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Abstract. The Earth’s magnetosphere and solar wind en-
vironment is a laboratory of excellence for the study of the
physics of collisionless magnetic reconnection. At low lat-
itude magnetopause, magnetic reconnection develops as a
secondary instability due to the stretching of magnetic field
lines advected by large scale Kelvin-Helmholtz vortices. In
particular, reconnection takes place in the sheared magnetic
layer that forms between adjacent vortices during vortex pair-
ing. The process generates magnetic islands with typical size
of the order of the ion inertial length, much smaller than the
MHD scale of the vortices and much larger than the electron
inertial length. The process of reconnection and island for-
mation sets up spontaneously, without any need for special
boundary conditions or initial conditions, and independently
of the initial in-plane magnetic field topology, whether ho-
mogeneous or sheared.

1 Introduction

In many astrophysical and laboratory systems withβ-values
of the order of unity, the large scale plasma dynamics is
governed by the interplay between plasma flow and mag-
netic field. At larger values ofβ, the plasma flow becomes
the main driver of the system evolution. However, even in
this limit, magnetic fields can play a key role in the plasma
dynamics. Indeed, the possibility of violating (locally) the
“ideal” MHD, low frequency evolution, i.e. the linking con-
dition between flow elements by the magnetic field (the so-
called “frozen-in law”), allows the system to access ideally
forbidden energetic states. The magnetic energy correspond-
ing to such an energetic jump is then sufficient, in principle,
to affect the large scale flow dynamics. The process capa-
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ble of violating the linking condition is known as Magnetic
Reconnection (Furth et al., 1963), a fundamental plasma
physics process in magnetized plasmas, being the only one
capable of affecting, at the same time, the global energy bal-
ance of the system, of interest in astrophysics, as well as of
reorganizing the large scale topology of the magnetic field, a
fundamental point in laboratory fusion plasmas and in theo-
retical plasma physics.

The theoretical understanding of the physical processes
driving the development of magnetic reconnection has pro-
gressed strongly over the last few years, mainly by perform-
ing an impressive number of large-scale “numerical experi-
ments” of increasing complexity and accuracy. In particular,
one of the most important aspects recently investigated is the
transition to the so-called “fast reconnection” (Mandt et al.,
1994; Shay et al., 1999), in other words the possibility of
making reconnection evolving on time scales comparable to
the ideal time scale of the large scale system, e.g. the Alfvén
time scale. This is needed in order to explain the observed
quasi-ideal time scale of energy release, as for example in
solar flares, in magnetically confined laboratory plasmas, etc.
Possible ingredients, studied by numerical simulation analy-
sis, to make reconnection fast are the development of local
“anomalous resistivity” in the MHD regime and the transi-
tion to the two fluid regime by the Hall term where elec-
tron and ion dynamics separate inside the diffusion layer (see
Vekstein and Bian, 2006; Drake et al., 2008, and references
therein).

Several fundamental points in the problem of magnetic re-
connection still remain to be clarified. For example, even if
theoretically the main features distinguishing a resistive or
a collisionless reconnection layer are fairly well understood,
the debate concerning which micro-process drives reconnec-
tion is still open. Another outstanding problem of magnetic
reconnection is the interplay between the micro and macro-
physics during the full evolution of the large scale system.
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In general, due to the strong analytical and numerical dif-
ficulties in solving a inhomogeneous, non-linear, geometri-
cally complex multi-scale problem, magnetic reconnection
has been studied in the past mainly by isolating the reconnec-
tion process from the full system. Two standard approaches,
say an initial value problem or a boundary value problem,
have been used. The first one starts from a magnetic configu-
ration, typically a sheared magnetic field with a central neu-
tral line, unstable to reconnection instability. The second ap-
proach, instead, makes use of external drivers, as for example
the injection of MHD waves, in order to develop reconnec-
tion in a “stable” initial magnetic configuration. These stud-
ies have shed light on the fundamental aspect characterizing
reconnection, i.e. the conditions and the plasma regimes that
allow the possibility of demagnetizing the electrons inside
very thin “critical” layers, in other words letting the magnetic
field lines slip away in such “critical” regions from the elec-
tron fluid. In this sense magnetic reconnection can be defined
as a “local process”. However, not only the consequences of
reconnection on the global system, as already discussed, can
be important, but also the large scale evolution of the full
system creating the conditions for reconnection to occur and
the competition between the large-scale system time scale
and the development of reconnection time scale are crucial
for the “final” configuration of the system. In this sense, the
separation between large and small-scale dynamics is some-
what artificial. Magnetic reconnection should not therefore
be considered as a “local process”, but rather as a multi-scale
process. To support this point of view, we cite two important
examples. The first one is the Earth Magnetosphere where
the structure and dynamics are significantly controlled by
magnetic reconnection events involving the Earth and the in-
terplanetary magnetic field. Important consequences are ob-
served on space weather phenomena, e.g. magnetic storms,
aurorae. The second well-known example is given by ther-
monuclear fusion devices where strong internal relaxation
oscillations of the central plasma temperature, the so-called
saw-tooth oscillations, are driven by the development of re-
connection instability. Such relaxations could have impor-
tant effects on a re-configuration of the equilibrium field with
consequences on the plasma confinement efficiency.

