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Abstract. On the basis of the spontaneous fast reconnection
model, three-dimensional magnetic field profiles associated
with a large-scale plasmoid propagating along the antiparal-
lel magnetic fields are studied in the general sheared current
sheet system. The plasmoid is generated ahead of the fast re-
connection jet as a result of distinct compression of the mag-
netized plasma. Inside the plasmoid, the sheared (east-west)
field component has the peak value at the plasmoid center
located atx = XC, where the north-south field component
changes its sign. The plasmoid center corresponds to the so-
called contact discontinuity that bounds the reconnected field
lines in x < XC and the field lines without reconnection in
x > XC. Hence, contray to the conventional prediction, the
reconnected sheared field lines inx < XC are not spiral or
helical, since they cannot be topologically connected to the
field lines inx > XC. It is demonstrated that the resulting
profiles of magnetic field components inside the plasmoid
are, in principle, consistent with satellite observations. In
the ambient magnetic field region outside the plasmoid too,
the magnetic field profiles are in good agreement with the
well-known observations of traveling compression regions
(TCRs).

Keywords. Magnetospheric physics (Storms and sub-
storms)

1 Introduction

Magnetic reconnection is essential for large dissipative
events in space plasmas, such as solar flares and geomag-
netic substorms (Klimchuk, 2006; Nakamura et al., 2006;
Sharma et al., 2008). In view of the explosive magnetic en-
ergy conversion involved, the fast reconnection mechanism,
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involving Alfv énic plasma jets by standing slow shocks,
is most responsible for these flare phenomena (Shibata,
1999; Uzdensky, 2003; Ugai, 2008b). Historically, possible
fast reconnection configurations were proposed on the ba-
sis of two-dimensional (2-D) steady magnetohydrodynamic
(MHD) equations, and it was argued that the reconnection
rate should be controlled by external boundary conditions
(Petschek, 1963; Vasyliunas, 1975; Priest and Forbes, 1986).
On the other hand, Ugai and Tsuda (1977) demonstrated for
the first time that the fast reconnection mechanism can be re-
alized in a 2-D current sheet system as an eventual solution of
MHD if an anomalous resistivity is locally enhanced around
an X neutral point. Although the model is idealized, it is
important to know why and how the fast reconnection mech-
anism can build up without any specific external agency. As
shown in the paper, the sheet current is initially redistributed
so as to avoid the localized diffusion region of enhanced re-
sistivity. The underlying physics lies in the subsequent hy-
dromagnetic stage, in which the resultingJ ×B force drives
the plasma flow to effectively concentrate the current into the
diffusion region. The remarkable reconnection dynamics re-
sults from the basic features of the current sheet system in
collisionless plasmas.

On the basis of Ugai and Tsuda (1977), we have proposed
the spontaneous fast reconnection model and demonstrated
by 2-D and three-dimensional (3-D) MHD simulations that
the fast reconnection mechanism can be realized by a nonlin-
ear instability due to the positive feedback between current-
driven anomalous resistivities and global reconnection flows
(Ugai, 1984, 1992, 1999; Ugai and Zheng, 2005). In the 3-
D current sheet system without initial sheared field, the key
physical condition for the fast reconnection evolution is that
the current sheet width in the sheet current direction is about
three times larger than its thickness (Ugai, 2008a, 2009b).
In fact, once such a thin current sheet is formed in colli-
sionless plasmas, initiated by a reconnection disturbance, ex-
treme current sheet thinning (current concentration) occurs
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1. Introduction

Magnetic reconnection is essential for large
dissipative events in space plasmas, such as solar
flares and geomagnetic substorms (Klimchuk, 2006;
Nakamura et al., 2006; Sharma et al., 2008). In
view of the explosive magnetic energy conversion
involved, the fast reconnection mechanism, involving
Alfvenic plasma jets by standing slow shocks, is
most responsible for these flare phenomena (Shibata,
1999; Uzdensky, 2003; Ugai, 2008b). Histori-
cally, possible fast reconnection configurations were
proposed on the basis of two-dimensional (2D)
steady magnetohydrodynamic (MHD) equations,
and it was argued that the reconnection rate should
be controlled by external boundary conditions
(Petschek, 1963; Vasyliunas, 1975; Priest and
Forbes, 1986). On the other hand, Ugai and Tsuda
(1977) demonstrated for the first time that the
fast reconnection mechanism can be realized in a
2D current sheet system as an eventual solution of
MHD if an anomalous resistivity is locally enhanced
around an X neutral point. Although the model is
idealized, it is important to know why and how the
fast reconnection mechanism can build up without
any specific external agency. As shown in the
paper, the sheet current is initially redistributed
so as to avoid the localized diffusion region of
enhanced resistivity. The underlying physics lies
in the subsequent hydromagnetic stage, in which
the resulting J × B force drives the plasma flow to
effectively concentrate the current into the diffusion
region. The remarkable reconnection dynamics
results from the basic features of the current sheet
system in collisionless plasmas.

