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Abstract. We present here the results of a study of interact-
ing magnetic fields that involves a force normal to the re-
connection layer. In the presence of such force, the recon-
nection layer becomes unstable to interchange disturbances.
The interchange instability results in formation of tongues
of heated plasma that leaves the reconnection layer through
its wide surface rather than through its narrow ends, as is
the case in traditional magnetic reconnection models. This
plasma flow out of the reconnection layer facilitates the re-
moval of plasma from the layer and leads to fast reconnec-
tion. The proposed mechanism provides fast reconnection of
interacting magnetic fields and does not depend on the thick-
ness of the reconnection layer. This instability explains the
strong turbulence and bidirectional streaming of plasma that
is directed toward and away from the reconnection layer that
is observed frequently above reconnection layers. The force
normal to the reconnection layer also accelerates the removal
of plasma islands appearing in the reconnection layer during
turbulent reconnection. In the presence of this force normal
to the reconnection layer, these islands are removed from the
reconnection layer by the “buoyancy force”, as happens in
the case of interchange instability that arises due to the po-
larization electric field generated at the boundaries of the is-
lands.

1 Introduction

The importance of magnetic reconnection in astrophysics
and heliospheric physics is widely recognized. However, de-
spite numerous studies and a remarkable progress, there is
yet insufficient understanding of the real cause for fast re-
connection rate that is inferred from experimental data.

The first solution to magnetic reconnection was pro-
posed by Sweet (1958) and Parker (1957), who considered
the reconnection of two oppositely directed magnetic fields

as a two-dimensional incompressible magnetohydrodynamic
MHD problem and estimated the reconnection rate. The tra-
ditional Sweet–Parker model is based on the assumption
that reconnection occurs in a thin layer with the length 2L

and thickness 2δ (see Fig. 1). The plasma is assumed to
be incompressible. From mass conservation, they obtained
ρVzL = ρVxδ whereρ is the plasma density, andVz andVx

are the plasma velocities across and along the reconnection
layer, respectively. The velocityVx along the x-axis may be
estimated from energy conservation that gives (1/2)ρV 2

x =

B2/8π , which results inVx ≈ B/(4πρ)1/2
= VA , whereVA

is the Alfvén velocity in ambient plasma. Then the relation
ρVzL = ρVxδ may be rewritten as

Vz = VAδ/L. (1)

This relation plays a very important role in the classical
theory of reconnection. It shows that the reconnection rateVz

is restricted by the value of the ratio of the thickness of the
reconnection layer to its length. Due to large sizes of interact-
ing magnetic fields, this ratio in space physics is usually very
small, which strongly reduces the reconnection rate. How-
ever, that contradicts the experimental results which show
that, in fact, the reconnection rate is often much higher.

To resolve this inconsistency, Petschek (1964) suggested
that the reconnection can occur not along the entire layer but
on its shorter length, while the tension of reconnected mag-
netic fields at the edges of the reconnection layer will accel-
erate and expel plasma along the layer; this leads to faster
reconnection. The Petschek model including the X-line was
widely accepted as a reasonable solution until numerical sim-
ulations by Biskamp (1986), Uzdensky and Kulsrud (2000),
Dorelli and Birn (2003), and others showed that this model
is unstable (at least, for uniform resistivity of plasma)
and quickly converts to the slow but stable Sweet–Parker
model. This result inspired researchers to examine other re-
connection mechanisms involving anomalous resistivity of
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1. Introduction 

The importance of magnetic reconnection in astrophysics and heliospheric physics is 

widely recognized. However, despite numerous studies and a remarkable progress, there is yet 

insufficient understanding the real cause for fast reconnection rate that is inferred from 

experimental data.  

The first solution to magnetic reconnection was proposed by Sweet [1958] and Parker 

[1957], who considered the reconnection of two oppositely-directed magnetic fields as a two-

dimensional incompressible MHD problem and estimated the reconnection rate. The traditional 

Sweet-Parker model is based on the assumption that reconnection occurs in a thin layer with the 

length 2L and thickness 2 (see Figure 1). The plasma is assumed to be incompressible. From 

mass conservation, they obtained VzL = Vx where  is the plasma density, and Vz and Vx are 

the plasma velocities across and along the reconnection layer, respectively. The velocity Vx along 

the x-axis may be estimated from energy conservation that gives (½)Vx
2
 =

 
B

2
/8, which results 

in Vx  B/(4 )
1/2

 = VA, where VA  is the Alfvén velocity in ambient plasma. Then the relation 

VzL = Vx may be rewritten as 

 

Vz = VA  / L                                                                                                     (1)                                                                                                      

 

This relation plays a very important role in the classical theory of reconnection. It shows that the 

reconnection rate Vz is restricted by the value of the ratio of the thickness of the reconnection 

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

usually very small that strongly reduces the reconnection rate. However, that contradicts the 

experimental results which show that, in fact, the reconnection rate is often much higher.  

 

Fig. 1. The Sweet–Parker model. The magnetic fields,B, have op-
posite directions above and below a thin reconnection layer. Plasma
is frozen into the magnetic fields and enters the reconnection layer
at the velocityVz and moves out of it at the velocityVx .

plasma that might stabilize the Petschek mechanism (Kul-
srud, 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 Vish-
niac (1999), and others, produces multiple X-lines, the sep-
aration 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 re-
duces 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 pre-
vent fresh plasma and magnetic field from entering the re-
connection 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 tur-
bulent reconnection leads to an insignificant increase in the
reconnection rate only.