The Earth’s magnetosphere is one of the best plasma
physics laboratories, particularly suited for reconnection
studies, where an impressive amount of satellite in-situ mea-
surements of electromagnetic profiles and particle distribu-
tion functions are now available. This environment is struc-
tured following the interplay between the solar wind and the
Earth’s magnetic field that results in the stretching of the
magnetospheric cavity on the night side and in the transfor-
mation of the Earth’s magnetic field lines from a dipolar to a
large comet-like form. Variations in the interplanetary mag-
netic field and the solar wind incident on the magnetosphere
induce large variations in the magnetospheric system, chang-
ing its shape and configuration and altering the number of the
flowing currents. Magnetic reconnection has a leading role

in many regions of this system. In particular when the inter-
planetary magnetic field is directed southward, magnetic re-
connection with the northward terrestrial field occurs on the
dayside magnetospheric boundary; the solar wind then drags
the reconnected field lines from the dayside to the night side
and further stretches the field lines. As the field lines pile up
in the Magnetotail, the system becomes unstable and relaxes
through an explosive event called “substorm”, which is a vio-
lent reconfiguration of the Earth’s magnetic tail. The plasma
current sheet is disrupted and part of it is redirected toward
the ionosphere. Changes in the magnetic topology transform
the excess of magnetic energy into fast plasma motions, wave
excitations and accelerated charged particles. Plasma mo-
tions cover a wide range of scales, from global down to mi-
croscopic scales. This dynamics is further complicated by
particle bounce motions along closed magnetic field lines of
the Magnetotail that occur on nearly the same time scale as
reconnection.

Satellite observations by space missions like Geotail,
Wind, Cluster etc. have been analyzed over the last few years
in order to find reconnection signatures. Geotail measure-
ments were used to give one of the first observation of mag-
netic reconnection in the Magnetotail (Nagai et al., 2001)
with the signature of a Hall current system and a correspond-
ing decoupling of electron and ion dynamics, in agreement
with previous hybrid kinetic simulations (Hesse and Winske,
1994). Evidence in satellite data of the collisionless char-
acter of reconnection in the Magnetotail was reported also
by Oieroset et al.(2001) during a “X-line crossing” inferred
by observing a reverse of the Earthward-directed to tailward-
directed plasma jets. During this crossing, the spacecraft
recorded a variation of the guide field component with re-
spect to its mean value in agreement with a quadrupolar,
out-of-plane configuration of the Hall magnetic field (Hesse
and Winske, 1994; Uzdensky et al., 2006; Bian and Vekstein,
2007; Drake et al., 2008). Evidence of Hall effect during re-
connection was observed in the dayside magnetopause dur-
ing a coronal mass ejection event making the current layer
thickness comparable to the ion skin depth (Deng and Mat-
sumoto, 2001). In this case, the satellite observed an en-
hancement of electromagnetic fluctuations in the frequency
range on whistler waves in correlation to accelerated plasma
flow (considered as a signature of the reconnection process).
The authors conclude that their observations agree therefore
with the so-called whistler-mediated (fast) reconnection the-
ory (Mandt et al., 1994; Shay et al., 1998). More evidence of
Hall physics was observed at the magnetopause where satel-
lite data were used to show that the diffusion region is sta-
ble on the ion time scale (Mozer et al., 2002; Vaivads et al.,
2004). Recently, coherent magnetic structures (or magnetic
islands) with typical dimensions of the order of the ion iner-
tial length and their link to the generation of energetic supra-
thermal electrons were observed by the Cluster quartet in the
Magnetotail (Chen et al., 2008). In situ evidence of mag-
netic reconnection was even observed in thin current sheets
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forming inside the turbulent magnetosheath, downstream of a
collisionless quasi-parallel shock period (Retińo et al., 2007).
These current sheets have a typical dimension of a few ion
inertial lengths and do not form when the shock is quasi-
perpendicular. Again, the data seem to be in agreement with
a two-fluid, Hall physics picture: 1) inside the so-called “dif-
fusion layer” the electron and ions dynamics separate moving
at super/sub-Alfv́enic velocity, 2) on the contrary, outside the
system behaves as consistent with a MHD description and, fi-
nally, 3) the dimensionless estimated reconnection rate turns
out to be “fast”,R'Vin/VAlfv ∼0.1. A somewhat different
picture of reconnection as a continuous, instead of rather an
explosive process can be found during northward solar wind
magnetic field periods in the Earth’s magnetopause (Frey et
al., 2003).

