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As an essential mechanism in large scale fast magnetic energy releases and field reconfigurations processes in space, astrophysical,
and laboratory plasmas, magnetic reconnection, particularly collisionless magnetic reconnection, has been studied for more than
65 years. Many progresses have been achieved in recent years and basic features of the process have been well understood, largely
due to more and more satellite observation data available in the last decade. However, a few outstanding issues are still remained
unresolved. We in the paper review the development of collisionless magnetic reconnection studies and major achievements in
recent years, and also briefly discuss the open questions remained to be answered in studies of collisionless magnetic reconnec-

tion.
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Magnetic reconnection is thought an essential mechanism in
many plasma physics processes in space, laboratory, and
astrophysical objects, related to configurations relaxation
and fast release of magnetic field and energy, observed in
laboratory experiments and satellites observations and stud-
ied in numerical simulations and theoretical analysis [1].
The concept of magnetic reconnection was first proposed
as a process of oppositely directed magnetic field lines
merging and annihilated at a magnetic null, in an effort to
understand the solar flare phenomenon [2]. The idea further
developed by Sweet [3] and Parker [4] into a neutral line
merging model with the electrical resistivity 7 as the dissi-
pation mechanism, which led to a reconnection rate of
21" where the Lundquist number S=7x/z, with the
resistive diffusion time 7z~ 77_1, and the Alfvén time 7,=L/V,,

V,=B/./4nmnm, the Alfvén speed and L the typical scale
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length of the magnetohydrodynamics (MHD) region. It has
then become a fundamental model in magnetic reconnection
studies. Nevertheless, the Sweet-Parker reconnection rate is
on the order of square root of the electrical resistivity. Due
to the low collisionality in space and solar plasmas, the rate
is too slow to be counted for fast events such as solar flares.
Another model was then proposed by Petschek, with a fast
driven and an X-point geometry, to solve the problem [5]. It
was claimed in the Petschek model that a fast reconnection
rate could be almost on the order of logarithm of resistivity,
much faster than the Sweet-Parker rate. It was however
found latterly that in high resolution simulations, the
X-point geometry could not be realized in high Lundquist
number regime of S=10* [6]. And in the low Lundquist
number regime (S<103), Petschek reconnection rate and
Sweet-Parker reconnection rate would be more or less on
the same order.

On the other hand, collisionless mechanisms such as the
finite Larmor radius (FLR) effect rather than collisional
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resistivity in Sweet-Parker and Petschek models were in-
troduced to resolve the current singularity on the reconnec-
tion neutral line. In the collisionless magnetic reconnection
theory developed in early years, the effect of the electron

FLR p., =V,/80,, with V, =,/T, /m, being the electron

thermal velocity and (2

), =eB/m,c being the electron
gyro-frequency, was taken into account to get rise to the

growth rate of an electron tearing mode [7,8]:

32
V. ([ P, T; 272
=4 = 1+—=|(1-k"L").

e

Unfortunately, even for high beta plasmas, the growth rate
is still too slow to be compared with the time scale of fast
events such as solar flares and magnetospheric substorm
onsets, due to the fact of p /L <<1. For example, in

magnetotail plasmas where beta is on the order of unity with
V.~V,, the typical ratio of p,/L<107 leading to
y<10°V, /L~10"w,, o,=1/7,.

When other mechanisms such as the anomalous resistiv-
ity and/or hyperresistivity (also called anomalous electron
viscosity) were suggested [9-11], the dynamics in the ion
inertial range d,=c/w, , c¢ the speed of light and

o, =(4nne’ /m,) the ion plasma frequency, attracted

more attentions in 1990s [12-15]. A fast growth rate in the
sub-Alfvénic regime for nonlinear kink-tearing modes in

tokamak plasmas was found scaled as y /@, ~(w,/ Q)"
~(d,/L)"* [14,15]. In high beta plasmas without the guide

field in the reconnection region, such a fast reconnection
rate has been thought resulting from the Hall effect in the
general Ohm’s law.