Another approach, the Hall reconnection, has been investi-
gated 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 lengthdi = c/ωpi,
wherec is the light velocity andωpi is the ion plasma fre-
quency, ions become demagnetized and decouple from elec-
trons (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 signif-
icant increase of reconnection rate. The simulations by Shay
et al. (2004) and Cassak and Shay (2008) showed, for in-
stance, that the reconnection rate in this case can increase up
to about 0.1VA , whereVA 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 lengthdi , is
suggested to be the spontaneous transition from slow Sweet–
Parker reconnection to fast Petschek-like reconnection (e.g.,

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 recon-
nection encounters some problems. Daughton et al. (2006)
showed, for example, that there is a “significant inconsis-
tence” 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 re-
duce 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 is-
lands (plasmoids). Recently, Huang et al. (2011) also showed
that the transition to Hall reconnection may result in the for-
mation of not a single X-point but several X-points in the
reconnection layer that also lead to the formation of plas-
moids, which link the Hall reconnection and turbulent recon-
nection. 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 reconnec-
tion 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) in-
stability that results in formation of B́enard 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 recon-
nection 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 recon-
nection 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 (es-
pecially ions) piles up in a diffusion region surrounding this
layer (as in the case of the Hall reconnection). For simplic-
ity, we will consider this region as a part of the reconnection
layer, though the difference between these two regions some-
times may be important.

In the presence of a force normal to the reconnection layer,
this situation is known to be instable to interchange pertur-
bations, 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 con-
vection cells with the tongues of heated plasma moving out
from the reconnection layer. This process supports fast re-
connection, and it does not depend on the length of recon-
nection region.

Nonlin. Processes Geophys., 20, 365–377, 2013 www.nonlin-processes-geophys.net/20/365/2013/
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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 lead to a wave-like structure at one or both 

boundaries of reconnection layer. The growth of these disturbances may results in the formation 

of the Benard 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.  

 

Figure 2. Generation of interchange instability on upper boundary of the diffusion region 

surrounding the reconnection layer in the presence of a force F, normal to the layer. B1 and B2 

are the magnetic fields above and below the reconnection layer. Vz is the initial velocity of 

plasma with a frozen-in magnetic field. The violated upper boundary shows an interchange 

disturbance.  

The instability in the gravitational field can develop when plasma in the reconnection 

layer and diffusion region becomes either lighter or heavier than ambient plasma. If plasma in 

this layer becomes lighter, the buoyancy force is directed upward and the instability develops at 

upper boundary of the layer but if plasma becomes heavier, the buoyancy force is directed 

downward and the instability develops at its lower boundary. So, the instability can develop in 

both cases if reconnection violates the balance of forces, acting on plasma.  

In this study, we consider both the real and effective gravitational forces acting on heated 

plasma in the magnetic field. The effective gravitational force is associated with the diamagnetic 

force, -n B, where n is plasma density, B is the magnetic field, and  is the magnetic moment 

of particles ( = w/B where is w is the particle energy across the magnetic field B). This force 

is directed against the B. Motion of plasma in this case can also be described as the EB 

plasma drift in the electric and magnetic fields. If heated plasma in the diffusion region 

Fig. 2. Generation of interchange instability on upper boundary of
the diffusion region surrounding the reconnection layer in the pres-
ence of a forceF , normal to the layer.B1 andB2 are the magnetic
fields above and below the reconnection layer.Vz is the initial ve-
locity of plasma with a frozen-in magnetic field. The violated upper
boundary shows an interchange disturbance.

The instability in the gravitational field can develop when
plasma in the reconnection layer and diffusion region be-
comes either lighter or heavier than ambient plasma. If
plasma in this layer becomes lighter, the buoyancy force is
directed upward and the instability develops at upper bound-
ary of the layer, but if plasma becomes heavier, the buoyancy
force is directed downward and the instability develops at
its lower boundary. So, the instability can develop in both
cases if reconnection violates the balance of forces acting on
plasma.

In this study, we consider both the real and effective gravi-
tational forces acting on heated plasma in the magnetic field.
The effective gravitational force is associated with the dia-
magnetic force,−nµ∇B, wheren is plasma density,B is
the magnetic field, andµ is the magnetic moment of parti-
cles (µ = w⊥/B where isw⊥ is the particle energy across
the magnetic fieldB). This force is directed against the∇B.
Motion of plasma in this case can also be described as the
E × B plasma drift in the electric and magnetic fields. If
heated plasma in the diffusion region surrounding the recon-
nection layer moves upward (against the gradient of the outer
magnetic field), the interchange instability develops on the
upper boundary of this region (see, e.g., Sonnerup and Laird,
1963; Lyatsky and Sibeck, 1997).

The purpose of this paper is to present the results of our
studies of the effect of interchange instability on the recon-
nection rate. We will show that the existence of a force nor-
mal to the reconnection layer significantly facilitates the re-
moval of plasma from the reconnection layer, which opens
the way to fast reconnection.

2 Rayleigh–Taylor (interchange) instability

Before considering the role of the Rayleigh–Taylor (R–
T) instability in magnetic reconnection, we consider some
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Figure 3. A schematic for finding the growth rate of R-T instability. Region 1 is related to a 

heavier fluid, Region 2 to a lighter fluid. The undisturbed boundary between two fluids is located 

in the x-y plane (normal to the figure plane). The gravitational acceleration g is downward. M is 

the mass of a fluid element having the height equal to 1/k where k is the wave number.     

 

To solve the problem, we use the equation of motion. In equilibrium, the pressures below 

and above the interface are equal. Disturbances of the interface can develop along the z–axis. 

The instability violates pressure balance on the interface. The force acting at the interface is p = 

p1 – p2 where p1 and p2 are the pressures above and below the interface, respectively. Then the 

motion equation for a fluid element, shown in Figure 3 by the vertical strip, may be written as 

zg
t

z
M 




)( 212

2

                                                                       (2) 

 

where M is the mass of the fluid element shown in Figure 3 by the vertical strip, which is 

accelerated by the difference of pressures p = p1 – p2, and z is the disturbance of the interface 

position. For incompressible fluid, div V = 0 (where V is the velocity of the fluid) and the flows 

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

form of )exp( kzikxti   , where  is the complex frequency, k is is the wave number, and 

the minus/plus signs ahead of kz are related to the upper and lower fluids, respectively. This 

expression describes waves propagating along the x-axis and decaying exponentially along the z-

axis. 