At low latitude magnetopause, the interaction between the
Earth’s magnetosphere and the solar wind is responsible for
the observed denser solar wind plasma entering the Earth
side. Here magnetic reconnection could be the driver of
the enhanced transport properties when the geomagnetic and
the solar wind magnetic field lines are antiparallel, in other
words during southward solar wind magnetic field periods.
However, a strong mixing is also observed during northward
magnetic field periods leading to an increase of the plasma
content in the outer magnetosphere even greater than dur-
ing southward configurations. It has been proposed, there-
fore, that the shear flow between the solar wind and the mag-
netosphere drives the formation of Kelvin-Helmholtz (KH)
vortices that tend to pair in the non-linear phase (Belmont
and Chanteur, 1989; Miura, 1997). This provides an efficient
mechanism for the formation of a mixing layer.

Evidence of hydrodynamics vortices has been obtained us-
ing the Cluster measurements, apparently with no reconnec-
tion signature (Hasegawa et al., 2004). Recently, still based
on Cluster satellite data, it has been shown that plasma trans-
port towards the magnetosphere could be caused by mag-
netic reconnection driven by the development of KH vortices
(Nykyri et al., 2006) and not by the particular orientation of
the magnetic field. Indeed, in this region such vortices can
develop since the magnetic field is nearly perpendicular to
the flow, thus unable to inhibit the KH instability develop-
ment, leading to large-scale (with respect to the ion inertial
length) MHD vortices. However, a small magnetic field com-
ponent parallel to the solar wind direction is present. This
“in-plane” magnetic field, assumed to be sheared in the same
plane of the flow, is advected by the rolling-up vortex dynam-
ics and thus increasingly stretched and compressed, even-
tually leading to secondary reconnection instability on the
same scale length of the vortex, the so-called Vortex Induced
Reconnection (VIR) (Liu and Hu, 1988). The possibility
of inducing reconnection by KH vortices when the in-plane
magnetic field is initially parallel to the shear flow, but with-
out any inversion line, has also been demonstrated (Otto and
Fairfield, 2000), but on a much smaller time scale than that
of the hydrodynamic vortex. Both studies have been made

in the context of only one vortex structure, thus preventing
the competition with vortex pairing. Furthermore, numeri-
cal simulations in conditions of relevance for the low lati-
tude magnetopause, but still limited to a single vortex case,
have shown that secondary reconnection instability is able to
disrupt the vortex structure, so as to change the large scale
evolution significantly (seeNykyri and Otto, 2004, and ref-
erences therein). However, in the low latitude magnetopause
context, another important secondary vortex instability that
can develop inside the KH vortices is the Rayleigh Tay-
lor (RT) instability (Smyth, 2003; Matsumoto and Hoshino,
2004). Here the instability is driven by the initial density
jump between the solar wind and the magnetosphere lead-
ing, after the development of the KH instability, to alternat-
ing density layers in the vortex arms. If the initial density
difference is strong enough, the vortex centrifugal accelera-
tion, acting as an “efficient gravity”, makes the vortex arms
RT unstable. The process stops the vortex pairing process
and leads finally to the generation of a turbulent mixing layer
between the solar wind and the magnetosphere (Faganello et
al., 2008b).

