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moval of plasma from the layer and leads to fast reconnecestimated from energy conservation that gives (1/2)ρVx2 =
Climate
Climate
tion. The proposed mechanism provides fast reconnection of
B 2 /8π, which results in Vx ≈ B/(4πρ)1/2 = VA , where VA
of
the
Past
of theinteracting
Past magnetic fields and does not depend on the thick- is the Alfvén velocity in ambient plasma. Then the relation
Discussions
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on rate Vz is restricted by the value of the ratio of the thickness of the reconnection

s length. Due to large sizes of interacting magnetic fields, this ratio in space physics is

ry small that strongly reduces the reconnection rate. However, that contradicts the
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tal results which show that, in fact, the reconnection rate is often much higher.

Fig. 1. The Sweet–Parker model. The magnetic fields, B, have opposite directions above and below a thin reconnection layer. Plasma
is frozen into the magnetic fields and enters the reconnection layer
at the velocity Vz and moves out of it at the velocity Vx .

2
plasma that might stabilize the Petschek mechanism (Kulsrud, 2001), turbulent reconnection (e.g., Matthaeus et al.,
1984; Lazarian and Vishniac, 1999), Hall reconnection (e.g.,
Birn et al., 2001; Shay et al., 2001), and others.
Turbulent reconnection, investigated by Matthaeus et
al. (1984), Matthaeus and Lamkin (1986), Lazarian and Vishniac (1999), and others, produces multiple X-lines, the separation of the reconnection layer into shorter segments, and
the formation of plasma islands along the current sheet. Since
separation of the reconnection layer into shorter parcels reduces the effective length of this layer, it was expected that
this process can increase the reconnection rate. However,
piling-up plasma islands in the reconnection region can prevent fresh plasma and magnetic field from entering the reconnection layer, which reduces the reconnection rate. And
indeed, while some researchers (e.g., Loureiro et al., 2007)
found that turbulence leads to increasing the reconnection
rate, others (e.g., Shepherd and Cassak, 2010) found that turbulent reconnection leads to an insignificant increase in the
reconnection rate only.
Another approach, the Hall reconnection, has been investigated numerically by using two-fluid simulations (e.g., Birn
et al., 2001; Shay et al., 2001). The two-fluid approach leads
to different thicknesses of the ion and electron layers. On the
length scales shorter than the ion inertial length di = c/ωpi ,
where c is the light velocity and ωpi is the ion plasma frequency, ions become demagnetized and decouple from electrons (e.g., Birn et al., 2001; Dorelli and Birn, 2003; Yamada
et al., 2010; Huang et al., 2011). In this case, the Hall term in
the Ohm’s law becomes important, which results in a significant increase of reconnection rate. The simulations by Shay
et al. (2004) and Cassak and Shay (2008) showed, for instance, that the reconnection rate in this case can increase up
to about 0.1 VA , where VA is the Alfvén velocity. The cause
for fast reconnection rate in the Hall approximation, when
the thickness of the layer between two oppositely directed
magnetic fields becomes less than the ion inertial length di , is
suggested to be the spontaneous transition from slow Sweet–
Parker reconnection to fast Petschek-like reconnection (e.g.,
Nonlin. Processes Geophys., 20, 365–377, 2013

Dorelli and Birn, 2003; Cassak et al., 2005; Huang et al.,
2011).
Although the results, obtained from two-fluid collisionless
MHD models of the Hall reconnection, are impressive, the
recent studies showed that the standard model of Hall reconnection encounters some problems. Daughton et al. (2006)
showed, for example, that there is a “significant inconsistence” between the results obtained from kinetic simulations
and MHD simulations of the Hall reconnection. Particularly,
they showed that the formation of a “bottleneck” for outflow
electrons in the electron diffusion region can substantially reduce the reconnection rate. Another problem is the effect of
both embedded turbulence (as mentioned above) and internal
plasmoid instability (e.g., Loureiro et al., 2007; Cassak and
Shay, 2008; Daughton et al., 2009) within the reconnection
layer, which leads to the formation of magnetic/ plasma islands (plasmoids). Recently, Huang et al. (2011) also showed
that the transition to Hall reconnection may result in the formation of not a single X-point but several X-points in the
reconnection layer that also lead to the formation of plasmoids, which link the Hall reconnection and turbulent reconnection. The effect of plasmoids on reconnection rate will be
discussed later.
Another way of solving the problem was proposed by
Lyatsky and Goldstein (2010), who showed that reconnection rate can significantly increase in the presence of a force
normal to the reconnection layer (it may be a gravitational
or some other force). In this case, the reconnection layer
becomes unstable against Rayleigh–Taylor (interchange) instability that results in formation of Bénard convection over
the reconnection layer, which can provide for fast removal
of plasma piling up in this layer, not along the reconnection
layer but normal to it. Such a scenario results in fast reconnection that does not depend on the length of reconnection
layer.
The mechanism of fast reconnection in this case is shown
schematically in Fig. 2. During magnetic reconnection,
plasma with frozen-in magnetic field enters into the reconnection layer. In the process of reconnection, the magnetic
field annihilates in this layer, and energy of the magnetic
field goes into heating the plasma. The heated plasma (especially ions) piles up in a diffusion region surrounding this
layer (as in the case of the Hall reconnection). For simplicity, we will consider this region as a part of the reconnection
layer, though the difference between these two regions sometimes may be important.
In the presence of a force normal to the reconnection layer,
this situation is known to be instable to interchange perturbations, which leads to a wave-like structure at one or both
boundaries of the reconnection layer. The growth of these
disturbances may result in the formation of the Bénard convection cells with the tongues of heated plasma moving out
from the reconnection layer. This process supports fast reconnection, and it does not depend on the length of reconnection region.
www.nonlin-processes-geophys.net/20/365/2013/
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Fig. 3. A schematic for finding the growth rate of R–T instability.
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To solve the problem, we use the equation of motion. In equilibrium,