In Figure 3, the characteristic half-height of the fluid element is 1/k and the mass of this 

element (equals to the sum of masses above and below the interface) is M = (1 + 2)/k [see also 

Piriz et al., 2006]. Then from Eq. (2) we obtain       

0
21

212 



 gk




                                                                                          (3) 

From (3) we obtain the well-known expression [e.g., Chandrasekhar, 1961] for the growth rate of 

the R-T instability  

Fig. 3. A schematic for finding the growth rate of R–T instability.
Region 1 is related to a heavier fluid, region 2 to a lighter fluid.
The undisturbed boundary between two fluids is located in the x-y
plane (normal to the figure plane). The gravitational accelerationg

is downward.M is the mass of a fluid element having the height
equal to 1/k wherek is the wave number.

important features of this instability. The R–T instability is
based on a well-known phenomenon that when a heavy fluid
is placed above a lighter fluid in a gravitational field, the
situation is unstable. The important condition for initiating
the R–T instability is, as mentioned above, the existence of a
force normal to the interface between the two fluids. It may
be the gravitational force, the inertial force resulting from
deceleration of plasma moving toward or out from the recon-
nection layer, the force due to the curvature of magnetic field
lines, and others (see also Winske, 1996). The R–T instabil-
ity may develop both at the magnetopause, following com-
pression by the solar wind dynamic pressure (Gratton et al.,
1996), and in the magnetotail (Pritchett and Coroniti, 2010;
Guzdar et al., 2010; Lapenta and Bettarini, 2011). Thus, there
are a large variety of situations when the R–T instability can
occur. By considering the instability of a system with a force
normal to the interface, an effective gravitational acceleration
is often introduced that allows for describing the different in-
stabilities using the same or similar equations. We also will
use this simplifying approach.

To better understand the features of the R–T instabil-
ity, first we will derive the growth rate of this instability
from simple physical considerations using a fluid-element
approach (e.g., Frank-Kamenetsky, 1964; Piriz et al., 2006;
Bret, 2011). First, we consider the R–T instability on the
boundary of two fluids with no magnetic field.

Let us consider two incompressible fluids in a gravitational
field with the gravitational accelerationg (Fig. 3). The fluids
are separated by a thin interface in the x-y plane. The plasma
density above the interface (region 1) isρ1 and below the
interface (region 2) isρ2, whereρ1 > ρ2.

To solve the problem, we use the equation of motion. In
equilibrium, the pressures below and above the interface are
equal. Disturbances of the interface can develop along the
z-axis. The instability violates pressure balance on the inter-
face. The force acting at the interface is1p = p1–p2, where

www.nonlin-processes-geophys.net/20/365/2013/ Nonlin. Processes Geophys., 20, 365–377, 2013
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p1 andp2 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

M
∂2z′

∂t2
= (ρ1 − ρ2)g z′, (2)

whereM is the mass of the fluid element shown in Fig. 3
by the vertical strip, which is accelerated by the difference
of pressures1p = p1–p2, andz′ is the disturbance of the in-
terface position. For incompressible fluid, divV = 0 (where
V is the velocity of the fluid) and the flows above and below
the interface are potential. Then we suppose that the pertur-
bations have the form of exp(−iωt + ikx ∓ kz), whereω is
the complex frequency,k is is the wave number, and the mi-
nus/plus signs ahead ofkz are related to the upper and lower
fluids, respectively. This expression describes waves propa-
gating along the x-axis and decaying exponentially along the
z-axis.

In Fig. 3, the characteristic half-height of the fluid element
is 1/k and the mass of this element (equal to the sum of
masses above and below the interface) isM = (ρ1+ρ2)/k

(see also Piriz et al., 2006). Then from Eq. (2) we obtain

−ω2
=

ρ1 − ρ2

ρ1 + ρ2
k g > 0. (3)

From Eq. (3) we obtain the well-known expression (e.g.,
Chandrasekhar, 1961) for the growth rate of the R–T insta-
bility

γ = Imω =

(
ρ1 − ρ2

ρ1 + ρ2
k g

)1/2

. (4)

2.1 Account for the magnetic field

Let us consider the R–T instability (in this case, it is usually
called the interchange instability) for two magnetized plas-
mas with different densities and different magnetic fields,
immersed into a gravitational field with the gravitational ac-
celerationg. The same as earlier, we suppose the fluids to
be incompressible and separated with a thin interface in the
plane x-y. The “lighter” fluid 2 is located below (Fig. 4); the
terms “lighter” and “heavier” fluids correspond to the effec-
tive buoyancy force acting on heated plasma in the magnetic
field.

The presence of the magnetic fields parallel to the inter-
face can lead to appearance of the magnetic tension force,
(1/4π)(B ·∇)B. Adding this force to the right side of Eq. (2)
in the case when the magnetic fieldsB1 and B2 have the
same or opposite directions yields the following expression
for the growth rate of the instability:

γ 2
=

1

ρ1 + ρ2

(
kg(ρ1 − ρ2) − k2B2

1 + B2
2

2π
cos2ϑ

)
, (5)

where B1 and B2 are magnetic fields in the upper and
lower regions, respectively, andϑ is the angle between the
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Figure 4. A schematic to explanation of the interchange instability in magnetized plasma. The 

numbers 1 and 2 are related to the heavier and lighter fluids, respectively. The undisturbed 

boundary between two fluids is in the x-y plane; g is the effective gravitational acceleration, M is 

the mass of a fluid element with the half-height 1/k where k is the wave number. B1 and B2 are 

the magnetic fields in two media. The instability develops better when the k-vector is directed 

across the magnetic field as in Figure 2.   
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where B1 and B2 are magnetic fields in the upper and lower regions, respectively, and  is the 

angle between the magnetic field and the wave vector, k. If |B1|
 
= |B2|, this expression is 

Fig. 4. A schematic to explanation of the interchange instability in
magnetized plasma. The numbers 1 and 2 are related to the heavier
and lighter fluids, respectively. The undisturbed boundary between
two fluids is in the x–y plane;g is the effective gravitational accel-
eration,M is the mass of a fluid element with the half-height 1/k

wherek is the wave number.B1 andB2 are the magnetic fields
in two media. The instability develops better when thek-vector is
directed across the magnetic field as in Fig. 2.