In summary, the large-scale system evolution results from
a competition between the vortex pairing process (typical of
a 2-D hydrodynamic system) and the secondary RT and VIR
instabilities. Recently, assuming a homogeneous density dis-
tribution in order to focus on reconnection instability only, it
has been shown that magnetic reconnection occurs first in the
stretched region between two pairing vortices and that, de-
pending on the reconnection time scale development with re-
spect to the system evolution (i.e. vortex rotation time scale),
the large scale system can evolve in very different ways (Fa-
ganello et al., 2008c).

Here we present some recent results obtained using the
same model as inFaganello et al.(2008c) but taking an initial
in-plane sheared magnetic field.

2 The model

In our model, we consider a multi-scale system where the
ratio between the box size containing the MHD vortices and
the small electron inertial scale is computationally very large,
of the order ofLx/y/de∼103. In a collisionless plasma, such
as that of the low latitude magnetopause, finite ion Larmor
radius effects (as well as other kinetic effects like particle
trapping, particles acceleration, deformation of the distribu-
tion function and so on) would probably play a role even be-
fore reaching the electron inertial scale length, thus requiring
a full kinetic approach but demanding an enormous compu-
tational effort. However, as a first step, we limit our inves-
tigation to a large-scale fluid approach, just including elec-
tron inertia terms, a key ingredient for collisionless recon-
nection (Coppi, 1964). Aware of the limits of this approach
since kinetic effects could have important feedback on the
large scale system evolution, we think that our model can
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Fig. 1. The initial magnetospheric and the solar wind plasma con-
figuration represented by blue and yellow (dark and pale) passive
tracers. The colour intensity is proportional to the velocity flow in-
tensity. Yellow and blue color correspond to positive and negative
values of the flow. The arrows represent the direction of the flow as
well as of the in-plane component of the magnetic field.

nevertheless give important qualitative information towards
the understanding of low latitude magnetospheric physics, as
well as important answer concerning the theory of collision-
less reconnection driven by the presence of a shear flow. On
the same line of our approach, we do not consider of rele-
vance the use of a relatively complicated equation of state,
thus using an isothermal closure.

We adopt a two-fluid description of the plasma going from
the low frequency MHD regime to the relatively high fre-
quency electron-MHD regime (Attico et al., 2008a) through
the ion cyclotron frequency. The plasma is assumed to be
quasi-neutral,ni'ne≡n. All equations are made dimen-
sionless using ion characteristic quantities: the ion massmi ,
the ion cyclotron frequency�ci , the Alfvén velocityva and
therefore the ion skin depthdi=c/ωpi ; as a result, the di-
mensionless electron skin depth corresponds to the mass ra-
tio square root,de=(me/mi)

1/2. We defineU=(ui+d2
e ue)

as the fluid velocity. Furthermore, in this relatively low fre-
quency regime we neglect the displacement current in the
Ampere equation, giving a simple relationship between the
current, defined asj=nui−nue (wheren is the density) and
the magnetic field:

j = ∇ × B. (1)

In a quasi-neutral plasma the continuity equation reads:

∂n

∂t
+ ∇ · (nU) = 0. (2)

Then, by summing the first moment of the electron and pro-
ton equation, multiplied byme andmi , respectively, we ob-

tain an equivalent equation for the velocity fieldU in conser-
vative form:
∂(nU)

∂t
+

1

1 + d2
e

∇ ·

[
n ¯̄V +

¯̄P
T

− BB
]

= 0 (3)

where ¯̄V=uiui+d2
e ueue,

¯̄P
T
=P

T

¯̄I andP
T
=Pi+Pe+B2/2 is

the total pressure. As already discussed, for the sake of
simplicity we consider an isothermal closure. Therefore,
the fluid pressures in Eq. (3) are given byPi,e=n Ti,e us-
ing the density calculated from Eq. (2). By subtracting the
electron and proton motion equations, making a Boussinesq-
like approximation (1/n'1 when multiplied∇2E) and tak-
ing ∇·E'0, we obtain the following generalized Ohm’s law
(Valentini et al., 2007):(
1 + d2

e ∇
2
)

E = −ui × B + −
1

n
( j × B )

−d2
e

{
ui × B +

1

n
∇ · [n (uiui − ueue)]

}
(4)

that, combined with the Faraday equation

∂B
∂t

= −∇ × E (5)

describes the evolution of the magnetic fieldB. The term
∇Pi,e/n in the generalized Ohm’s law has been omitted
since, for a polytropic equation of state, it does not contribute
to ∇×E.