and above the interface are equal. Disturbances of the interface can develo
The instability violates pressure balance on the interface. The force acting at

p – p where p and p are the pressures above and below the interface, res

motion equation for a fluid element, shown in Figure 3 by the vertical strip, m

M

 z
 (    ) g z
t

(2)

where M is the mass of the fluid element shown in Figure 3 by the vert

accelerated by the difference of pressures p = p – p , and z is the disturba
position. For incompressible fluid, div V = 0 (where V is the velocity of the

above and below the interface are potential. Then we suppose that the per

form of exp(it  ikx  kz) , where  is the complex frequency, k is is the

the minus/plus signs ahead of kz are related to the upper and lower fluids

expression describes waves propagating along the x-axis and decaying expon
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p1 and p2 are the pressures above and below the interface,
respectively. Then the motion equation for a fluid element,
shown in Fig. 3 by the vertical strip, may be written as
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where M is the mass of the fluid element shown in Fig. 3
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This problem may be considered in planar geometry with a vertically-

gravitational acceleration g acting on plasma (Figure 5). When the distance betw

oppositely-directed magnetic fields becomes small enough, the magnetic fields “reconnec
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leads to formation of the reconnection layer (region 2) filled with hot plasma.
Livescu, 2005) showed that the compressibility insignificantly affects its growth rate; moreover, Liberatore and Bouquet (2008) found that compressibility has rather a destabilizing effect on instability development. The finite Larmor radius (FLR) effect on interchange instability was investigated
first by Roberts and Taylor (1962), who demonstrated that
this effect can stabilize the instability in a short-wavelength
limit kLn 1, where k is the wave number and Ln is the density gradient scale length. Huba (1996) and Winske (1996)
confirmed the stabilization effect. Huba (1996) also suggested that, since the FLR leads to the drift velocity of deFigure 5. The planar
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In this section, we show that magnetic reconnection in the
presence of a force normal to the reconnection layer leads
to developing R–T (interchange) instability of the heated reconnection layer. In the late stage, the instability results in
the formation of tongues of heated plasma, extending normally to the reconnection layer, so that the heated plasma
leaves this layer not through its narrow ends but through its
wide surface. This facilitates fast removal of plasma from
this layer, which leads to fast reconnection. In contrast to the
classical theory of reconnection, this mechanism provides for
fast reconnection of interacting magnetic fields independent
of the sizes of the reconnection region.
This problem may be considered in planar geometry with
a vertically directed gravitational acceleration g acting on
plasma (Fig. 5). When the distance between the oppositely
directed magnetic fields becomes small enough, the magnetic
fields “reconnect”. This leads to formation of the reconnection layer (region 2) filled with hot plasma.
The reconnection layer in Fig. 5 consists of hot plasma
and is located below the ambient colder plasma, located in
the gravitational field. This is the classical case of plasma
distribution, unstable against interchange perturbations (see
Sect. 2).
To estimate the growth rate of interchange instability, we
use conservation of mass and energy. Assuming for simplicity that the widths of downward and upward plasma flows are
equal yields
ρ1 V1 = ρ2 V2 ,

(8)

where ρ1 and ρ2 are the plasma densities in the two regions,
and V1 and V2 are the vertical velocities of plasmas entering and leaving the reconnection layer, respectively. The indices 1 and 2 denote the regions 1 (surrounding plasma) and
2 (reconnection layer), respectively. For simplicity, the electron mass is neglected.
www.nonlin-processes-geophys.net/20/365/2013/