magnetic field and the wave vector,k. If jB1j = jB2j , this
expression is consistent with that obtained by Chandrasekhar
(1961, p. 466). It may also be rewritten in the following form

γ 2
=

ρ1 − ρ2

ρ1 + ρ2
kg − k2 V 2

Am cos2θ, (6)

whereVAm = B/(2π(ρ1 + ρ2))
1/2 is the average Alfv́en ve-

locity for two media.
Equation (6) shows that the instability may be suppressed

by magnetic tension (the last term on the right side of this
equation) when the wave vector is close enough to the di-
rection of the magnetic field. However, the magnetic field
does not reduce the instability growth rate when thek-vector
is across the magnetic field. As seen from Eqs. (5)–(6), for
small k the growth rate of the instability (γ 2) increases lin-
early with the wave numberk, achieves its maximum, and
decreases to zero atk = kc, wherekc is a critical value ofk
when the growth rate,γ , is zero:

kc =
2π g (ρ1 − ρ2)

B2cos2ϑ
. (7)

The critical wave number,kc, shows the interval of angles,
ϑ , in which the instability develops; as seen from Eq. (7),
kc increases with increasing the angle between thek-vector
andB. The growth rate also increases and reaches its max-
imum for ϑ = ±π/2 when thek-vector is orthogonal to the
magnetic fieldB (see also Jun et al., 1995).

Among other effects which can influence the interchange
instability, we mention plasma compressibility and the finite
Larmor radius. Above, we considered the growth rate of in-
terchange instability in incompressible fluids. In the case of
plasma, this approach is not quite correct. However, both nu-
merical and analytical studies of the effect of plasma com-
pressibility on interchange instability (e.g., Jun et al., 1995;

Nonlin. Processes Geophys., 20, 365–377, 2013 www.nonlin-processes-geophys.net/20/365/2013/
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Livescu, 2005) showed that the compressibility insignifi-
cantly affects its growth rate; moreover, Liberatore and Bou-
quet (2008) found that compressibility has rather a destabi-
lizing effect on instability development. The finite Larmor ra-
dius (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, wherek is the wave number andLn is the den-
sity gradient scale length. Huba (1996) and Winske (1996)
confirmed the stabilization effect. Huba (1996) also sug-
gested that, since the FLR leads to the drift velocity of de-
veloping perturbations proportional to the diamagnetic drift
velocity, this may lead to phase mixing the unstable pertur-
bations within a growth period, which may stabilize the in-
stability. This effect may be significant on short waves.

3 Reconnection and Rayleigh–Taylor (interchange)
instability: geometry and solving the problem

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 re-
connection layer. In the late stage, the instability results in
the formation of tongues of heated plasma, extending nor-
mally 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 accelerationg 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 reconnec-
tion 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 simplic-
ity that the widths of downward and upward plasma flows are
equal yields

ρ1V1 = ρ2V2, (8)

whereρ1 andρ2 are the plasma densities in the two regions,
andV1 andV2 are the vertical velocities of plasmas enter-
ing and leaving the reconnection layer, respectively. The in-
dices 1 and 2 denote the regions 1 (surrounding plasma) and
2 (reconnection layer), respectively. For simplicity, the elec-
tron mass is neglected.
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Fig. 5. The planar geometry used for solving the problem. Regions
1 and 2 are the surrounding plasma and reconnection layer, respec-
tively. Magnetic fieldsB1 andB2 are perpendicular to the plane
of the figure, and related to the ambient plasma and the reconnec-
tion layer, respectively;g is the effective gravitational acceleration.
The boundary between regions 1 and 2 shows an interchange dis-
turbance on the reconnection layer upper boundary. Only the upper
part of the disturbed reconnection region is shown.

The energy flux along a streamline for incompressible
magnetized plasma may be written in the following form
(e.g., Somov, 2006; Schnack, 2009):

8 =

(
ρ

V 2

2
+ p

)
V +

c

4π
(E × B)

=

(
ρ

V 2

2
+ p

)
V +

1

4π
B2V , (9)

where the first two terms on the right side show fluxes of ki-
netic 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 Poynt-
ing vector (c/4π)E × B, whereE andB are the vectors of
the electric and magnetic fields. We accounted here that the
velocity V = c(E × B)/B2, so that in our case (V ⊥B) the
Poynting vector is equal to (1/4π)B2V . Then, the Eq. (9) en-
ergy conservation in combination with Eq. (8) may be written
in the form

p1 + 2pm1

ρ1
+

V 2
1

2
=

p2 + 2pm2

ρ2
+

V 2
2

2
, (10)

wherep1 and p2 are plasma pressures, andpm1 = B2
1/8π

andpm2 = B2
2/8π are magnetic field pressures. Note that the

gravity term does not enter Eq. (10) as both sides of this equa-
tion are related to the same altitude, where particles have the
same gravitation potential.

Assuming also that in region 1 the magnetic pressure
pm1 = B2

1/π � p1 while in region 2 the plasma pressure
p2 � pm2 yields

2pm1

ρ1
+

V 2
1

2
≈

p2

ρ2
+

V 2
2

2
. (11)

This equation shows that the energy flux, entering the re-
connection layer, is spent on the increase in pressurep2 of
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plasma, leaving the reconnection layer, and its acceleration to
the velocityV2. Taking into account 2pm1/ρ1 = B2

1/4πρ1 =

V 2
A1, whereVA1 is the Alfvén velocity in region 1, and ne-

glecting (like in the Sweet–Parker model) the termp2/ρ2
(see above), we obtain the rough estimate for outflow veloc-
ity V2 ≈ 1.4VA1. 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 caseρ1 = ρ2 as in the Sweet–Parker (S–P) model,
we obtainV1 ≈ VA1, which in contrast to S–P model does
not contain the small scaling parameterδ/L and, therefore,
provides for fast reconnection. We remind that by obtaining
Eq. (12), we neglected the plasma outflow along the x-axis,
responsible for the Sweet–Parker mechanism, since it pro-
vides only a small increase in the reconnection rate given by
Eq. (12). Therefore in limitg → 0, Eq. (12) does not lead to
the interchange instability and reconnection.

