including the ion dynamics.

d[ de 73 Emax to
© 0.03 1078 1.4 1.5
0.4 0.03 4 x 10710 1.7 1.3
0.2 0.03 1078 2.5 1.0
0.2 0.015 1078 2.4 1.0
0.2 0.03 4 x 10710 2.4 1.0
0.1 0.015 1078 4.4 0.5
0.1 0.015 4 x 10710 4.4 0.55
0.05 0.0075 4 x 10710 6.7 0.35
0.025 0.0075 1 X 10710 8.6 0.26

setting ¢, = ¢; = ¢ but keep finite electron inertia in

Eq. (1). This model has previously been used in studies of
collisionless reconnection [2,3]. In this case the flow pat-
tern is changed significantly, since the ions are now forced
into a narrow sheet of width d,. The reconnection rate is
much slower than in the corresponding case including the
Hall term. Varying d, we find that the reconnection rate
depends strongly on d,, roughly Epax ~ d,.

In conclusion, we have shown that the Hall term
in Ohm’s law has a dramatic effect on the dynamics
of magnetic reconnection in collisionless plasmas. The
electron and ion motion decouple on scale lengths of
order ¢/w,; around the dissipation region, allowing the
reconnection rate to become independent of the electron
mass and thus to depend only on the ion dynamics. The
resulting merging rates greatly exceed those based on
reconnection controlled by electrons. The results also
resolve the long-standing controversy over whether the
electrons or ions control magnetic reconnection in the
Earth’s magnetotail.

The calculations presented are based on the fluid
description, which does not properly describe wave-
particle resonances or finite Larmor radius effects. In the
linear regime the collisionless tearing mode is strongly

affected by electron thermal streaming, and the fluid
treatment is not correct. Once an X-point configuration
forms, particle simulations [11] show that the magnetic
field constrains the electron thermal streaming motion and
the system evolves to a fluid-dominated regime, in which
neither the thermal Larmor radius nor parallel streaming
is important. The fluid model does not, of course, allow
us to correctly describe the energy partition between fast
and slow particles, which is important in understanding
energetic particle signatures during magnetic reconnection
in both the Earth’s magnetosphere and in the solar
corona. The study of the test particle dynamics in the
fields produced by fluid reconnection simulations could
shed light on this problem. Full particle simulations of
sufficient resolution to properly separate the relevant scale
lengths must await future massively parallel computers.
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