The energy flux along a streamline for incompressible
magnetized plasma may be written in the following form
(e.g., Somov, 2006; Schnack, 2009):
!
10
V2
c
8= ρ
+p V +
(E × B)
2
4π
!
1 2
V2
+p V +
B V,
(9)
= ρ
2
4π
where the first two terms on the right side show fluxes of kinetic energy of plasma, (1/2)ρV 2 , and internal energy (or
plasma pressure, p), respectively, while the last term shows
the flux of electromagnetic energy, described by the Poynting vector (c/4π )E × B, where E and B are the vectors of
the electric and magnetic fields. We accounted here that the
velocity V = c(E × B)/B 2 , so that in our case (V ⊥B) the
Poynting vector is equal to (1/4π )B 2 V . Then, the Eq. (9) energy conservation in combination with Eq. (8) may be written
in the form
p1 + 2pm1 V12
p2 + 2pm2 V22
+
=
+
,
ρ1
2
ρ2
2

(10)

where p1 and p2 are plasma pressures, and pm1 = B12 /8π
and pm2 = B22 /8π are magnetic field pressures. Note that the
gravity term does not enter Eq. (10) as both sides of this equation are related to the same altitude, where particles have the
same gravitation potential.
Assuming also that in region 1 the magnetic pressure
pm1 = B12 /π  p1 while in region 2 the plasma pressure
p2  pm2 yields
p2 V22
2pm1 V12
+
≈
+
.
ρ1
2
ρ2
2

(11)

This equation shows that the energy flux, entering the reconnection layer, is spent on the increase in pressure p2 of
Nonlin. Processes Geophys., 20, 365–377, 2013
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This leads to heating of plasma in the reconnection layer and its outflow back (upward).

plasma, leaving the reconnection layer, and its acceleration to
the velocity V2 . Taking into account 2pm1 /ρ1 = B12 /4πρ1 =
2 , where V
VA1
A1 is the Alfvén velocity in region 1, and neglecting (like in the Sweet–Parker model) the term p2 /ρ2
(see above), we obtain the rough estimate for outflow velocity V2 ≈ 1.4 VA1 . Then accounting for Eq. (8) and neglecting
the factor of 1.4 yields the following simple estimate for the
reconnection rate:
V1 ≈ (ρ2 /ρ1 )VA1 .

(12)

In the case ρ1 = ρ2 as in the Sweet–Parker (S–P) model,
we obtain V1 ≈ VA1 , which in contrast to S–P model does
not contain the small scaling parameter δ/L and, therefore,
provides for fast reconnection. We remind
that by6.obtaining
Figure
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resulting
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convection.
6. Schematic
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related
to
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the
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responsible for the Sweet–Parker mechanism,
sincefields
it protionBlayer,
while region 2 is related to plasma flows out of this layer.
Magnetic
B1 and
2 are normal to the plane of the figure, g is an effective gra
vides only a small increase in the reconnection rate given by
Magnetic fields B 1 and B 2 are normal to the plane of the figure, g
acceleration, E and E2 are the polarization electric fields, and V1 and V2 are the
is an effective gravitational acceleration, E 1 and E 2 are the polarEq. (12). Therefore in limit g → 0, Eq. (12) does not lead1to
velocities in the regions
1 and
2, respectively.
TheV convection
is shown only in the reg
ization
electric
fields, and V 1 and
the interchange instability and reconnection.
2 are the E × B drift velocities
reconnection
below
the
reconnection
the magnetic
in the
regions
1 and
2, respectively.layer,
The convection
is shownfields
only have the
Note that Eq. (12) is obtained from the
the same
equations layer;
directions
(not
shown).
in
the
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above
the
reconnection
layer;
below
the
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as the S–P solution Vz = VA δ/L. However, whereas the relayer, the interchange
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(not shown).
Above
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the magnetic fi
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factor δ/L, in our mechanism it depends the
on the
factor
2 /ρ1 ,
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 ρbetween
the k-vector and the magnetic field B is close to /2. This case is
which is insignificantly different from 1, providing a much
faster reconnection rate in our model. Note
that although
thealso
highest
rate of instability and the highest reconnection rate. Therefore, the pert
the value g indeed does not enter directly Eq. (12), it enters
oriented instability,
along the magnetic field, are especially important for study.
Eq. (6) that derives the growth rate of interchange
which in turn affects the reconnection rate. For more
details,
Thus,
the difficulty in explanation of fast reconnection in the standard Swe
1. We found that in a realistic model of interacting magsee also Sect. 5.
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normalfrom
to thethe
reconnection
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instability
results in
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reconnection
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fast reconnection.
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not through its narrow ends but through its wide surface,
includes downward and upward plasma described
flows. Surrounding
as follows:
which provides fast removal of plasma from the reconplasma and the magnetic field enters the reconnection layer,
nection layer and, as a result, leads to fast reconnec1) We found
that in a realistic
model of interacting magnetic fields involving a force
where a significant portion of inflow magnetic
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served in the vicinity of the reconnection layer (e.g.,
Above we considered interchange perturbations,
oriented
perturbations.
McFadden et al., 2008). Note that Pritchett and Coroalong the magnetic field, when the angle ϑ between the kniti (2010)
studied
the instability
exactlyofonheated
the re- plasma le
2)
The
interchange
instability
results
in formation
of not
tongues
vector and the magnetic field B is close to ±π/2. This case
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is related to the highest rate of instabilityreconnection
and the highest
re- not through
layer
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ends butreconnection
through its inwide
surface, which pro
are generated
by magnetic
the magnetoconnection rate. Therefore, the perturbations, oriented along
tail and propagate ahead of the reconnection layer (e.g.,
the magnetic field, are especially important for study.
Guzdar et al., 2010; Lapenta and Bettarini, 2011). The
Thus, the difficulty in explanation of fast reconnection in
instability is caused by the inertial force normal to the
the standard Sweet–Parker model is related to the necessity
reconnection layer and13dipolarization fronts, and apof the removal of plasma from the reconnection layer through
pearing on these fronts (and, possibly, also in the reits narrow ends, which strongly reduces the reconnection rate
connection layer if it moves with acceleration).
for large sizes of interacting magnetic fields. Here we considered another approach, which facilitates the removal of
3. The proposed mechanism provides fast reconnection
plasma from the reconnection layer that provides for fast rerate of interacting magnetic fields, which does not deconnection. The main results of this approach may be depend on the length of the reconnection layer.
scribed as follows:
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surrounded by the closed (force-free) magnetic fields as shown in this figure.