Note that Eq. (12) is obtained from the same equations
as the S–P solutionVz = VAδ/L. However, whereas the re-
connection rate in the S–P mechanism depends on the small
factorδ/L, in our mechanism it depends on the factorρ2/ρ1,
which is insignificantly different from 1, providing a much
faster reconnection rate in our model. Note also that although
the valueg indeed does not enter directly Eq. (12), it enters
Eq. (6) that derives the growth rate of interchange instability,
which in turn affects the reconnection rate. For more details,
see also Sect. 5.

Thus, the reconnection layer of heated plasma, located un-
der the surrounding colder plasma in the field of a force nor-
mal to the reconnection layer, may be unstable against inter-
change instability. In steady-state conditions, interchange in-
stability results in the formation of Rayleigh–Bénard convec-
tion, which is shown schematically in Fig. 6. The convection
includes downward and upward plasma flows. Surrounding
plasma and the magnetic field enters the reconnection layer,
where a significant portion of inflow magnetic field dissi-
pates. This leads to heating of plasma in the reconnection
layer and its outflow back (upward).

Above we considered interchange perturbations, oriented
along the magnetic field, when the angleϑ between thek-
vector and the magnetic fieldB is close to ±π/2. This case
is related to the highest rate of instability and the highest re-
connection rate. Therefore, the perturbations, oriented along
the magnetic field, are especially important for study.

Thus, the difficulty in explanation of fast reconnection in
the standard Sweet–Parker model is related to the necessity
of the removal of plasma from the reconnection layer through
its narrow ends, which strongly reduces the reconnection rate
for large sizes of interacting magnetic fields. Here we con-
sidered another approach, which facilitates the removal of
plasma from the reconnection layer that provides for fast re-
connection. The main results of this approach may be de-
scribed as follows:
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velocities in the regions 1 and 2, respectively. The convection is shown only in the region above 

the reconnection layer; below the reconnection layer, the magnetic fields have the opposite 

directions (not shown). 
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1) We found that in a realistic model of interacting magnetic fields involving a force normal to 

the reconnection layer, the reconnection layer with heated plasma is unstable against interchange 

perturbations.  

2) The interchange instability results in formation of tongues of heated plasma leaving the 

reconnection layer not through its narrow ends but through its wide surface, which provides fast 

Fig. 6. Schematic of resulting steady-state Rayleigh–Bénard con-
vection. Region 1 is related to plasma flows toward the reconnec-
tion layer, while region 2 is related to plasma flows out of this layer.
Magnetic fieldsB1 andB2 are normal to the plane of the figure,g

is an effective gravitational acceleration,E1 andE2 are the polar-
ization electric fields, andV 1 andV 2 are theE ×B drift velocities
in the regions 1 and 2, respectively. The convection is shown only
in the region above the reconnection layer; below the reconnection
layer, the magnetic fields have the opposite directions (not shown).

1. We found that in a realistic model of interacting mag-
netic fields involving a force normal to the reconnection
layer, the reconnection layer with heated plasma is un-
stable against interchange perturbations.

2. The interchange instability results in formation of
tongues of heated plasma leaving the reconnection layer
not through its narrow ends but through its wide surface,
which provides fast removal of plasma from the recon-
nection layer and, as a result, leads to fast reconnec-
tion. This instability can explain bidirectional (toward
and out from the reconnection layer) plasma fluxes, ob-
served in the vicinity of the reconnection layer (e.g.,
McFadden et al., 2008). Note that Pritchett and Coro-
niti (2010) studied the instability not exactly on the re-
connection layer but on the dipolarization fronts, which
are generated by magnetic reconnection in the magneto-
tail and propagate ahead of the reconnection layer (e.g.,
Guzdar et al., 2010; Lapenta and Bettarini, 2011). The
instability is caused by the inertial force normal to the
reconnection layer and dipolarization fronts, and ap-
pearing on these fronts (and, possibly, also in the re-
connection layer if it moves with acceleration).

3. The proposed mechanism provides fast reconnection
rate of interacting magnetic fields, which does not de-
pend on the length of the reconnection layer.
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4 Turbulent reconnection and internal plasmoid
instability

4.1 Introduction

Magnetic reconnection in turbulent plasma is significantly
different from classical reconnection. Measurements at dif-
ferent distances from the Earth showed strong variability of
solar wind/interplanetary magnetic field parameters (Cole-
man, 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 equi-
librium 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 pertur-
bations, which leads to formation of “a chain of plasmoids”
(so-called “secondary islands”). A possible cause for forma-
tion 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 Alfv́enic 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, anoma-
lous resistivity associated with these small-scale plasma is-
lands. 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 re-
connection 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 in-
significant 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.,
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Fig. 7. Formation of plasma islands as a result of magnetic re-
connection in combination with turbulent magnetic fields or inter-
change perturbations oriented at some angle to the magnetic field.
The appearing islands of heated plasma move upward against the
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 is-
lands, 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 reconnec-
tion, 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 ≈ B2/4πRc, whereRc is the radius of mag-
netic field curvature. This force is at its maximum on the
sharp ends of the plasma islands whereRc 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
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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 sig-
nificantly 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,
Samtaney et al. (2009) stated that “for sufficiently large sys-
tems, plasmoid-dominated current layers are inevitable, and
they may be key to attaining fast reconnection, both in col-
lisional and collisionless systems. Plasmoid formation and
magnetic reconnection are thus inextricably linked, and fur-
ther progress in understanding reconnection in realistic sys-
tems necessarily requires a theory that takes the plasmoid
dynamics into account”.