On the basis of Ugai and Tsuda (1977), we have
proposed the spontaneous fast reconnection model
and demonstrated by 2D and three-dimensional
(3D) MHD simulations that the fast reconnection
mechanism can be realized by a nonlinear instability
due to the positive feedback between current-driven
anomalous resistivities and global reconnection flows
(Ugai, 1984, 1992, 1999; Ugai and Zheng, 2005).
In the 3D current sheet system without initial
sheared field, the key physical condition for the
fast reconnection evolution is that the current sheet
width in the sheet current direction is about three
times larger than its thickness (Ugai, 2008a, 2009b).
In fact, once such a thin current sheet is formed
in collisionless plasmas, initiated by a reconnection

disturbance, extreme current sheet thinning (current
concentration) occurs around an X neutral line,
which cannot be suppressed by MHD effects (Ugai,
1986, 2008a). It is hence reasonable to consider that
the current sheet thinning drastically proceeds, until
current-driven anomalous resistivities are necessarily
caused in collisionless plasmas (Lui, 2001, 2004;
Petkaki and Freeman, 2008). This is the reason why
the fast reconnection evolution is little influenced
by the functional form nor the parameter value of
current-driven anomalous resistivity model (Ugai,
1984, 1992, 1999; Ugai and Zheng, 2005). In the
presence of initial sheared field, the fast reconnection
evolution becomes harder for the larger sheared field
(Ugai, 2010a), and in a force-free current sheet the
condition for the fast reconnection evolution is that
the current sheet width is about six times larger
than its thickness (Ugai, 2010b). In other words,
the fast reconnection mechanism can readily build
up spontaneously in such thin current sheets once
they are formed in space (collisionless) plasmas.

Figure 1: Geotail satellite observations of magnetic fields of

a plasmoid in the aberrated geocentric solar magnetosphere

(GSM) coordinates, where the corresponding magnetic field

components for the present numerical corrdinate system are

shown in parentheses, and XC indicates the plasmoid center

(after Ieda et. al., 1998).

Perhaps, the most typical observational signatures
that provide clear evidences of magnetic recon-
nection may be those associated with plasmoids
propagating down the geomagnetic tail during
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Fig. 1. Geotail satellite observations of magnetic fields of a plas-
moid in the aberrated geocentric solar magnetosphere (GSM) coor-
dinates, where the corresponding magnetic field components for the
present numerical corrdinate system are shown in parentheses, and
XC indicates the plasmoid center (after Ieda et al., 1998).

around an X neutral line, which cannot be suppressed by
MHD effects (Ugai, 1986, 2008a). It is hence reasonable
to consider that the current sheet thinning drastically pro-
ceeds, until current-driven anomalous resistivities are nec-
essarily caused in collisionless plasmas (Lui, 2001, 2004;
Petkaki and Freeman, 2008). This is the reason why the fast
reconnection evolution is little influenced by the functional
form nor the parameter value of current-driven anomalous
resistivity model (Ugai, 1984, 1992, 1999; Ugai and Zheng,
2005). In the presence of initial sheared field, the fast re-
connection evolution becomes harder for the larger sheared
field (Ugai, 2010a), and in a force-free current sheet the con-
dition for the fast reconnection evolution is that the current
sheet width is about six times larger than its thickness (Ugai,
2010b). In other words, the fast reconnection mechanism
can readily build up spontaneously in such thin current sheets
once they are formed in space (collisionless) plasmas.

Perhaps, the most typical observational signatures that
provide clear evidences of magnetic reconnection may be
those associated with plasmoids propagating down the ge-
omagnetic tail during substorms. Historically, it has been
believed that in accordance with the substorm onset a large-
scale plasmoid is generated because of the toplogical recon-
figuration of magnetic field caused by explosive occurrence
of magnetic reconnection. Hence, an essential question is to
clarify how a large-scale plasmoid is generated by magnetic
reconnection and propagates in the tail current sheet, and the
key to understanding the plasmoid dynamics is to know the
magnetic field topology inside the plasmoid. Figure 1 typi-

cally shows the temporal changes in magnetic fields observed
inside a plasmoid, which indicates that at the plasmoid cen-
terXC the east-west field component| By | has the peak value
and the north-south field componentBz changes its sign (Ieda
et al., 1998). These signatures of magnetic fields are usu-
ally observed inside plasmoids. Since the north-south field
component changes its sign at the plasmoid center, it has
commonly been accepted that the magnetic field lines inside
the plasmoid are spiral or helical; otherwise, they are closed
in a magnetic island. However, this conclution is based on
satellite observations at limited spatial locations. In order to
clarify the overall magnetic field topology of plasmoid, it is
essential to fully understand the physical mechanism of plas-
moid generation.

The plasmoid dynamics has been studied on the basis
of the spontaneous fast reocnnection model by 2-D (Ugai,
1995) and 3-D MHD simulations (Ugai and Zheng, 2006a,
b). In general, the plasmoid is generated as a result of dras-
tic plasma compression ahead of the fast reconnection jet,
and it swells and propagates along the antiparallel magnetic
fields. Since the plasma pressure is notably enhanced inside
the plasmoid, the plasmoid propagation may cause distinct
signatures in the ambient magnetic field region outside the
plasmoid. In fact, the so-called travelling compression re-
gions (TCRs) have been observed in the geomagnetic tail
lobe region. As well known, the TCR is considered to be
a definite evidence of a plasmoid propagating down the cen-
tral current sheet (Slavin et al., 1984, 1993). According to
satellite observations, the pulse-like compression of the an-
tiparallel field component| Bx | propagates down the tail, and
at the TCR center the north-south and east-west magnetic
field components have the bipolar structures. On the basis of
the 3-D spontaneous fast reconnection model in the absence
of initial sheared field, we demonstrated that these distinct
magnetic field signatures in the ambient magnetic field re-
gion are the direct outcome of the plasmoid propagation, and
the TCR signatures can exactly be explained both qualita-
tively and quantitatively (Ugai and Zheng, 2006a, b).

In order to understand the underlying physics of sub-
storms, it is fundamental to clarify the magnetic field topol-
ogy that is formed inside the plasmoid in accordance with the
drastic occurrence of fast reconnection in the general sheared
current sheet. Recently, we performed 3-D MHD simula-
tions in a sheared current sheet, where a sheared field ini-
tially exists only in the central current sheet (Ugai, 2010a,
b). It is demonstrated that the magnetic field profiles in-
side the plasmoid are generally consistent with satellite ob-
servations (Fig. 1), and the field lines inside the plasmoid
are not spiral or helical. In the present study, the simula-
tion model is extended to the general 3-D situation where
sheared fields are initially present both outside and inside
the current sheet, whereas any magnetic flux closure across
the current sheet is not considered initially. The main theme
of the present study is to further examine the magnetic field
structure that is formed inside the large-scale plasmoid in the
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sheared current sheet. Here, it should be noted thatBx,By
andBz in the present coordinate system correspond to, re-
spectively,−Bx,−Bz and−By in the conventional GSM co-
ordinates (Fig. 1) (Ugai and Zheng, 2006a, b).