4

4.1

Turbulent reconnection and internal plasmoid
instability
Introduction

Magnetic reconnection in turbulent plasma is significantly
different from classical reconnection. Measurements at different distances from the Earth showed strong variability of
solar wind/interplanetary magnetic field parameters (Coleman, 1968; Belcher and Davis, 1971; Goldstein and Roberts,
1999; Goldstein, 2001; and others). Strong variability of
plasma and magnetic field parameters in the reconnection
region makes the traditional assumption of a laminar equilibrium inappropriate; in this case, reconnection events may
be randomly scattered in space and time. The term “turbulent
reconnection” (Matthaeus et al., 1984; Goldstein et al., 1986;
Matthaeus and Lamkin, 1986; Lazarian and Vishniac, 1999,
and others) applies to such a situation.
Shibata and Tanuma (2001), Daughton et al. (2009),
Cassak et al. (2009), among others, additionally found that
the reconnection layer also is unstable to small-scale perturbations, which leads to formation of “a chain of plasmoids”
(so-called “secondary islands”). A possible cause for formation of these islands can be the common tearing instability.
The rate of formation of such islands is found to be very
fast (larger than the Alfvénic rate), and their formation was
suggested to be “a generic feature of reconnecting systems”
(Loureiro et al., 2011).
Turbulent reconnection due to both external turbulence
and internal instability leads to multiple reconnection of
magnetic field lines and “chopping” the reconnection layer
into smaller lengths. Matthaeus and Lamkin (1986), Lazarian
and Vishniac (1999, 2000), and Shibata and Tanuma (2001),
among others, suggested that this process could increase the
reconnection rate due to decreasing the effective length of the
reconnection layer or by causing an increase in local, anomalous resistivity associated with these small-scale plasma islands. However, since turbulent reconnection is associated
with the formation of “plasma islands” in the reconnection
region, a piling-up of these islands around the reconnection
layer could also prevent inflowing new plasma and magnetic
field into the reconnection layer, which would reduce the reconnection rate. Indeed, results of recent simulations (e.g.,
Shepherd and Cassak, 2010) showed that the formation of
the plasma/magnetic islands results only in a relatively insignificant increase in the reconnection rate and, therefore,
these authors suggested that the formation of such islands is
unlikely to resolve the problem of fast reconnection. These
results are related, however, to so-called “secondary islands”,
produced by an internal instability of the reconnection layer,
which in more detail is considered below.
Another possible mechanism for the formation of the
plasma islands in the vicinity of the reconnection layer may
be related to the disruption of large-amplitude interchange
perturbations (e.g., Nakamura et al., 2002; Guzdar et al.,
www.nonlin-processes-geophys.net/20/365/2013/

Fig. 7. Formation of plasma islands as a result of magnetic reconnection in combination with turbulent magnetic fields or interchange perturbations oriented at some angle to the magnetic field.
15 plasma move upward against the
The appearing islands of heated
gravitational acceleration, g. The blue lines show the magnetic
field; the red arrows show upward motion of the plasma bubbles
and downward flow of the surrounding plasma.