Although the mechanism of the formation of plasma is-
lands and their role in reconnection are not totally clear yet,
we will show that turbulent reconnection, associated with
the formation of plasma islands, in some circumstances can
lead to a significant increase in the reconnection rate when
the force normal to the reconnection layer is included in the
model. In this case, the plasma islands may be quickly ex-
pelled from the reconnection layer due to resulting effec-
tive buoyancy force. The physics of expelling these islands is
similar to the R–T instability but is related to isolated plasma
formations in the magnetic field in the presence of a gravita-
tional (or pseudo-gravitational) force.

4.2 Removal of plasma islands from reconnection
region

Above we discussed some possible mechanisms for the for-
mation of plasma bubbles which include external turbulence,
internal instabilities (such as the tearing and kink instabili-
ties) in the reconnection layer, and the formation of detached
plasma bubbles at non-linear stage of the interchange insta-
bility (Nakamura et al., 2002; Guzdar et al., 2010). Our pur-
pose is to discuss the effect of such plasma islands on the re-
connection rate. As mentioned above, plasma islands, piling-
up in the reconnection region and its vicinity, can reduce
the reconnection rate in the traditional reconnection models.
Here we show that the force normal to the reconnection layer
can significantly increase the velocity at which the plasma is-
lands, pushed away from the reconnection layer by the buoy-
ancy force or its analogue, leave the reconnection layer and
its vicinity, which increases the reconnection rate.

It is well known that a cloud (bubble) of hot plasma in an
inhomogeneous magnetic field is expelled toward the weak
magnetic field (against∇B). This fact is explained as a result
of diamagnetism of this plasma cloud or∇B drift of its par-
ticles so that the arising polarization electric field expels the
plasma cloud toward the weaker magnetic field. In the case
of Earth’s magnetosphere, the resulting polarization electric
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Fig. 8. A schematic showing a detached quasi-spherical bubble,
filled in with hot plasma and surrounded by closed magnetic field
lines (shown by blue lines) as a result of magnetic reconnection;
the closed magnetic field supports the bubble in equilibrium.B is
the magnetic field,g is the quasi-gravitational acceleration directed
parallel to the z-axis normally to the reconnection layer. The ambi-
ent magnetic field is assumed to decrease along the z-axis. The hot
plasma bubble is expelled toward the weaker magnetic field (along
the z-axis) due to the effective buoyancy force and moves upward
at the velocityV . The left panel shows the motion of the bubble in
the x-z plane. The right panel shows motion of the bubble in 3-D
space; the bubble moves upward in between the ambient magnetic
field lines.

field removes the plasma cloud away from the Earth; note
that it is the same polarization electric field that is responsible
for developing the interchange instability on the plasma sheet
outer boundary (e.g., Lyatsky and Maltsev, 1983; Maltsev,
1986). A similar situation occurs in the case of hot plasma
islands, generated in the reconnection layer and expelled due
to turbulence or other mechanisms in the ambient plasma
(e.g., Guzdar et al., 2010). These plasma islands are polar-
ized in the external inhomogeneous magnetic field and due to
E ×B, drift of hot particles in the polarization electric field,
E, and the ambient magnetic field,B, and can continue to
move away from the reconnection layer against the effective
gravitational acceleration,g. The motion of these islands can
also be described as the motion under the diamagnetic force
−µn∇B, whereµ is the magnetic moment of the island par-
ticles, andn is their number density.

The velocity of the plasma bubbles depends on proper-
ties of these bubbles and surrounded plasma and, among the
other parameters, on their geometry. For simplicity, we dis-
cuss here two simple cases when the plasma bubbles have a
quasi-spherical form and when they are elongated along the
magnetic field. The first case is shown in Fig. 8.

In a pseudo-gravitational field, associated with a force nor-
mal to the interface between two magnetic fields, the isolated
plasma islands can move upward or downward dependently
on the direction of the acting force. Since the plasma temper-
ature within plasma bubbles is usually larger than that in the
surrounding plasma, they move against the gravitational or
pseudo-gravitational force as shown in Fig. 8. Assuming that
the bubbles, detached from the reconnection layer, contain
heated plasma and a reduced magnetic field, the plasma pres-
sure in the bubblep1 should be much higher than that in the
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ambient plasma, i.e.,p1 � p2, while the magnetic pressure
in the bubbleB2

1/8π � B2
2/8π , 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) pres-
sures, we havep1 ≈ B2

2/8π . For simplicity, we neglected
here the magnetic tension force. Then the magnetic field out-
side the totally diamagnetic bubble of a quasi-spherical shape
near its boundary isB2 ≈ 2B0, whereB0 is the ambient mag-
netic field. As a result, we have

p1 ≈ 2B2
0/8π � p0. (13)

Note that the magnetic tension force increases plasma
pressurep1 even more within the bubble.

The differences in plasma densities, temperatures, and
pressures inside and outside the bubble lead to vertical mo-
tion of the bubble in both real and effective “gravitational”
fields. Since magnetic tension does not affect the vertical mo-
tion of isolated plasma bubbles surrounded by closed mag-
netic field lines (as they move in between the ambient mag-
netic field lines as shown in Fig. 8b), these bubbles may move
relatively freely in the effective gravitational field until their
velocity is small enough. While moving upward, they are
rapidly accelerated to a terminal velocity,V

↑

term, which is de-
fined from the balance between the buoyant force and a drag
force which is a function of velocity. The exact value of the
termination velocity of such bubbles in not well known (e.g.,
Longcope et al., 1996; Emonet and Moreno-Insertis, 1998),
but it is reasonable to suggest that their velocity is unlikely
to be higher than the Alfv́en velocity since in super-Alfv́enic
regime the energy loss of the bubbles on wave generation be-
come very high. Therefore, as a first approximation, we can
suggest that, by neglecting viscosity of plasma, the terminal
velocity of the plasma bubbles in a real or effective gravi-
tational field is close to the Alfv́en velocity in the ambient
plasma, which provides the fast removal of such plasma bub-
bles from the reconnection layer and its vicinity, and may
support the fast reconnection rate.