Equations (1–5) are integrated numerically using an ex-
plicit, third order accurate, time advancing scheme (Adams-
Bashfort III) in the spatial domainLx×Ly with open and
periodic boundary conditions, respectively. Standard com-
pact finite differences (VI order accurate) and spectral meth-
ods are used to calculate the derivatives along the x- and
y-directions. In particular, concerning the inhomogeneous
x-direction, we implemented transparent boundary condi-
tions in order to let sonic and alfvénic perturbations, at first
generated by the compressional KH instability and then by
the strongly nonlinear dynamics, leave the numerical do-
main. These transparent conditions are obtained from the
ideal MHD set of hyperbolic equations for which it is pos-
sible to define projected characteristic along the x-direction
(seeLandi et al., 2005, and references therein), not possi-
ble instead for the two-fluid set of equations. The idea is that
KH vortices can be considered as large-scale MHD structures
even when the Hall term and electron inertia are included and
that, except for the central region where the dynamics sepa-
rates the electrons and ion dynamics, the MHD approxima-
tion holds. Concerning the results presented in this paper, we
impose in the numerical code that there are no MHD waves
(Alf én, slow and fast) entering in the domain from the left
and right boundaries along the full duration of the simula-
tion. On the other hand, as already stated, MHD perturba-
tions are free to leave the domain. Finally, in the code, at
each time step the electron and ion fluid velocities are ob-
tained by combining the definitions of the velocity fieldU
and of the current densityj .
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3 Results

We model the solar wind interaction with the magnetosphere,
at low latitude, by taking att=0 a large-scale, sheared veloc-
ity field directed along the y-axis,

Ueq = (U0/2) tanh[x/Lu] ey (6)

The initial mean velocity is carried by both electrons and ion
corresponding to a zero total current. Furthermore, we con-
sider a homogeneous initial density,n=1 in dimensionless
units, thus eliminating the possible development of the sec-
ondary RT instability. Given the adopted isothermal closure,
we also get that the initial electron and ion pressure are con-
stant. Admittedly, this choice reduces the degree of realism
of the model, but allows us to focus our investigation on the
physics driven by the development of the secondary recon-
nection instability. The equilibrium magnetic field is com-
posed by a relatively moderate, sheared in-plane component
By,eq parallel to the initial flow, and by a guide field compo-
nentBz,eq perpendicular to the reconnection (x, y) plane:

Beq(x) = By,eq(x) ey + Bz,eq(x) ez (7)

By,eq = B0 tanh[x/L
B
]

Bz,eq =

[
B2

0z + B2
0

− B2
y,eq

]1/2
(8)

whereBz,eq is chosen such that the total pressureP
T

is con-
stant. Note that when the value ofB0 is “sufficiently” small,√

B2
0
/n�U0, the KH instability can freely develop without

being inhibited by magnetic field line tension. The Eqs. (1–5)
are integrated in a 2-D slab geometry (with 3-D vector fields)
in the domainx∈[−Lx/2, Lx/2], y∈[0, Ly].

3.1 Vortex pairing and onset of fast reconnection

In Fig. 1 we show, very schematically, the initial model con-
figuration of the system. The arrows represent the direction
of the flow as well as of the in-plane component of the mag-
netic field. Note that the color levels do not represent a den-
sity variation, but just distinguish the solar wind plasma from
the magnetospheric plasma. In the following, we present re-
cent results obtained withmi/me=64 and:

B0z = 1; B0 = 0.05; Te = Ti = 0.5; Lu = L
B

= 3 .

In our dimensionless units, the magnetic guide field at both
the left and right boundary is equal to one,Bz,eq(±∞)=1.
The box dimensionsLx=90,Ly=30π is set to contain twice
the fast growing mode wave-length, leading therefore to the
development of two KH vortices. This allows us to study
the competition between pairing process and vortex disrup-
tion caused by the development of the secondary reconnec-
tion instability. This choice is the same as in previous stud-
ies (Faganello et al., 2008b,c) where, however, the in-plane
magnetic field was homogeneous, i.e.By,eq=cst . In Fig. 2

Fig. 2. The plasma passive tracer as defined in Fig.1 and the in-
plane magnetic field lines att=300.