2010; and references therein) in their non-linear stage. The
variety of mechanisms responsible for the formation of the
plasma islands leads to variety in their shapes and sizes.
A simple model for formation of the plasma islands in the
case of turbulent reconnection is shown in Fig. 7. Such islands, as mentioned above, may appear due to turbulence
in the surrounding plasma or due to an internal instability
of the reconnection layer. As a result of turbulent reconnection, multiple reconnection can form multiple plasma islands
that are surrounded by closed (force-free) magnetic fields, as
shown in this figure.
The sizes of resulting plasma islands are derived in this
case primarily by the wave length of external turbulence
or internal perturbations along the ambient magnetic field,
which lead to the multiple reconnections and the formation
of plasma islands. However, the size of these islands can be
lesser than predicted because of the magnetic tension force
(B · ∇B)/4π ≈ B 2 /4π Rc , where Rc is the radius of magnetic field curvature. This force is at its maximum on the
sharp ends of the plasma islands where Rc is small, which
decreases the length of the plasma islands.
In the recent years, it was also found (Loureiro et al., 2007;
Lapenta, 2008; Daughton et al., 2009; Samtaney et al., 2009;
Shepherd and Cassak 2010; Lapenta and Bettarini, 2011; and
many others) that the current sheets in the reconnection layer
in the process of magnetic reconnection are unstable against
the formation 435 of plasma/magnetic islands, known also
as the plasmoids and “secondary islands”. In the non-linear
regime, these plasmoids are found to grow “faster than they
are ejected and completely disrupt the reconnection layer”
(Samtaney et al., 2009), which may significantly effect the
reconnection rate.
The processes related to the generation and removing of
these plasma islands from the reconnection layer, as well
Nonlin. Processes Geophys., 20, 365–377, 2013
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discuss here
two simple
cases when the
plasma bubbles
have a quasi-spherical
form and when
W. Lyatsky and M. L. Goldstein:
Effect
of interchange
instability
on magnetic
reconnection
they are elongated along the magnetic field. The first case is shown in Figure 8.