Now we consider the case of bubbles of elliptic shape,
extended at some angle with respect to the magnetic field.
In this case, their motion away from the reconnection layer
can deform the surrounding magnetic field, which reduces
the island velocity. However, even in this case, the effective
buoyant force can rotate these islands to make them to be ori-
ented along the magnetic field (see, e.g., Uchida and Sakurai,
1977). When plasma islands are oriented along the magnetic
field, they move in between the ambient magnetic field lines
without their significant violation; the size of plasma islands
along the magnetic field in this case is not essential. This
case, which can be described as the motion of a plasma roll,
is shown schematically in Fig. 9.

By neglecting viscosity, the terminal velocity,V
↑

term , of
a flux tube, filled with heated plasma and moving in the
ambient magnetic field, may be estimated by equaling the
drift currents within this tube to the currents at its boundary
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Figure 9. Motion of a plasma roll extended along the ambient magnetic field B0 shown by blue 

lines. B1 is the magnetic field within this roll, L is its length, g is the effective gravitational 

acceleration, and V is the EB drift velocity. The ambient magnetic field is assumed to decrease 

along the z-axe, which is normal to the reconnection layer (not shown). The hot plasma roll is 

expelled toward the weaker magnetic field (along the z-axis) due to the effective buoyancy force 
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By neglecting viscosity, the terminal velocity, V


term , of a flux tube, filled with heated plasma 

and moving in the ambient magnetic field, may be estimated by equaling the drift currents within 

this tube to the currents at its boundary and/or ends. Let us consider a case, when the ends of the 

magnetic flux tube with hot plasma are immersed in the conducting layer, which may be related 

to the solar photosphere or Earth’s ionosphere [Maltsev, 1986; Longcope et al., 1996; Lyatsky et 

al., 2010]. In solar photosphere and corona, such situation appears when a fresh magnetic field 

goes out from solar interior and moves upward to the solar corona where there is an ambient 

oppositely-directed magnetic field (see, e.g., Longcope et al. [1996]) that can result in the 

magnetic reconnection.    

Fig. 9. Motion of a plasma roll extended along the ambient mag-
netic fieldB0 shown by blue lines.B1 is the magnetic field within
this roll, L is its length,g is the effective gravitational acceleration,
andV is theE × B drift velocity. The ambient magnetic field is
assumed to decrease along the z-axis, which is normal to the recon-
nection layer (not shown). The hot plasma roll is expelled toward
the weaker magnetic field (along the z-axis) due to the effective
buoyancy force and moves upward at the velocityV . (a) shows the
motion of the roll in the x-z plane.(b) shows the drift currentsJ
(blue lines) and polarization electric fieldE in the cross-section of
the magnetic role; the ambient magnetic fieldB0 here is directed
across the figure plane.(c) shows motion of the roll in 3-D space;
the roll moves upward in between the ambient magnetic field lines.

and/or ends. Let us consider a case, when the ends of the
magnetic flux tube with hot plasma are immersed in the con-
ducting layer, which may be related to the solar photosphere
or Earth’s ionosphere (Maltsev, 1986; Longcope et al., 1996;
Lyatsky et al., 2010). In solar photosphere and corona, such a
situation appears when a fresh magnetic field goes out from
solar interior and moves upward to the solar corona where
there is an ambient oppositely directed magnetic field (see,
e.g., Longcope et al., 1996) that can result in the magnetic
reconnection.

The polarization electric field, generated within the flux
tube due to the drift of charged particles in the gravitational
and magnetic fields, leads to the generation of the Alfvén
waves, propagated towards the ends of the tube. The ion drift
velocity across the flux tube is derived as

V1,2 = c|
mg × B1,2

eB2
1,2

| = c
mg

eB1,2
, (14)

where indices 1 and 2 are related to the regions inside and
outside the tube, respectively. Electrons drift in the opposite
direction, but due to their small mass, their drift may be ne-
glected. Then the maximal density of currents, entering the
boundary of the flux tube and integrated over its half-length,
L, is

Jy = e(n1Vy1 − n2Vy2)L, (15)

so that the currentJy has the dimension of a surface cur-
rent. These currents lead to the polarization electric field
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Figure 10. A schematic showing upward motion of a magnetic flux tube, filled with hot plasma, 

when the ends of this tube are immersed in a conducting layer near the solar photosphere. The 

flux tube, filled with plasma heated in the reconnection layer, is rising upward at a velocity V;  

is the height-integrated conductivity of solar photosphere. The blue lines show the magnetic field 

lines.  
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so that the current Jy has the dimension of a surface current. These currents lead to the 

polarization electric field across the tube and generation of two Alfvén waves propagated along 

the magnetic field in both directions [e.g., Lyatsky et al., 2010]. These waves transport the 

electric field and the field-aligned currents to the edges of the tube. The magnitude of the 

Fig. 10. A schematic showing upward motion of a magnetic flux
tube, filled with hot plasma, when the ends of this tube are im-
mersed in a conducting layer near the solar photosphere. The flux
tube, filled with plasma heated in the reconnection layer, is rising
upward at a velocityV ; 6 is the height-integrated conductivity of
the solar photosphere. The blue lines show the magnetic field lines.

across the tube and generation of two Alfvén waves prop-
agated along the magnetic field in both directions (e.g., Ly-
atsky et al., 2010). These waves transport the electric field
and the field-aligned currents to the edges of the tube. The
magnitude of the polarization currents in each Alfvén wave,
integrated across its front, may be derived as (Lyatsky and
Maltsev, 1983; Lyatsky et al., 2010)