Analytical and numerical advances in collisionless mag-
netic reconnection based on Hall MHD and other similar
models such as the hybrid model [16-25] have been largely
driven by satellite observations in the last decade [26-34].
We in this paper review these developments and discuss
outstanding issues raised by satellite observations and to be
answered by theory and simulation. In the next sections, we
describe and analyze the significant developments in theo-
retical predictions and satellite observations of collisionless
magnetic reconnection, particularly the major features of
Hall effects such as typical length scales, the fast reconnec-
tion rate, whistler waves, and the quadrupolar “out-of-
plane” magnetic field. The paper is then concluded in a
summary and discussions.

1 The typical scale lengths of Hall effect

The major features of collisionless reconnection, particularly
a fast reconnection rate in the sub-Alfvénic regime, a quad-
rupolar structure of the “out-of-plane” magnetic field, whis-
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tler waves in the reconnection region, and typical length
scales have been taken as clear evidences of Hall effects in
the reconnection process. We now discuss the major fea-
tures of the Hall effects in this and following sections.

The Hall effect was first reported in 1879 by Edwin Hall
as a phenomenon that an electric field would be established
while a current perpendicularly flew through a magnetic
field. Clearly, the basic physical mechanism of the effect is
the separation of the electron motion from the ion in a small
ion gyroradius scale. If the typical ion speed is Alfvénic, the
corresponding ion gyroradius then should be the Alfvénic
gyroradius V,/€Q_ =d,,i.e. the ion inertial length.

The ion inertial scale of the Hall effect can be clearly

seen in the generalized Ohm’s law in its dimensionless
form:

2
EtvxB=1y+®Y 9y g pupy )
S dt n

where the dimensional translations are

E
¢ —->FE, 2—)3, L—)v, 4MJ—>J,
BV B, Vo ¢B,
n pe
——>n, ——>p,, O, >,
n, Po

as well as aV — V; with the By, a, ng, and py being the
characteristic magnetic field strength, length scale, plasma
density, and electron pressure respectively, and w,, =

V,/a with V,  being the Alfvén speed calculated from

By and ny; also other dimensionless parameters are the
Lindquist number S =, 7, (the magnetic diffusion time

7, =nc’ /4na’), and the characteristic electron beta
B, =8mnp,/ B; .
In eq. (1) d,JxB/n is the Hall electrical field term.

The left-hand-side of equation can be reduced to
Ow/0t+v-Vy in a two-dimensional (2D) approximation

[19]. The dimensionless reconnection rate Oy /0t scaled

by V4B;, can then be measured by the ratio of V,../V,, where
v is the reconnected flux, B;, is the merging (reconnecting)
magnetic field, and V,.. is the merging velocity. From the
continuity V,,.= (A/l)V,, with A being the width and [ being
the length of the reconnection layer [4], shown in Figure 1,
the rate can also be simply determined by the ratio of the
layer width to the length ~A/L. If the ions are Alfvénic, the
reconnection layer width should have a d; scaling. It was
then found in a nonlinear dynamics model for sawtooth
crashes in tokamak plasmas that the layer width A~(wa/
Q.)w indeed had the d; scaling, with @ws/ Q.= d;/r,, where
ro~L is the radius of the m/n=1 surface, and w is the m/n=1
island width. The scaling has then also been reported in
observations and many other theoretical and numerical
studies [16-33].



Wang X G, et al.

Figure 1 A sketch of the reconnection layer, with V,.. the reconnection
rate, Vou~Va the out-flow velocity, A the layer width and [ the layer length.