as their effect on the reconnection rate, are not totally clear
yet. Shepherd and Cassak (2010) found that in the case of
a relatively small amount of such islands, the reconnection
rate can increase and be faster “than Sweet-Parker but significantly slower than Hall” reconnection rate (Shepherd and
Cassak, 2010). In the case of a large number of these islands,
their effect on reconnection rate can be, probably, even more
significant since the reconnection rate is dependent on the
rate of removal of these islands from the system. Particularly,
schematic showing a detached quasi-spherical bubble, filled in with hot plasma and
Samtaney et al. (2009) stated that “for sufficiently largeFigure
sys- 8. AFig.
8. A schematic showing a detached quasi-spherical bubble,
surrounded by closed magnetic field lines (shown by blue lines) as a result of magnetic
filled
withmagnetic
hot plasma
surrounded
by closed
magneticBfield
tems, plasmoid-dominated current layers are inevitable,reconnection;
and
the in
closed
fieldand
supports
the bubble
in equilibrium.
is the magnetic
lines
(shown by blue acceleration
lines) as a directed
result ofparallel
magnetic
reconnection;
quasi-gravitational
to the
z-axis normally to the
they may be key to attaining fast reconnection, both infield,
col- g is the
layer.
The magnetic
ambient magnetic
field is the
assumed
to decrease
along theBz-axis.
The hot
the
closed
field supports
bubble
in equilibrium.
is
lisional and collisionless systems. Plasmoid formationreconnection
and
plasma bubble
is expelledfield,
toward
the
weaker
magnetic field
(along thedirected
z-axis) due to the
the
magnetic
g
is
the
quasi-gravitational
acceleration
magnetic reconnection are thus inextricably linked, andeffective
fur- buoyancy force and moves upward at the velocity V. The left panel shows the motion
parallel to the z-axis normally to the reconnection layer. The ambither progress in understanding reconnection in realisticofsysthe bubble in the x-z plane. The right panel shows motion of the bubble in 3-D space; the
ent magnetic field is assumed to decrease along the z-axis. The hot
bubble moves upward in-between the ambient magnetic field lines.
tems necessarily requires a theory that takes the plasmoid
plasma bubble is expelled toward the weaker magnetic field (along
dynamics into account”.
the z-axis) due to the effective buoyancy force and moves upward
field, associated with a force normal to the interface between
Although the mechanism of the formation of plasma is- In a atpseudo-gravitational
the velocity V . The
left panel shows the motion of the bubble in
lands and their role in reconnection are not totally cleartwo
yet,magnetic
the isolated
plasma
islands
can move
upward
downward
dependently on
thefields,
x-z plane.
The right
panel
shows
motion
of theorbubble
in 3-D
we will show that turbulent reconnection, associated the
with
space;
the
bubble
moves
upward
in
between
the
ambient
magnetic
direction of the acting force. Since the plasma temperature within plasma bubbles is usually
the formation of plasma islands, in some circumstances can
field lines.
larger than that in surrounding plasma, they move against the gravitational or pseudolead to a significant increase in the reconnection rate when
force as shown in Figure 8. Assuming that the bubbles, detached from the
the force normal to the reconnection layer is included ingravitational
the
reconnection
layer,
contain heated
plasma and
a reduced
field,
the plasma
field removes
the plasma
cloud
awaymagnetic
from the
Earth;
note pressure in
model. In this case, the plasma islands may be quickly exit is the
samehigher
polarization
field that
is responsible
pelled from the reconnection layer due to resulting effecthe bubble pthat
be much
than that electric
in the ambient
plasma,
i.e., p1 >> p2, while the
1 should
2
2 instability on the plasma sheet
for
developing
the
interchange
tive buoyancy force. The physics of expelling these islands
is
magnetic pressure in the bubble B1 /8 << B2 /8 where index 2 is related to the region outside
outer boundary (e.g., Lyatsky and Maltsev, 1983; Maltsev,
similar to the R–T instability but is related to isolated plasma
the bubble. Then in a quasi-stationary case from the balance of total (plasma plus magnetic field)
1986). A similar
situation occurs in the case of hot plasma
formations in the magnetic field in the presence of a gravitapressures, we
have p1generated
 B22/8. For
simplicity,
we neglected
magnetic
tension force.
islands,
in the
reconnection
layerhere
and the
expelled
due
tional (or pseudo-gravitational) force.
to turbulence or other mechanisms in the ambient plasma
(e.g., Guzdar et al., 2010). These
plasma islands are polar4.2 Removal of plasma islands from reconnection
18
ized in the external inhomogeneous magnetic field and due to
region
E × B, drift of hot particles in the polarization electric field,
E, and the ambient magnetic field, B, and can continue to
Above we discussed some possible mechanisms for the formove away from the reconnection layer against the effective
mation of plasma bubbles which include external turbulence,
gravitational acceleration, g. The motion of these islands can
internal instabilities (such as the tearing and kink instabilialso be described as the motion under the diamagnetic force
ties) in the reconnection layer, and the formation of detached
−µn∇B, where µ is the magnetic moment of the island parplasma bubbles at non-linear stage of the interchange instaticles, and n is their number density.
bility (Nakamura et al., 2002; Guzdar et al., 2010). Our purThe velocity of the plasma bubbles depends on properpose is to discuss the effect of such plasma islands on the reties of these bubbles and surrounded plasma and, among the
connection rate. As mentioned above, plasma islands, pilingother parameters, on their geometry. For simplicity, we disup in the reconnection region and its vicinity, can reduce
cuss here two simple cases when the plasma bubbles have a
the reconnection rate in the traditional reconnection models.
quasi-spherical form and when they are elongated along the
Here we show that the force normal to the reconnection layer
magnetic field. The first case is shown in Fig. 8.
can significantly increase the velocity at which the plasma isIn a pseudo-gravitational field, associated with a force norlands, pushed away from the reconnection layer by the buoymal to the interface between two magnetic fields, the isolated
ancy force or its analogue, leave the reconnection layer and
plasma islands can move upward or downward dependently
its vicinity, which increases the reconnection rate.
on the direction of the acting force. Since the plasma temperIt is well known that a cloud (bubble) of hot plasma in an
ature within plasma bubbles is usually larger than that in the
inhomogeneous magnetic field is expelled toward the weak
surrounding plasma, they move against the gravitational or
magnetic field (against ∇B). This fact is explained as a result
pseudo-gravitational force as shown in Fig. 8. Assuming that
of diamagnetism of this plasma cloud or ∇B drift of its parthe bubbles, detached from the reconnection layer, contain
ticles so that the arising polarization electric field expels the
heated plasma and a reduced magnetic field, the plasma presplasma cloud toward the weaker magnetic field. In the case
sure in the bubble p1 should be much higher than that in the
of Earth’s magnetosphere, the resulting polarization electric
Nonlin. Processes Geophys., 20, 365–377, 2013
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ambient plasma, i.e., p1  p2 , while the magnetic pressure
in the bubble B12 /8π  B22 /8π, where index 2 is related to
the region outside the bubble. Then in a quasi-stationary case
from the balance of total (plasma plus magnetic field) pressures, we have p1 ≈ B22 /8π. For simplicity, we neglected
here the magnetic tension force. Then the magnetic field outside the totally diamagnetic bubble of a quasi-spherical shape
near its boundary is B2 ≈ 2B0 , where B0 is the ambient magnetic field. As a result, we have
p1 ≈ 2B02 /8π  p0 .