2 Simulation modeling

Except for the initial sheared field magnitude and the system
lengthLx, the present simulation model is almost the same
as Ugai (2010a). Also, all the details of the numerical pro-
cedure are already described in Ugai (2008a), which assures
that throughout the present computations the numerical resis-
tivity involved is much smaller than the physical (anomalous)
resistivity. In fact, our numerical scheme is very simple and
almost the same as the one employed more than 30 years be-
fore by Ugai and Tsuda (1977), and all our simulation results
can readily be confirmed on the basis of Ugai (2008a).

2.1 Basic equations

The compressible MHD equations are

Dρ/Dt = −ρ 5·u, ρDu/Dt = −5P +J ×B,

∂B/∂t −5×(u×B) = −5×(ηJ ), (1)

ρDe/Dt = −P 5·u+ηJ 2,

J = 5×B/µ0, 5·B = 0,

whereD/Dt ≡ ∂/∂t +u ·5; the gas law,P = (γ −1)ρe, is
assumed [e is the internal energy per unit mass, andγ is the
specific heat ratio withγ = 5/3 assumed here (an adiabatic
case)], as is Ohm’s law,E+u×B = ηJ (η may be an ef-
fective resistivity). The basic equations (1) are transformed
to a conservation-law form, and the modified Lax-Wendroff
scheme is used for the numerical computation (Ugai, 2008a).

2.2 Initial-boundary conditions

Initially, a long current sheet with sheared antiparallel mag-
netic fields (Bx) is assumed. Then, the normalization of
quantities, based on the initial quantities, is self-evident: Dis-
tances are normalized by the y-directional current sheet half-
thicknessd0, magnetic fieldB by Bx0, plasma pressureP by
P0 = B2

x0/(2µ0); also, plasma densityρ by ρi = ρ(y = 0),
plasma flow velocityu by VAx0(= Bx0/

√
µ0ρi), time t by

d0/VAx0. The Alfvén velocity based onBx0 in the ambient
magnetic field region is given byVAe = VAx0/

√
ρe (ρe is the

plasma density in the magnetic field region).
The magnetic fieldB = [Bx(y),0,Bz(y)] is initially as-

sumed as:Bx(y) = sin(πy/2) for 0 < y < 1; Bx = 1 for
1< y < 5; Bx = cos[(y −5)π/0.6] for 5< y < 5.3; Bx = 0
for y > 5.3; also,Bx(y) = −Bx(−y) for y < 0. The sheared
field componentBz is initially assumed as:Bz(y) = Bz0 +

αcos(yπ/2) for | y |< 1 andBz = Bz0 for | y |> 1. Here,Bz0

andα are taken to be parameters for the initial sheared field.
Fluid velocityu = (0,0,0), and plasma pressureP(y) satis-
fies the pressure-balance condition,

P +B2
x +B2

z = 1+β0+B2
z0, (2)

whereβ0 is the ratio of the plasma pressure to the magnetic
pressureB2

x0/(2µ0) in the magnetic field region 1< y < 5
(here,β0 = 0.15 is taken). Also, plasma densityρ initially
satisfies

ρ(y) = P(y)/(1+β0+B2
z0−(Bz0+α)2), (3)

so thatρe = β0/(1+β0 +B2
z0 − (Bz0 +α)2) in the ambient

magnetic field region, and the initial temperatureT = P/ρ is
assumed to be constant everywhere.

In our previous studies on 3-D plasmoids, the conven-
tional plane symmetry boundary conditions were assumed
on the z = 0, x = 0 and y = 0 planes, and the compu-
tational region was restricted to the first quadrant only
(Ugai and Zheng, 2006a, b). Here, the computational
region is extended to the second quadrant in thez di-
rection and is taken to be a rectangular box, 0≤ x ≤

Lx , 0 ≤ y ≤ Ly , and −Lz ≤ z ≤ Lz, and the axis sym-
metry boundary conditions are assumed as follows (Ugai,
2010a). With respect to the x axis,ρ(x,−y,−z) =

ρ(x,y,z), ux(x,−y,−z) = ux(x,y,z), uy(x,−y,−z) =

−uy(x,y,z), uz(x,−y,−z) = −uz(x,y,z), Bx(x,−y,−z) =

−Bx(x,y,z), By(x,−y,−z) = By(x,y,z), Bz(x,−y,−z) =

Bz(x,y,z), and P(x,−y,−z) = P(x,y,z), for a fixed
value of x in 0 ≤ x ≤ Lx . With respect to they axis,
ρ(−x,y,−z) = ρ(x,y,z), ux(−x,y,−z) = −ux(x,y,z),
uy(−x,y,−z) = uy(x,y,z), uz(−x,y,−z) = −uz(x,y,z),
Bx(−x,y,−z) = Bx(x,y,z), By(−x,y,−z) = −By(x,y,z),
Bz(−x,y,−z) = Bz(x,y,z), andP(−x,y,−z) = P(x,y,z),
for a fixed value ofy in 0≤ y ≤ Ly . On the other bound-
ary planes (x = Lx,y = Ly,z = −Lz and z = Lz), the free
boundary conditions are assumed, so that the reconnection
ouflow is open to the free space in the positive x-direction.