Study for the reconnection layer length however took
much more efforts. In the nonlinear dynamics model for the
sawtooth, the length of the reconnection range was calcu-
lated as 3 ~r(w,/Q,)"* =(dr)"?, where 9, the
angle designating the location of the two tips of the m/n=1
island [14,15]. It was the first time that the reconnection
layer length was found in a d* scaling. The result was

then confirmed for Hall MHD reconnection in high beta
plasmas with no guide-field [21,24]. It thus indicated that
the collisionless magnetic reconnection rate should be in the
(d./71,)"* ~(d, /L) scaling. Although there were no oth-

er predictions for the reconnection layer length, a different
length scale could be obtained from a universal scaling of
reconnection rate as ¥, = 0.1V, , indicating a ~10d, lay-

er length [16-18].

2 The fast reconnection rate

To measure the scales, particularly the reconnection layer
length, is a great challenge to experiments and satellite ob-
servations. On the other hand however, dimensionless re-
connection rate ~ A/l can be measured to indirectly test
the related theories or the length scale. Moreover, to under-
stand the fast solar and magnetosphere events such as flares
and substorm onsets is the initial motivation for magnetic
reconnection researches.

The universal scaling was proposed with an argument
that Hall MHD reconnection was mostly determined by the
local ion dynamics, independent of global conditions [16].
Nevertheless, it was shown later that the boundary condi-
tions could be important, in some cases even dominant, in
reconnection processes and the merging speed V.. under an
asymptotic boundary perturbation could be as slow as a few
percents of V,, or even slower [19,21,22]. Furthermore, a
reconnecting speed of 0.02V, as predicted in [19] was re-
ported in a Polar satellite observation at a subsolar magne-
topause crossing [29]. The same result of the ~0.02V, re-

Chin Sci Bull

April (2012) Vol.57 No.12 1371

connection rate was also found in a numerical simulation
[22]. Certain events observed by the satellites Equator-S
and Geotail also concluded that reconnection was deter-
mined by large-scale interactions between the solar wind
and the magnetosphere, rather than by local conditions at
the magnetopause [26]. On the other hand, a few Cluster
observations in the magnetotail reported a much faster re-
connection rate of ~0.07-0.30V, [30,31].

To resolve the difference, Shay et al. tried to combine the
two scalings, the di-dependent scaling and the universal
scaling ~0.1V,, together in a two-phase reconnection picture
[23]. Starting from a thick current with a scale much wider
than d;, they found that the reconnection rate in the initial
developmental phase was indeed ““strongly dependent on the
system size and presumably the dissipation mechanisms”. In
a later asymptotic phase however, the rate was “on the order
of 0.17, independent of the system size and d;. However
extending our previous work further to the steady state, we
found that the steady state fast reconnection rate of ~0.1V,
was reduced as the perturbed boundary flow decreased, and
for fixed boundary conditions, we again got the (d/L)"*
scaling of the reconnection rate [24]. In fact, the (d/L)
scaling model is consistent with the observations. For the
subsolar magnetopause crossing on the dayside [28], the
typical ratio of d/L~10"-10"" leads to a reconnection rate
of (d/L)"*~0.01-0.03, while in the magnetotail [30,31], the
ratio of d/L~107 leads to a reconnection rate of
(d/L)"*~0.1.

12

3 Whistler waves in the reconnection layer

The earlier theory of Hall MHD reconnection predicted that
the fast rate of reconnection in collisionless plasmas was a
direct consequence of the quadratic nature of the dispersion

character of whistler waves, @(~k’d’€,)~k’> where
d, =c/w,, the electron skin depth (@,, = (4mn,e’ /m)"),
which controlled the plasma dynamics at the small scales
o with k~1/6 [16-18]. Nevertheless, later theoretical
analysis showed that the whistler wave should be obliquely
propagated with a much lower frequency of @~ kk d’Q,
where kH <<k =k~1/6 [19,20].