(13)

Note that the magnetic tension force increases plasma
pressure p1 even more within the bubble.
Fig. 9. Motion of a plasma roll extended along the ambient magFigure 9.and
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force which is a function of velocity. The exactBy
value
of the viscosity, the terminal velocity, V term , of a flux tube, filled with heated p
termination velocity of such bubbles in not welland
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(e.g.,in the ambient magnetic field, may be estimated by equaling the drift currents
moving
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but it is reasonable to suggest that their velocity
is tube
unlikely
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magnetic flux tube with hot plasma are immersed in the conducting layer, which may be
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1986;
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LyatskyoretEarth’s
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plasma bubreconnection.
bles from the reconnection layer and its vicinity, and may
magnetic reconnection.
The polarization electric field, generated within the flux
support the fast reconnection rate.
tube due to the drift of charged particles in the gravitational
Now we consider the case of bubbles of elliptic shape,
and magnetic fields, leads to the generation of the Alfvén
extended at some angle with respect to the magnetic field.
waves, propagated towards the ends of the tube. The ion drift
In this case, their motion away from the reconnection layer
velocity across the flux tube is derived as
can deform the surrounding magnetic field, which reduces
the island velocity. However, even in this case, the effective
mg × B 1,2
mg
V1,2 = c|
,
(14)
| =c
buoyant force can rotate these islands to make them to be ori2
eB1,2
eB1,2
ented along the magnetic field (see, e.g., Uchida and Sakurai,
1977). When plasma islands are oriented along the magnetic
where indices 1 and 2 are related to the regions inside and
field, they move in between the ambient magnetic field lines
outside the tube, respectively. Electrons drift in the opposite
20 mass, their drift may be newithout their significant violation; the size of plasma islands
direction, but due to their small
along the magnetic field in this case is not essential. This
glected. Then the maximal density of currents, entering the
case, which can be described as the motion of a plasma roll,
boundary of the flux tube and integrated over its half-length,
is shown schematically in Fig. 9.
L, is
↑
By neglecting viscosity, the terminal velocity, Vterm , of
Jy = e(n1 Vy1 − n2 Vy2 )L,
(15)
a flux tube, filled with heated plasma and moving in the
ambient magnetic field, may be estimated by equaling the
so that the current Jy has the dimension of a surface curdrift currents within this tube to the currents at its boundary
rent. These currents lead to the polarization electric field
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terminal velocity of the flux tube:
Vz↑ = c

Ey
e(n1 Vz1 − n2 Vz2 )L
g L 6A1
=c
=
,
B1
2B1 6
2 VA1 6

(19)

where 6A1 is the Alfvén conductance 6A1 = c2 /4π VA1 .
Note that the upward velocity of the tube is proportional to
its length; it means that this velocity increases with the size
of the system and the reconnection region, which in space
physics can be very large.
Thus, in this case a force normal to the reconnection layer
can increase the velocity at which the plasma islands, filled
with hot plasma, are expelled away from the reconnection
layer, which can significantly increase the reconnection rate.
The plasma islands, generated within and in the vicinity of
the reconnection layer, are removed away from the reconnection layer by two ways: (1) together with flows of outgoing plasma streams as a part of the Rayleigh–Bénard convection (as shown in the Sect. 3 and Fig. 6), and (2) independently due to the effective buoyancy force that expels
these plasma islands away from the reconnection layer. The
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5

Summary

We present here the results of a study of magnetic reconnection that involves a force normal to the reconnection layer.
Jpol = 26 Ey ,
(16)
In the presence of such force, the reconnection layer can become unstable to interchange disturbances. The interchange
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(17)
mal to the reconnection layer also facilitates the removal
(15)
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From this equation, we obtain the electric field across the
of plasma islands appearing in the reconnection layer durtube
ing turbulent reconnection; in this case, these islands are removed from the reconnection layer by the “buoyancy force”
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The same as in the Sweet–Parker and Petschek mechanisms, the reconnection rate VRR , given by Eq. (6), shows the
maximum possible reconnection rate (a “channel capacity”),
which is equal to the maximum possible rate of the removal
of piled-up plasma out from the reconnection layer (see, e.g.,
Parker, 1957; Petschek, 1964; Priest and Forbes, 2000; and
reference therein). The reconnection rate depends predominantly on the Alfvén velocity in inflowing plasma as well
as the mechanism of plasma removal from the reconnection
layer, which includes the geometry of the problem. The term
“slow reconnection rate” is conventionally related to the case
when the reconnection rate VRR  VA , while “fast reconnection rate” is related to the case when VRR ≈ VA . In the case
when the density ratio ρ2 /ρ1 is not very significantly different from 1, Eq. (12) for reconnection rate can be rewritten as
VRR ≈ VA ,

(20)