The effective resistivity for the Ohm’s law (normalized by
µ0d0VAx0) is assumed to be,

η(r ,t) = kd [Vd(r ,t)−VC] for Vd > VC,

= 0 for Vd < VC, (4)

whereVd(r ,t) =| J (r ,t)/ρ(r ,t) | is the relative electron-ion
drift velocity. Here, we takekd = 0.003 andVC = 12 in
Eq. (4) as before. Also, in order to disturb the initial config-
uration, a localized resistivity is assumed around the origin
(r = 0) in the 3-D form,

η(r) = η0exp[−(x/kx)
2
−(y/ky)

4
−(z/kz)

4
], (5)

which causes magnetic reconnection as an initial distur-
bance. Here, we takeη0 = 0.02 andkx = ky = 0.8, and
kz = 5. This disturbance (5) is imposed only in the initial
time range 0< t < 4, and the resistivity model (4) is assumed
for t > 4.
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sizes are 4x = 0.04, 4y = 0.015 and 4z = 0.1. As
was shown in detail in Ugai (2008a), the numerical
resistivity for these parameters is about 0.0005,
which is found to be much smaller than the physical
(anomalous) resistivity throughout the present
computations.

III. RESULTS

In Ugai (2010a,b), MHD simulations were done
for different values of α with Bz0 = 0 being fixed,
and the fast reconnection evolution in a force-free
current sheet was examined. Here, we consider the
more general case of nonzero Bz0 outside the current
sheet, and computations are done typically for the
three cases, (i) Bz0 = −0.1 and α = −0.1, (ii)
Bz0 = −0.1 and α = −0.2, and (iii) Bz0 = −0.2 and
α = 0. In each case, the sheared field is rather small,
so that the fast reconnection mechanism is found to
fully evolve for kz = 5 in (5) (Ugai, 2010a,b). The
basic physical processes of the plasmoid generation
in the absence of sheared field were already shown
in detail in the 2D (Ugai, 1995) and 3D ( Ugai and
Zheng, 2006a,b) situations. In what follows, the
general features of the fast reconnection evolution
is first summarized briefly, and then the magnetic
field profiles associated with the sheared plasmoid
are examined in detail.

A. General remarks

We find that the fast reconnection evolution is
not significantly influenced by the parameter Bz0 or
α. Figure 2 shows the temporal variations in the
electric field Ez at the origin for different cases of
Bz0 and α. In each case, initiated by the initial
disturbance (5) in the time range 0 < t < 4, the
resulting J × B force drives the reconnection flows
so as to concentrate the current around the origin for
t > 4. Accordingly, the threshold of the anomalous
resistivity in Eq. (4) is eventually exceeded at t ∼
24, so the fast reconnection mechanism drastically
evolves because of the positive feedback between the
reconnection flow and the anomalous resistivity to
attain the reconnection electric field | Ez(= ηJz) |∼
0.2 (normalized by VAx0Bx0) at time t ∼ 36 on the
nonlinear saturation phase. The fast reconnection
proceeds almost steadily for a while, until the
secondary tearing suddenly occurs at t ∼ 46, so the

Figure 2: Temporal variations in the electric field Ez(r = 0)

at the origin for different values of Bz0 and α.

X neutral line is shifted in the x direction and the
origin becomes an O neutral line. Figure 3 shows
the profiles of ηJz along the x axis at different times
typically for the case of Bz0 = −0.1 and α = −0.1.
At times t = 44 and 46 the diffusion region becomes
longer in the x direction, and at t = 48 the location
of the peak value of ηJz, where the X neutral line
is located, shifts in the x direction and the peak
value recovers to ∼ −0.2 at t ∼ 50. The magnetic
island formed at the origin swells with time but
cannot propagate because of the present symmetry
boundary conditions.

Figure 4 shows the magnetic field lines projected
onto the z = 0 plane at different times for the
case of Bz0 = −0.1 and α = −0.1; also, Fig. 5
shows the corresponding distributions of the plasma
pressure P in the z = 0 plane. At t = 36, the
fast reconnection mechanism has just built up, and
the X field configuration is formed around the X
neutral line located at the origin (r = 0). At
t = 41 the fast reconnection mechanism is fully
established, and the overall configuration can be
divided into the diffusion region (in | x |< XD),
the fast reconnection jet region (in XD < x <
XP ), and the large-scale plasmoid region, where
XD and XP are, respectively, the boundary of
the diffusion region and the backward end of the
plasmoid. In the diffusion region, the anomalous
resistivity remains to be locally enhanced, and in
the fast reconnection jet region, the plasma outflow
velocity is accelerated to the Alfven velocity VAe by
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Fig. 2. Temporal variations in the electric fieldEz(r = 0) at the
origin for different values ofBz0 andα.

The parameters for the numerical computations are taken
to beLx = 20,Ly = 7.2, andLz = 10 (in Ugai, 2010a,Lx =

14 was taken). The mesh sizes are4x = 0.04, 4y = 0.015
and4z = 0.1. As was shown in detail in Ugai (2008a), the
numerical resistivity for these parameters is about 0.0005,
which is found to be much smaller than the physical (anoma-
lous) resistivity throughout the present computations.

3 Results

In Ugai (2010a, b), MHD simulations were done for differ-
ent values ofα with Bz0 = 0 being fixed, and the fast re-
connection evolution in a force-free current sheet was exam-
ined. Here, we consider the more general case of nonzero
Bz0 outside the current sheet, and computations are done
typically for the three cases, (i)Bz0 = −0.1 andα = −0.1,
(ii) Bz0 = −0.1 and α = −0.2, and (iii) Bz0 = −0.2 and
α = 0. In each case, the sheared field is rather small, so that
the fast reconnection mechanism is found to fully evolve for
kz = 5 in Eq. (5) (Ugai, 2010a, b). The basic physical pro-
cesses of the plasmoid generation in the absence of sheared
field were already shown in detail in the 2-D (Ugai, 1995)
and 3-D (Ugai and Zheng, 2006a, b) situations. In what fol-
lows, the general features of the fast reconnection evolution
is first summarized briefly, and then the magnetic field pro-
files associated with the sheared plasmoid are examined in
detail.