we show one of the two vortices generated by the KH insta-
bility at t=300. The white line represent the in-plane mag-
netic field lines. We see that the magnetic lines have already
reconnected inside the vortex, close to the neutral line, form-
ing a large scale magnetic island of the order of the vortex
size, a clear example of the VIR process (Liu and Hu, 1988).
We note that the shape of the island is quite distorted by the
rotation motion. Furthermore, more or less at the same time,
at the external borders of the vortices, we see several mag-
netic field lines crossing the neutral line and thus connecting
the solar wind plasma to the magnetospheric plasma. The
VIR process is driven by the field line stretching induced
by plasma motions. The formation of the magnetic islands
and the magnetic link established between the solar wind and
magnetosphere regions has occurred only because of the ini-
tial magnetic shear allowing the connection of initially left
lines (x<0, t=0) with initially right lines (x>0, t=0). Such
link cannot be established for an initially homogeneous in-
plane magnetic field where reconnection generates magnetic
islands, but on a much smaller scale length and at a much
later time with field lines that only belong to the same plasma
(solar wind or magnetospheric). The important consequence,
investigated for a single vortex case, is that in the homoge-
neous limit reconnection is unable to significantly enhance
the transport since it is only capable of self-reconnecting
a field line. Instead, in the presence of an initial sheared
in-plane magnetic field, the two side plasmas mix across
the neutral line since initially different field lines reconnect
(Nakamura and Fujimoto, 2006). In Fig. 3, left frame, we
show att=460, in the center region of the simulation box,
the two vortices generated by the KH instability that already
started to pair. The solar and magnetospheric plasmas alter-
nate inside the vortex arms separated by the magnetic neutral
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Fig. 3. The plasma passive tracer as defined in Fig.1 and the in-plane magnetic field lines att=460 andt=480, left and right frame.

Fig. 4. Zoom of Fig.3, right frame. For the sake of clearness,
magnetic field lines are drown in black.

line as a result of the rolling-up of the KH vortices. We
now see, as a consequence of the progress of the VIR pro-
cess, many field lines, for example around the pointx=−3,
y=80 for the upper vortex, coming from the solar wind side,
crossing the neutral line, going through the magnetospheric
plasma and coming back into the solar wind plasma (the

same is observed for the lower vortex). But the new impor-
tant process with respect to VIR is that we now observe the
onset of the reconnection instability in the region between
the two vortices analogous to the case of a homogeneous
initial magnetic field (Faganello et al., 2008b). Indeed, we
see the formation of, at least, two X-points, the first one at
x'4, y'55 and the second one atx'−3, y'34. These X-
points are both located on the ribbon that connects the two
vortices and that is subject to compression due to the pairing
process. In the further evolution, magnetic reconnection de-
velops on a “fast” time scaleτ∼10, where “fast” here means
with respect to the system rotation time scale. As a result,
the system generates two magnetic islands of size of the or-
der of the ion inertial length visible att=480 in the right
frame of Fig.3, nearby the location of the X points. A clear
picture of the two magnetic islands is given in Fig.4 by a
zoom of Fig.3 (right frame) centered on the X-point located
atx∼1,y∼45. For the sake of clearness, magnetic field lines
are drown in black. Note that the X point has moved slightly
with respect to its previous position att=460 (see left frame
of Fig. 3). In Fig. 5 we plot thex component of the elec-
tron and ion velocity vs.x at t=480. The figure demonstrate
that in the reconnection region the electron and ion dynamics
separate corresponding to a transition to a two-fluid regime,
while outside the system behaves essentially following single
fluid MHD dynamics. The electron flow varies on the elec-
tron inertial length, while ion on the smoother ion inertial
length.

3.2 The guide field and the Hall quadrupole

In Fig. 6 we show, att=480 (same time as in Fig.3, right
frame), the shaded iso-contours of the guide field compo-
nent of the magnetic fieldBz. The black lines represent

Nonlin. Processes Geophys., 16, 1–10, 2009 www.nonlin-processes-geophys.net/16/1/2009/
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Fig. 5. The ion (red) and electron (black) velocities att=480 vs. x
aty=47.