The dispersion relation can be derived from a reduced
Hall MHD model in the 2D approximation [19]. In the di-
mensionless form, considering a Harris sheet equilibrium
B, =xtanhz, we write the magnetic field B=pxVy
+B,7 and the plasma flow v=7yxVg+v j, and obtain
J =V2t//j/+VBy>< 7. The equilibrium corresponds to ¢,
=v,, =B,=0, and approximately y, ~ z*/2 in the re-
gion of |z|<1. Then we obtain V', ~1, p,=p,, =

n, =1—-y, . Linearizing the reduced Hall MHD model, we
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obtain a set of reduced five-field linear equations [19]:

oy,

FZ[WO’%]_‘_di[WO’By]? (2)
0 2 2
Ev ¢1 =[W0av l//1]+[l//07pe1]+[l//1apgo]a (3)
0
e =1p. 1 )
0B, s
= =W, 1=, (o, Vi T+ ve, pal+ W pal)s - )
2Vy ) 5 ]
at _[l//oa y]) ( )

where [f,g]|=7-VfxVg and [y,, |=ikV, (Vi the

local Alfvén speed). Under Fourier translations, we have the
dispersion relation

4 2
(0] (0]
~|2 207 || — | —-1.
[WA] [+ }[WJ 7

Inside the reconnection layer, kd, >1, the dispersion rela-

tion (7) reduces to
o~kkdV, = kadl.z.Qa. = kadez.ch. ®)

Clearly, this dispersion relation is for an obliquely propa-
gated low frequency whistler mode.

Observationally whistler waves have indeed been de-
tected in magnetic reconnection regions in magnetosphere
plasmas where the plasma beta is on the order of unity
[27,32,33]. The wave was found obliquely propagated with
its wavevector nearly perpendicular to the ambient magnetic
field, in a good agreement with the dispersion relation (8)
[27]. The exact formula of the dispersion relation (8) was
further confirmed recently by k-filter analysis for Cluster
observation data [33]. It was also observed that the polarity
of the wave was right-handed in the plane perpendicular to
the ambient magnetic field, a typical electron mode feature
[27,32]. This wave polarity property is however an open
question to be further understood in theory.

4 The “out-of-plane” quadrupolar field

Studies on collisionless magnetic reconnection have also
found that the electron convection in the 2D reconnection
plane near the X-point due to the Hall effect can generate a
characteristic quadrupolar pattern of the magnetic field per-
turbation B, out of the “reconnection plane” (x, z), as shown
in Figure 2 [24,27,29-31]. This so-called “Hall quadrupolar
field” has been thought a typical signature and applied in
satellite observations as a decisive criterion to identify fast
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Figure 2 The out-of-plane quadrupolar field as observed in a satellite
crossing.

reconnection processes [27,29-31]. However, the genera-
tion process of the quadrupolar magnetic field perturbation
B, has to be further understood analytically. Moreover, in a
recent numerical study however, we found that with an
out-of-plane shear flow, the quadrupolar magnetic field
perturbation can also be generated even in “pure” 2D resis-
tive reconnection [35]. The result then challenges the con-
ventional understanding and satellite observations of the
signature of collisionless magnetic reconnection evidences
in space plasmas.

As in [35], a typical out-of-plane shear flow in the 2D
model, v, (t=0)=V(z), can be written in the form of

-V, z<-Lq,
Ve(z) =<V, sin(nz/2Lg) L, <z<Lg, (9a)
v, z>Lg,
or
V(2= Vylcos(nz/Lg)+1] —Lg<z < L, (9b)
0 Otherwise,

where the maximum speed of the shear flow Vj is Alfvénic
for space plasmas, and Ly is the flow shear length. The flow
patterns of (9a) and (9b) are clearly the equilibrium solu-
tions for the 2D model discussed above. From eq. (5) plus
the equilibrium flow term [y,,v,,] on its right-hand-side,

near the neutral sheet z=0 we can approximately get a rela-
tion

aBy ' '
r ~B,v,(z)=B.V;. (10)