3.1 General remarks

We find that the fast reconnection evolution is not signifi-
cantly influenced by the parameterBz0 or α. Figure 2 shows
the temporal variations in the electric fieldEz at the origin for

Figure 3: Profiles of ηJz along the x axis for the case of

Bz0 = −0.1 and α = −0.1 at different times.

Figure 4: Magnetic field lines passing through the y axis

and the reconnected field lines passing through the x axis,

projected onto the z = 0(x, y) plane, for the case of Bz0 =

−0.1 and α = −0.1, where the diffusion region boundary XD,

the plasmoid backward end XP and the plasmoid center XC

are indicated at t = 41 and 45; also, the shifted X neutral line

XN is indicated at t = 49.

standing slow shocks (Ugai, 2010a). The large-scale
plasmoid, which is generated ahead of the Alfvenic
jet by the drastic plasma compression, swells with
time and propagates in the positive x direction.
Inside the plasmoid, the enhanced plasma pressure
is stored and the sheared fields are accumulated. At
t ∼ 46 the secondary tearing suddenly occurs, so at
t = 49 the X neutral line XN shifts in the x direction
and a magnetic island is formed around the origin.

Figure 5: Distributions of plasma pressure P with the

contour interval of 0.15 in the z = 0 plane at different times

for the case of Bz0 = −0.1 and α = −0.1.

More quantitatively, Fig. 6 shows the profiles
of the plasma pressure P , the outflow velocity ux,
and the magnetic field components By and Bz

along the x axis for the case of Bz0 = −0.1 and
α = −0.1. At t = 41, the outflow velocity ux in
the fast reconnection jet region attains the Alfven
velocity VAe (Ugai, 2010a), measured in the ambient
magnetic field region, and ux is suddenly decelerated
at the plasmoid backward end XP so as to compress
the magnetized plasma. Accordingly, the sheared
magnetic field Bz is significantly compressed and
has the peak value at the plasmoid center x = XC ,
which is defined as the location where the By field
changes its sign (Ugai, 2010a,b). As time progresses,
the fast reconnection jet region at t = 45 extends
in the positive x direction, leading to the plasmoid

6

Fig. 3. Profiles ofηJz along the x-axis for the case ofBz0 = −0.1
andα = −0.1 at different times.

different cases ofBz0 andα. In each case, initiated by the ini-
tial disturbance (5) in the time range 0< t < 4, the resulting
J ×B force drives the reconnection flows so as to concen-
trate the current around the origin fort > 4. Accordingly, the
threshold of the anomalous resistivity in Eq. (4) is eventually
exceeded att ∼ 24, so the fast reconnection mechanism dras-
tically evolves because of the positive feedback between the
reconnection flow and the anomalous resistivity to attain the
reconnection electric field| Ez(= ηJz) |∼ 0.2 (normalized by
VAx0Bx0) at time t ∼ 36 on the nonlinear saturation phase.
The fast reconnection proceeds almost steadily for a while,
until the secondary tearing suddenly occurs att ∼ 46, so the
X neutral line is shifted in the x-direction and the origin be-
comes an O neutral line. Figure 3 shows the profiles ofηJz
along the x-axis at different times typically for the case of
Bz0 = −0.1 andα = −0.1. At timest = 44 and 46 the diffu-
sion region becomes longer in the x-direction, and att = 48
the location of the peak value ofηJz, where the X neutral
line is located, shifts in the x-direction and the peak value
recovers to∼ −0.2 at t ∼ 50. The magnetic island formed at
the origin swells with time but cannot propagate because of
the present symmetry boundary conditions.

Figure 4 shows the magnetic field lines projected onto the
z = 0 plane at different times for the case ofBz0 = −0.1 and
α = −0.1; also, Fig. 5 shows the corresponding distributions
of the plasma pressureP in the z = 0 plane. Att = 36, the
fast reconnection mechanism has just built up, and the X
field configuration is formed around the X neutral line lo-
cated at the origin (r = 0). At t = 41 the fast reconnection
mechanism is fully established, and the overall configuration
can be divided into the diffusion region (in| x |< XD), the
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Figure 3: Profiles of ηJz along the x axis for the case of

Bz0 = −0.1 and α = −0.1 at different times.

Figure 4: Magnetic field lines passing through the y axis

and the reconnected field lines passing through the x axis,

projected onto the z = 0(x, y) plane, for the case of Bz0 =

−0.1 and α = −0.1, where the diffusion region boundary XD,

the plasmoid backward end XP and the plasmoid center XC

are indicated at t = 41 and 45; also, the shifted X neutral line

XN is indicated at t = 49.

standing slow shocks (Ugai, 2010a). The large-scale
plasmoid, which is generated ahead of the Alfvenic
jet by the drastic plasma compression, swells with
time and propagates in the positive x direction.
Inside the plasmoid, the enhanced plasma pressure
is stored and the sheared fields are accumulated. At
t ∼ 46 the secondary tearing suddenly occurs, so at
t = 49 the X neutral line XN shifts in the x direction
and a magnetic island is formed around the origin.

Figure 5: Distributions of plasma pressure P with the

contour interval of 0.15 in the z = 0 plane at different times

for the case of Bz0 = −0.1 and α = −0.1.