the in-plane magnetic field lines as in Fig.3. We see that
Bz is strongly depressed in two regions (blue in the figure)
located at the center of the KH vortices, while it rapidly
fluctuates outside around its mean value. More important,
crossing the X-point at (x≈1, y≈45), a signature of the Hall
quadrupole is clearly visible around the two small magnetic
islands located, the first one, atx≈3, y≈50, the second one
at x≈−2, y≈35. A zoom of the quadrupole embedded be-
tween the two magnetic islands crossing the X-point is given
in Fig. 7. It is worth underlining that, instead, in the case
of an initial homogeneous magnetic field (Faganello et al.,
2008b,c) we did not observe any significant signature of the
Hall term quadrupole, in our opinion caused by the strong
plasma compression induced by the plasma flow (Bian and
Vekstein, 2007). Here instead, the compressional effects are
quantitatively less important, of the order of 10% at maxi-
mum. If we now imagine crossing with a satellite the central
region around the X-point in Fig.6, we would observe many
fluctuations of the guide field profile. Most of these varia-
tions result from compressive effects induced by plasma mo-
tions that produce a filamentary structure ofBz, while only a
few are generated by Hall reconnection. Indeed, by looking
at a number of cut plot along the x-axis (not shown here),
crossing or not the Hall quadrupole, we obtain very simi-
lar profiles ofBz. As discussed in the introduction, the Hall
signature recognized by satellite observations as a fluctua-
tion of the guide field component around its mean value, is
considered more or less as evidence of “fast” reconnection.
In our opinion, numerical simulations show, at least in the
two-fluid approximation, that it is very difficult to distinguish
compressive driven fluctuations ofBz from Hall quadrupole

Fig. 6. Shaded iso-contours of the guide field componentBz and
the magnetic field lines att=480.

Fig. 7. Zoom of the central region of Fig.6.

variations. One should therefore pay attention when inter-
preting the variation of the guide field component necessary
as a signature of Hall reconnection.

3.3 Compressive effects

The relevance of field line compression by plasma flow in
the system is outlined by the time evolution of the in-plane
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Fig. 8. The plasma passive tracer as defined in Fig.1 and the magnetic field lines att=675 andt=825.

kinetic and magnetic energy,Ek,⊥ and Em,⊥ (not shown
here), where the perpendicular direction mean with respect
to the guide field direction. First of all, the in-plane mag-
netic energy, which is initially negligible with respect to the
in-plane kinetic energy,Em,⊥(t=0)�Ek,⊥(t=0)≡E0

k,⊥, in-

creases up to a few percent ofE0
k,⊥ between 300<t<400,

then remains more or less constant untilt=550 and finally
rapidly increases up to almost the 20% ofE0

k,⊥. Such a
strong amplification is however a direct consequence of the
field line compression by the flow and not of a dynamo like
action of the system since the integral of the magnetic flux
(not shown here) is conserved in time (with small fluctu-
ations in the final part of the evolution due to unavoidable
small scale grid effects). Nevertheless there is a conversion
of kinetic energy, that decreases more than the 20% of its
initial value, into magnetic energy, even if reconnection acts
in the opposite way by decreasing the amount of magnetic
energy. This is due to the fact that the energetic contribution
of the reconnection events is small compared to the effect
of magnetic field compression driven by the flow. A similar
behavior of the energy and integrated magnetic flux in time
is observed in the MHD limit made by running exactly the
same simulation, but with the Hall and electron inertia terms
replaced by a resistivity termηj (η=10−3) in the generalized
Ohm law, Eq. (5).

3.4 Long time evolution

In Fig. 8 we show the plasma tracers and the magnetic field
lines at later times,t=675 andt=825, left and right frame.
Aware that pushing a two-fluid simulation so far is unreal-
istic, we are nevertheless convinced that these simulations
can produce qualitative large scale results to be considered
in this context as a first, but important step. In the left frame

of Fig. 8 we see that the pairing process finally generates a
single vortex structure. We therefore conclude that in this
system the pairing process is more rapid and efficient in gen-
erating a single vortex structure than the secondary reconnec-
tion instability in disrupting each initial single vortex; this is
a different result from that found in the case of the secondary
RT instability (but with no in-plane magnetic field), acting in
the presence of a sufficiently strong density jump, that was
able to disrupt each vortex so rapidly to inhibit the pairing
process (Faganello et al., 2008a). Due to the stretching in-
duced by the plasma motions during the rotation and merging
of the initial KH vortices, the two magnetic, relatively small
islands visible att=480 (Fig.3 right frame) have now been
destroyed. In the mean time, however, several new magnetic
islands, still of size comparable to the ion scale length, have
been generated mainly at the vortex boundary between the
solar wind and the magnetospheric plasma (see Fig.8, left
frame). These structures are now quite stable and are ad-
vected by the system conserving more or less their shape and
typical size, at least until the end of the simulation,t=825,
as shown by the right frame of Fig.8. Again, our model was
pushed too far to be compared directly with satellite observa-
tions, but we conjecture that the mechanism of generation of
such magnetic islands on the ion inertial scale length could
be considered as a good candidate in order to account for the
magnetic structures observed by the satellites on the ion scale
length (Hasegawa et al., 2005).