Jpol = 26Ey, (16)

whereEy is the polarization electric field, the factor 2 is due
to the fact that the polarization currents are flowing both in-
side and outside the cross-section of the flux tube through
the conductive layer in the solar photosphere (for the tube
of a circular cross-section, the currents inside and outside its
cross-section are equal; Lyatsky et al., 2010). Since the to-
tal currents are continuous,Jy in Eq. (15) is equal toJpol in
Eq. (16). Equating Eqs. (15) and (16) yields

e(n1Vy1 − n2Vy2)L = 26Ey . (17)

From this equation, we obtain the electric field across the
tube

Ey =
e(n1Vy1 − n2Vy2)L

26
. (18)

Accounting for Eq. (18) and assumingn1Vy1 � n2Vy2
gives then the following simple estimate for the vertical

terminal velocity of the flux tube:

V ↑
z = c

Ey

B1
= c

e(n1Vz1 − n2Vz2)L

2B16
=

gL

2 VA1

6A1

6
, (19)

where 6A1 is the Alfvén conductance6A1 = c2/4πVA1.
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 recon-
nection layer by two ways: (1) together with flows of out-
going plasma streams as a part of the Rayleigh–Bénard con-
vection (as shown in the Sect. 3 and Fig. 6), and (2) inde-
pendently due to the effective buoyancy force that expels
these plasma islands away from the reconnection layer. The
plasma islands extended at a significant angle with respect
to the ambient magnetic field can move mainly with outgo-
ing plasma streams as a part of the Rayleigh–Bénard con-
vection; the plasma islands of a quasi-spherical shape or ex-
tended along the ambient magnetic field can also move inde-
pendently due to the effective buoyancy force, which expels
the islands away from the reconnection layer. Note, however,
that even in this case, the effective buoyant force can rotate
these islands to make them be oriented along to the magnetic
field (see, e.g., Uchida and Sakurai, 1977).

5 Summary

We present here the results of a study of magnetic reconnec-
tion that involves a force normal to the reconnection layer.
In the presence of such force, the reconnection layer can be-
come unstable to interchange disturbances. The interchange
instability results in formation of tongues of heated plasma
that leaves the reconnection layer through its wide surface
rather than through its narrow ends, as is the case in tradi-
tional reconnection models. This plasma flow out of the re-
connection layer facilitates the removal of plasma from the
layer that leads to fast reconnection. The interchange insta-
bility also explains bidirectional streaming of plasma toward
and away from the reconnection layer that is observed fre-
quently in the vicinity of reconnection layers. The force nor-
mal to the reconnection layer also facilitates the removal
of plasma islands appearing in the reconnection layer dur-
ing turbulent reconnection; in this case, these islands are re-
moved from the reconnection layer by the “buoyancy force”
appearing due to the polarization electric field generated at
their boundaries. Thus, a force normal to the reconnection
layer can play the role of a catalyst that can significantly ac-
celerate the reconnection rate.
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The same as in the Sweet–Parker and Petschek mecha-
nisms, the reconnection rateVRR, 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 predom-
inantly on the Alfv́en 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 rateVRR � VA , while “fast reconnec-
tion rate” is related to the case whenVRR ≈ VA . In the case
when the density ratioρ2/ρ1 is not very significantly differ-
ent 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 ofVRR but can be less than that. If the flux
of plasma entering the reconnection layer exceeds the max-
imum possible flux of outflowing plasma, a superfluous flux
of the plasma with the magnetic field will go about the re-
connection 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 mag-
netic field is anti-parallel to Earth’s magnetic field (e.g., Ya-
mada et al., 2010).

As mentioned above, fast reconnection in the proposed
mechanism is a result of plasma removal from the recon-
nection layer, not along the narrow reconnection layer (as in
the Sweet–Parker mechanism) but through its wide bound-
ary, 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 instabil-
ity in many cases has a low or even no threshold, its devel-
opment can be effected by local turbulence, velocity shear,
and other factors; this instability, therefore, should have suf-
ficiently 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 grav-
itational interchange instability which can develop on recon-
nection layers in the solar corona. The characteristic time of
gravitational interchange instability is derived from Eq. (6).
Let us consider the case when thek-vector of interchange
perturbations is directed across the magnetic field, and the
ratio jρ1 − ρ2j/(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, (21)

wherek is the wave number along the reconnection layer,
andg is the gravitational acceleration. In this case, the char-
acteristic time of the interchange instability,τ = 1/γ , can be
written as follows:

τ =
1

γ
≈

(
λ

2πg

)1/2

, (22)

whereλ = 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 2RS whereRS is the solar radius. The gravitational
acceleration at the solar surface is about 274 m s−2, while
at the radial distancer = 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 longi-
tude near the equatorial plane (one degree at the radial dis-
tancer = 2Rs corresponds to about 24×103 km). For reason-
able possible magnitudes ofλ = (0.1–10)◦, we obtainτ ≈

(77–770) s. At the radial distancer = 5Rs, the characteristic
time of the instability for the same interval ofλ 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 in-
stability 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 simula-
tions 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 au-
thors, is different from that proposed in our paper. They sug-
gested that the development of this instability on the bound-
ary of the reconnection layer results in the formation “of thin
sheets of plasma invaded into the region of opposite polar-
ity”, 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 recon-
nection layer) plasma fluxes. Such fluxes are frequently ob-
served in the vicinity of the reconnection region. Bidirec-
tional plasma flows were observed, for example, near dayside
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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 veloc-
ity shear near the magnetopause, which can be the cause
for the generation of another (e.g., Kelvin–Helmholtz) in-
stability. Note that bidirectional fluxes of plasma were also
observed in Earth’s magnetotail during the formation of so-
called “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 dipolar-
ization fronts, generated after magnetic reconnection in the
magnetotail (e.g., Pritchett and Coroniti, 2000, 2010; Guz-
dar et al., 2010; Lapenta and Bettarini, 2011; and references
therein).

Thus, the presented study shows that there are a wide va-
riety of different mechanisms responsible for magnetic re-
connection, 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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