More quantitatively, Fig. 6 shows the profiles
of the plasma pressure P , the outflow velocity ux,
and the magnetic field components By and Bz

along the x axis for the case of Bz0 = −0.1 and
α = −0.1. At t = 41, the outflow velocity ux in
the fast reconnection jet region attains the Alfven
velocity VAe (Ugai, 2010a), measured in the ambient
magnetic field region, and ux is suddenly decelerated
at the plasmoid backward end XP so as to compress
the magnetized plasma. Accordingly, the sheared
magnetic field Bz is significantly compressed and
has the peak value at the plasmoid center x = XC ,
which is defined as the location where the By field
changes its sign (Ugai, 2010a,b). As time progresses,
the fast reconnection jet region at t = 45 extends
in the positive x direction, leading to the plasmoid

6

Fig. 4. Magnetic field lines passing through the y-axis and the re-
connected field lines passing through the x-axis, projected onto the
z = 0(x,y) plane, for the case ofBz0 = −0.1 andα = −0.1, where
the diffusion region boundaryXD, the plasmoid backward endXP
and the plasmoid centerXC are indicated att = 41 and 45; also, the
shifted X neutral lineXN is indicated att = 49.

fast reconnection jet region (inXD < x < XP), and the large-
scale plasmoid region, whereXD andXP are, respectively,
the boundary of the diffusion region and the backward end
of the plasmoid. In the diffusion region, the anomalous re-
sistivity remains to be locally enhanced, and in the fast recon-
nection jet region, the plasma outflow velocity is accelerated
to the Alfvén velocityVAe by standing slow shocks (Ugai,
2010a). The large-scale plasmoid, which is generated ahead
of the Alfvénic jet by the drastic plasma compression, swells
with time and propagates in the positive x-direction. Inside
the plasmoid, the enhanced plasma pressure is stored and the
sheared fields are accumulated. Att ∼ 46 the secondary tear-
ing suddenly occurs, so att = 49 the X neutral lineXN shifts
in the x-direction and a magnetic island is formed around the
origin.

More quantitatively, Fig. 6 shows the profiles of the
plasma pressureP , the outflow velocityux , and the mag-
netic field componentsBy andBz along the x-axis for the
case ofBz0 = −0.1 andα = −0.1. At t = 41, the outflow ve-
locity ux in the fast reconnection jet region attains the Alfvén
velocity VAe (Ugai, 2010a), measured in the ambient mag-
netic field region, andux is suddenly decelerated at the plas-
moid backward endXP so as to compress the magnetized

Figure 3: Profiles of ηJz along the x axis for the case of

Bz0 = −0.1 and α = −0.1 at different times.

Figure 4: Magnetic field lines passing through the y axis

and the reconnected field lines passing through the x axis,

projected onto the z = 0(x, y) plane, for the case of Bz0 =

−0.1 and α = −0.1, where the diffusion region boundary XD,

the plasmoid backward end XP and the plasmoid center XC

are indicated at t = 41 and 45; also, the shifted X neutral line

XN is indicated at t = 49.

standing slow shocks (Ugai, 2010a). The large-scale
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time and propagates in the positive x direction.
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is stored and the sheared fields are accumulated. At
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and a magnetic island is formed around the origin.
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α = −0.1. At t = 41, the outflow velocity ux in
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velocity VAe (Ugai, 2010a), measured in the ambient
magnetic field region, and ux is suddenly decelerated
at the plasmoid backward end XP so as to compress
the magnetized plasma. Accordingly, the sheared
magnetic field Bz is significantly compressed and
has the peak value at the plasmoid center x = XC ,
which is defined as the location where the By field
changes its sign (Ugai, 2010a,b). As time progresses,
the fast reconnection jet region at t = 45 extends
in the positive x direction, leading to the plasmoid
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Fig. 5. Distributions of plasma pressureP with the contour interval
of 0.15 in thez = 0 plane at different times for the case ofBz0 =

−0.1 andα = −0.1.

plasma. Accordingly, the sheared magnetic fieldBz is sig-
nificantly compressed and has the peak value at the plasmoid
centerx = XC, which is defined as the location where theBy
field changes its sign (Ugai, 2010a, b). As time progresses,
the fast reconnection jet region att = 45 extends in the pos-
itive x-direction, leading to the plasmoid propagation. In-
side the plasmoid, the reconnected field lines withBy > 0 are
piled up inXP< x < XC, and the sheared field lines, initially
residing in the central current sheet, has been swept away
by the reconnection jetux and are accumulated inXC < x.
Hence, the location ofx = XC may correspond to the so-
called contact discontinuity that bounds the reconnected and
non-reconnected field lines. For the other parameter values,
we find that the basic profiles of these quantities are little
infulenced byBz0 or α.

3.2 Magnetic field profiles of the plasmoid

On the basis of the resulting large-scale plasmoid, the general
features of the magnetic field profiles around the plasmoid
center may directly be examined. Since the basic plasmoid
structure does not significantly depend on the parameterBz0
or α, mainly the typical case ofBz0 = −0.1 andα = −0.1
will be shown. Figure 7 shows the plasma flow vectors in the
z = 0 plane att = 41 and 45; also, the magnetic field lines
passing through the y-axis and the reconnected field lines
passing through the x-axis are shown att = 45, where the
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Figure 6: Profiles of magnetic field components By and Bz,

plasma pressure P , and the outflow velocity ux along the x axis

at times t = 41 and 45 for the case of Bz0 = −0.1 and α =

−0.1, where the diffusion region boundary XD, the plasmoid

backward end XP and the plasmoid center XC are indicated.

propagation. Inside the plasmoid, the reconnected
field lines with By > 0 are piled up in XP < x < XC ,
and the sheared field lines, initially residing in the
central current sheet, has been swept away by the
reconnection jet ux and are accumulated in XC < x.
Hence, the location of x = XC may correspond to
the so-called contact discontinuity that bounds the
reconnected and non-reconnected field lines. For
the other parameter values, we find that the basic
profiles of these quantities are little infulenced by
Bz0 or α.