The in-plane magnetic perturbation near z=0, B

in-plane
~ B, , has an antisymmetry of B  (x,z)=-B,(-x,z)
about x=0 and a symmetry of B, (x,z)=B_(x,—z) about
z=0. On the other hand, the shear flow gradient has a sym-
metry of V{(z)=V{(-z) in (9a) and an antisymmetry of
Vi(z)=-V{(-z) in (9b), about z = 0. Then from the sym-
metry analysis of the right-hand-side of eq. (10), we can
expect that the out-of-plane magnetic perturbation B, is

either bipolar, i.e. antisymmetric about x=0 and symmetric
about z=0, for the shear flow pattern (9a); or quadrupolar,
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i.e. antisymmetric about both x=0 and z=0, for the shear
flow pattern (9b). The numerical simulation shows in Figure
3 that the bipolar and quadrupolar magnetic perturbations
generated by the shear flows (9a) and (9b) respectively can
persist into the steady state nonlinear stage. The quadrupo-
lar structure is very similar to that generated in Hall MHD
reconnection (for example, that shown in Figure 2).

Thus, the issue should be raised particularly for those
single satellite observations for reconnection, with only the
signature of the out-of-plane field components. Since the
shear flow is observed frequently in space plasmas, we also
have to further study the effect of the shear flow on the Hall
effect in collisionless plasmas.

5 Summary and discussion

We in the paper have reviewed the development of colli-
sionless magnetic reconnection studies and major achieve-
ments in recent years, and also discussed the open questions
and outstanding issues needed to be answered.

Collisionless magnetic reconnection in the Hall MHD
approximation has been widely studied analytically and
numerically. Although there are still certain issues to be
resolved, such as the scaling of reconnection rate and layer
length, a consensus is however reached for the major prob-
lem of collisionless magnetic reconnection, the fast recon-
nection rate. It has been found that the rate can be in the
sub-Alfvénic regime of V  /V,~0.01-0.3, a result has

been confirmed in recent satellite observations.

Another important result in collisionless reconnection
studies is the whistler wave found in the reconnection re-
gion. It was thought the key cause of the fast reconnection
rate. Together with more satellite data available in the re-
cent decade, the basic picture has become more and more
clear. It has been found theoretically and observationally
that the wave is in the low frequency range between Alfvén
and ion-cyclotron frequencies, and obliquely propagating
with its wavenumber mostly perpendicular to the back-
ground magnetic field. However, the observed properties

-0.64 4

0.24 ) p 0.50
) 0 lo.o
-0.24 -0.50
0.0 0.6
X

Figure 3 The out-of-plane quadrupolar field generated by (a) the shear
flow of (9a) and (b) the shear flow of (9b).
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such as the right hand polarity and the electron mode feature
are still open questions in theory to be answered.

The quadrupolar pattern of out-of-plane magnetic per-
turbations is taken as a decisive signature of collisionless
reconnection. Nevertheless, it is found that shear flows can
generate the similar patterns even in the resistive MHD
frame. It thus challenges both observation and theory on
how to identify a reconnection event since shear flows are
constantly observed in space plasmas. Further study for
shear flow effects in the Hall MHD model is then needed to
address this issue.

Moreover, an open field in collisionless magnetic recon-
nection is the electron dynamics in the small scale of
0 <<d, [36]. It was thought that this small scale should be

on the order of the electron skin depth d,, from the scaling
of the electron inertial term d’dJ /nd¢ in eq. (1) neglected

in the Hall MHD model. However, recent laboratory ex-
periments have shown a scale of the electron dynamics re-
gion one order of magnitude larger than d, [37,38]. Thus,
more efforts have to be done in this area.

The most important issue that hasn’t been intensely ex-
plored is the three-dimensionality of reconnection. The pro-
gresses we have shown and discussed in this paper are
mostly based on the 2D models. However, recent Cluster
observations have revealed the three-dimensional structure
of magnetic reconnection in the geo-magnetosphere plasmas
[39-41]. The theory for the three-dimensional magnetic
reconnection motivated by the observations then should be
developed.
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