A very important consequence of the generation of the
magnetic islands at the boundary between the two plasmas is
the possibility of connecting the solar wind plasma with the
magnetospheric plasma, thus in principle strongly enhanc-
ing the mixing efficiency. For example, att=675, left frame
of Fig. 8, the upper (lower) magnetospheric field lines, say
y=Ly , −25<x<0 (sayy=0, 0<x<25), pile up at the vortex
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boundary and enter inside the solar wind plasma (the mag-
netospheric plasma) from many X-point regions connecting
the islands, both on the left and on the right boundary of
the vortex. This remains true even when the final vortex is
somewhat disrupted at the end of the simulation, giving rise
to a strip like mixed region in the interval−25.x.25 (right
frame of Fig.8). Indeed we observe many field lines cross-
ing the two plasmas inside the central region starting from, or
finally ending in, the full solar wind or magnetospheric side
(see for example the field lines crossing atx≈−18,y≈37, or
x≈15,y≈65).

The role of the Hall term on the development of the recon-
nection instability has been outlined by performing a MHD
run already introduced at the end of Sect.3.1(with η=10−3).
In this case the magnetic islands, shown in Fig.3, right frame
at t=480, do not form even if the same magnetic sheared
layer between the vortices is dynamically generated by pair-
ing. Indeed, in the MHD limit, the reconnection instabil-
ity now driven by resistivity effects, proceeds at a too lower
rate with respect to the dynamical time scale. As a conse-
quence, reconnection is depressed by the dynamical modifi-
cation of the large scale field lines advected by the flow, in
agreement with the results obtained for an initially homoge-
neous in-plane magnetic field (Faganello et al., 2008c). On
the other hand, the vortex scale magnetic islands generated
by VIR at aroundt∼300 are observed also in the MHD limit.
However, in this case the field connections between the solar
wind and magnetospheric plasmas at the vortex borders are
much less important thus reducing, in our opinion, the mix-
ing efficiency and, again, being a signature of the decreasing
of reconnection efficiency.

4 Conclusions

Solar wind interaction with the magnetosphere at low latitude
magnetopause is an outstanding problem in space plasma
physics, in particular concerning the understanding of the
non-linear collisionless dynamics of a sheared flow in the
presence of a magnetic field. Spacecraft observations be-
come nowaday more and more accurate, but intrinsically
limited by being a local source in a complex geometrical,
multi-scale system. Therefore, numerical experiments must
be considered as a basic complement for the understanding
and interpretation of the satellite data. Numerical simula-
tions, however, are limited by the impossibility of modelling
the full physics in terms of frequencies and scale lengths in-
volved in the system. Here, and in recent works (Faganello
et al., 2008b,c), we adopted a two-fluids model that, far from
being a realistic approach, gave us the possibility to study
the onset of secondary reconnection instability induced by
large scale MHD vortices starting with a homogeneous, or
with a sheared, in-plane magnetic field. Until now, it has
been generally assumed that the specific small scale process
is “unimportant” for the global evolution provided reconnec-

tion develops, the large scale evolution being then more or
less unique. Here, instead, the most important result (see
also Faganello et al., 2008c) is that there is a feedback of
the small scale micro-physics allowing reconnection on the
large scale evolution that, in turn, is responsible for the onset
of such reconnection events. In other words, the global dy-
namics that sets the condition for reconnection to occur, can
be significantly modified by the process at play at the micro-
scale. Therefore, the study of kinetic effects that can compete
at small scales is certainly today a very important research
line in the field of magnetic reconnection. We must under-
line that the role of the reconnection microphysics capable
of changing, or not, the large scale evolution has been proved
in our study in a limited, but significant range of parameters,
namely 25≤mi/me≤100 and 0.01≤η≤0.001. Asymptotic
values of the mass ratio and resistivity must be used to defi-
nitely prove our results. These simulations will be the object
of future work. Finally, we have given evidence that even in
those case where the Hall quadrupole is observed in the re-
connection layer, it is very difficult to distinguish the guide
field variations induced by the Hall effect from those pro-
duced by flow compression. One should therefore be careful
when interpreting guide field fluctuations observed by satel-
lite data as a clear signature of Hall reconnection.
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