B. Magnetic field profiles of the plasmoid

On the basis of the resulting large-scale plasmoid,
the general features of the magnetic field profiles
around the plasmoid center may directly be exam-
ined. Since the basic plasmoid structure does not
significantly depend on the parameter Bz0 or α,
mainly the typical case of Bz0 = −0.1 and α = −0.1
will be shown. Figure 7 shows the plasma flow
vectors in the z = 0 plane at t = 41 and 45; also,
the magnetic field lines passing through the y axis
and the reconnected field lines passing through the
x axis are shown at t = 45, where the isosurface

Figure 7: (Color online) (upper panel) Plasma flow velocity

vectors projected onto the z = 0 plane at t = 41 and 45; (lower

panel) magnetic field lines passing through the y axis and the

reconnected field lines passing through the x axis at t = 45,

where the isosurface of plasma pressure P = 1.5 is also shown

(Bz0 = −0.1 and α = −0.1).
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Fig. 6. Profiles of magnetic field componentsBy andBz, plasma
pressureP , and the outflow velocityux along the x-axis at times
t = 41 and 45 for the case ofBz0 = −0.1 andα = −0.1, where the
diffusion region boundaryXD, the plasmoid backward endXP and
the plasmoid centerXC are indicated.

isosurface of plasma pressureP = 1.5, inside whichP > 1.5
(initially, P = 1.12 aty = 0 for this case), is also shown. The
fast reconnection jet region withux ∼ VAe (Fig. 6) extends
with time in the positive x-direction. Ahead of the recon-
nected field lines, the magnetized plasma initially in the cur-
rent sheet has been distinctly compressed, so that the plasma
pressure is notably enhanced inx > XC (Fig. 6). We readily
see that the reconnected field lines are not spiral or helical
(Fig. 4), but they are simply skewed in the sheared field di-
rection. Also, Fig. 8 shows the distributions of the field com-
ponentsBx,By andBz in thez = 0 plane at timest = 41 and
45. Because of the symmetry boundary conditions,Bx = 0
along the x-axis andBy = 0 along the y-axis. Around the
plasmoid centerx ∼ XC, By changes its sign and| Bz | has
the peak value. Also, theBx field is notably compressed lo-
cally atx ∼ XC inside the plasmoid.

Since the plasmoid propagates in the positive x-direction,
it is instructive to see the x-directional profiles of magnetic
fields around the plasmoid center. Figure 9 shows att = 41
and 45 the profiles of the field componentsBx,By andBz
in the x-direction aty = 0.15 andz = −1 near the x-axis for
the case ofBz0 = −0.1 andα = −0.1. As already stated, the
plasmoid centerXC may be defined as the position whereBy
changes its sign. We see that atx = XC | Bz | has the peak
value, and changes inBx aroundXC are similar to those of
By; in particular, att = 45 Bx as well asBy changes its sign
at x = XC in the same manner. Similarly, Fig. 10 shows the
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at times t = 41 and 45 for the case of Bz0 = −0.1 and α =

−0.1, where the diffusion region boundary XD, the plasmoid

backward end XP and the plasmoid center XC are indicated.

propagation. Inside the plasmoid, the reconnected
field lines with By > 0 are piled up in XP < x < XC ,
and the sheared field lines, initially residing in the
central current sheet, has been swept away by the
reconnection jet ux and are accumulated in XC < x.
Hence, the location of x = XC may correspond to
the so-called contact discontinuity that bounds the
reconnected and non-reconnected field lines. For
the other parameter values, we find that the basic
profiles of these quantities are little infulenced by
Bz0 or α.

B. Magnetic field profiles of the plasmoid

On the basis of the resulting large-scale plasmoid,
the general features of the magnetic field profiles
around the plasmoid center may directly be exam-
ined. Since the basic plasmoid structure does not
significantly depend on the parameter Bz0 or α,
mainly the typical case of Bz0 = −0.1 and α = −0.1
will be shown. Figure 7 shows the plasma flow
vectors in the z = 0 plane at t = 41 and 45; also,
the magnetic field lines passing through the y axis
and the reconnected field lines passing through the
x axis are shown at t = 45, where the isosurface
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vectors projected onto the z = 0 plane at t = 41 and 45; (lower

panel) magnetic field lines passing through the y axis and the

reconnected field lines passing through the x axis at t = 45,

where the isosurface of plasma pressure P = 1.5 is also shown

(Bz0 = −0.1 and α = −0.1).
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Fig. 7. Upper panel: plasma flow velocity vectors projected onto
thez = 0 plane att = 41 and 45; lower panel: magnetic field lines
passing through the y-axis and the reconnected field lines passing
through the x-axis att = 45, where the isosurface of plasma pressure
P = 1.5 is also shown (Bz0 = −0.1 andα = −0.1).

x-directional profiles of the field components aty = 0.15 and
z = 1.0 in the positivez side. In this case, the profiles of
By andBz are simiar to those in Fig. 9, whereas the profile
of Bx aroundx = XC seems to be somewhat shifted and not
fully coincident with theBy profile. Also, Fig. 11 shows the
magnetic field profiles att = 45 at larger distances from the
x-axis in the z-direction. The profiles atz = 2 andz = −2
are qulitatively similar to those atz = 1 (Fig. 10) andz = −1
(Fig. 9), respectively, although changes in quantities become
smaller at larger distances from the x-axis. In general, the
profiles of magnetic fields inz < 0 (orz > 0) are qualitatively
similar, and in each case we find that the sheared field com-
ponent| Bz | has the peak value atx = XC, whereBy changes
its sign.