which shows that the proposed mechanism is able to provide
fast reconnection. The real reconnection rate cannot exceed
the magnitude of VRR but can be less than that. If the flux
of plasma entering the reconnection layer exceeds the maximum possible flux of outflowing plasma, a superfluous flux
of the plasma with the magnetic field will go about the reconnection layer. A similar situation takes place possibly in
the case of magnetic reconnection on Earth’s magnetopause,
where the reconnection occurs only for about 10 per cent of
incident magnetic flux, even when the interplanetary magnetic field is anti-parallel to Earth’s magnetic field (e.g., Yamada et al., 2010).
As mentioned above, fast reconnection in the proposed
mechanism is a result of plasma removal from the reconnection layer, not along the narrow reconnection layer (as in
the Sweet–Parker mechanism) but through its wide boundary, which is a result of the combined effect of reconnection
and interchange instability. Thus, the interchange instability
of heated plasma in the reconnection region can provide and
support fast reconnection. Though the interchange instability in many cases has a low or even no threshold, its development can be effected by local turbulence, velocity shear,
and other factors; this instability, therefore, should have sufficiently high growth rate to overcome these factors in order
to support the fast reconnection rate.
As an example, we estimate here a growth rate of the gravitational interchange instability which can develop on reconnection layers in the solar corona. The characteristic time of
gravitational interchange instability is derived from Eq. (6).
Let us consider the case when the k-vector of interchange
perturbations is directed across the magnetic field, and the
ratio jρ1 − ρ2 j/(ρ1+ ρ2 ) ≥ 1 (the sign of (ρ1 − ρ2 ) in this
case is not important: the lighter plasma of the layer tends
to move upward while the heavier one downward). In this
case, the growth rate can be written in a simple form
γ 2 ≈ kg,
www.nonlin-processes-geophys.net/20/365/2013/
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where k is the wave number along the reconnection layer,
and g is the gravitational acceleration. In this case, the characteristic time of the interchange instability, τ = 1/γ , can be
written as follows:


λ 1/2
1
,
(22)
τ= ≈
γ
2πg
where λ = 2π/k is the wave length along the reconnection
layer. Using this formula, we can estimate the characteristic
time of the instability in the solar corona, where reconnection
of oppositely directed magnetic fields is thought to be a rather
common phenomenon (e.g., Yamada et al., 2010; Crooker et
al., 2012).
As an example, we estimate the characteristic time of this
interchange instability in the inner corona at the altitude of
about 2 RS where RS is the solar radius. The gravitational
acceleration at the solar surface is about 274 m s−2 , while
at the radial distance r = 2RS it is ∼ 68 m s−2 . In this case,
from Eq. (22) we can obtain
τ (s) ≈ 2.4 × 102 (λ(deg))1/2 ,

(23)

where the characteristic time, τ , is measured in seconds, and
the wavelength, λ, in the degrees along the latitude or longitude near the equatorial plane (one degree at the radial distance r = 2Rs corresponds to about 24×103 km). For reasonable possible magnitudes of λ = (0.1–10)◦ , we obtain τ ≈
(77–770) s. At the radial distance r = 5Rs , the characteristic
time of the instability for the same interval of λ increases by
the factor of about 4. These characteristic times are relatively
low, especially by accounting for the huge sizes (thousands
of kilometers) of the instability, and they decrease even more
for shorter wavelengths. These characteristic times of the instability also are less than the typical periods (several hours)
of strong turbulence in the solar wind, which is thought to be
generated in the solar corona (e.g., Goldstein, 2001).
The estimates above show that the interchange instability
indeed may play a significant role in the reconnection in the
solar corona, which is consistent with the results of simulations by Uchida and Sakurai (1977) (see also Kahler et al.,
1980; McAllister et al. 1994; Uchida, 1996; and references
therein), though the mechanism, as proposed by these authors, is different from that proposed in our paper. They suggested that the development of this instability on the boundary of the reconnection layer results in the formation “of thin
sheets of plasma invaded into the region of opposite polarity”, which enhances the reconnection rate. Although their
mechanism does not resolve the fast removal of piled-up
plasma out off the reconnection layer, nevertheless, it may
play an additional role in increasing the reconnection rate.
An important consequence of interchange instability is
the formation of bidirectional (toward and out of the reconnection layer) plasma fluxes. Such fluxes are frequently observed in the vicinity of the reconnection region. Bidirectional plasma flows were observed, for example, near dayside
Nonlin. Processes Geophys., 20, 365–377, 2013
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magnetopause with the Themis spacecraft (e.g., McFadden et
al., 2008; Liu et al., 2008; the first paper is related to a case
of the negative Interplanetary Magnetic Field (IMF), while
the second paper is related to a series of flux transfer events).
However, correct identification of interchange perturbations
at Earth’s magnetopause is difficult due to the large velocity shear near the magnetopause, which can be the cause
for the generation of another (e.g., Kelvin–Helmholtz) instability. Note that bidirectional fluxes of plasma were also
observed in Earth’s magnetotail during the formation of socalled “dipolarization fronts” after magnetic reconnection in
the magnetotail. These fluxes are also suggested to be a result
of interchange instability, though the cause for this instability
may be another: This instability may be generated not at the
boundary of the reconnection layer but rather at the dipolarization fronts, generated after magnetic reconnection in the
magnetotail (e.g., Pritchett and Coroniti, 2000, 2010; Guzdar et al., 2010; Lapenta and Bettarini, 2011; and references
therein).
Thus, the presented study shows that there are a wide variety of different mechanisms responsible for magnetic reconnection, which provides different ways for the removal
of plasma piled-up in the reconnection layer, which results
in fast reconnection rates.
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