We find that the basic profiles of magnetic fields inside the
plasmoid are not infulenced by the parameter,Bz0 or α. In
fact, we already reported that for the cases ofBz0 = 0 and
different values ofα too, | Bz | has the peak value at the
plasmoid centerx = XC, whereBy changes its sign (Ugai,
2010a, b). In the manner similar to Fig. 9, Fig. 12 shows
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of plasma pressure P = 1.5, inside which P > 1.5
(initially, P = 1.12 at y = 0 for this case), is
also shown. The fast reconnection jet region with
ux ∼ VAe (Fig. 6) extends with time in the positive
x direction. Ahead of the reconnected field lines,
the magnetized plasma initially in the current sheet
has been distinctly compressed, so that the plasma
pressure is notably enhanced in x > XC (Fig. 6).
We readily see that the reconnected field lines are not
spiral or helical (Fig. 4), but they are simply skewed
in the sheared field direction. Also, Fig. 8 shows the
distributions of the field components Bx, By and Bz

in the z = 0 plane at times t = 41 and 45. Because
of the symmetry boundary conditions, Bx = 0 along
the x axis and By = 0 along the y axis. Around
the plasmoid center x ∼ XC , By changes its sign
and | Bz | has the peak value. Also, the Bx field
is notably compressed locally at x ∼ XC inside the
plasmoid.

Figure 8: (Color online) Distributions of magnetic field

components Bx, By and Bz in the z = 0 plane at times t = 41

and 45 with the contour interval of 0.1, where the locations

of the plasmoid center XC is indicated, and P and N in

By indicate, respectively, the positive value (the reconnected

field lines) and negative value (the sheared field lines initially

embedded in the current sheet) (Bz0 = −0.1 and α = −0.1).

Since the plasmoid propagates in the positive x
direction, it is instructive to see the x-directional
profiles of magnetic fields around the plasmoid
center. Figure 9 shows at t = 41 and 45 the profiles
of the field components Bx, By and Bz in the x
direction at y = 0.15 and z = −1 near the x axis for
the case of Bz0 = −0.1 and α = −0.1. As already
stated, the plasmoid center XC may be defined as
the position where By changes its sign. We see
that at x = XC | Bz | has the peak value, and
changes in Bx around XC are similar to those of
By; in particular, at t = 45 Bx as well as By changes
its sign at x = XC in the same manner. Similarly,
Fig. 10 shows the x-directional profiles of the field
components at y = 0.15 and z = 1.0 in the positive
z side. In this case, the profiles of By and Bz are
simiar to those in Fig. 9, whereas the profile of Bx

around x = XC seems to be somewhat shifted and
not fully coincident with the By profile. Also, Fig.
11 shows the magnetic field profiles at t = 45 at
larger distances from the x axis in the z direction.
The profiles at z = 2 and z = −2 are qulitatively
similar to those at z = 1 (Fig. 10) and z = −1
(Fig. 9), respectively, although changes in quantities
become smaller at larger distances from the x axis.
In general, the profiles of magnetic fields in z < 0 (or
z > 0) are qualitatively similar, and in each case we
find that the sheared field component | Bz | has the
peak value at x = XC , where By changes its sign.

We find that the basic profiles of magnetic
fields inside the plasmoid are not infulenced by the
parameter, Bz0 or α. In fact, we already reported
that for the cases of Bz0 = 0 and different values
of α too, | Bz | has the peak value at the plasmoid
center x = XC , where By changes its sign (Ugai,
2010a,b). In the manner similar to Fig. 9, Fig.
12 shows the profiles of the field components Bx, By

and Bz in the x direction at y = 0.15 and z = −1
near the x axis for the case of Bz0 = −0.1 and
α = −0.2. The profiles are shown in the negative
z side at t = 44 and 48, when the fast reconnection
mechanism is fully established (Fig. 2). Obviously,
the x-directional changes in magnetic fields inside
the plasmoid are consistent with those in Fig. 9; in
particular, at t = 48 the Bx field component changes
its sign at x = XC in the same manner as By. For
the case of Bz0 = −0.2 and α = 0 too, we find that
the results are quite similar. Hence, the magnetic
field profiles inside the plasmoid have the general
features independently of the parameter Bz0 or α.
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Fig. 8. Distributions of magnetic field componentsBx,By andBz
in the z = 0 plane at timest = 41 and 45 with the contour interval
of 0.1, where the locations of the plasmoid centerXC is indicated,
andP andN in By indicate, respectively, the positive value (the
reconnected field lines) and negative value (the sheared field lines
initially embedded in the current sheet) (Bz0 = −0.1 andα = −0.1).

the profiles of the field componentsBx,By andBz in the x

direction aty = 0.15 andz = −1 near the x-axis for the case
of Bz0 = −0.1 andα = −0.2. The profiles are shown in the
negativez side att = 44 and 48, when the fast reconnec-
tion mechanism is fully established (Fig. 2). Obviously, the
x-directional changes in magnetic fields inside the plasmoid
are consistent with those in Fig. 9; in particular, att = 48 the
Bx field component changes its sign atx = XC in the same
manner asBy. For the case ofBz0 = −0.2 andα = 0 too, we
find that the results are quite similar. Hence, the magnetic
field profiles inside the plasmoid have the general features
independently of the parameterBz0 or α. For instance, in the
z < 0 side for the present case ofBz < 0, theBy field changes
its sign and the| Bz | field has the peak value at the plasmoid
centerx = XC, and the profile ofBx coincides with that of
By aroundx = XC.

Another well-known and distinct observational signature
of a large-scale plasmoid is the TCR observed in the tail
lobe region. We already demonstrated that the large-scale
plasmoid generated by the fast reconnection evolution is ex-
actly consistent with the satellite observations of TCRs both
qualitatively and qunatitatively (Ugai and Zheng, 2006a, b).

Figure 9: x-directional profiles of magnetic field components

Bx, By and Bz at y = 0.15 and z = −1.0 at times t = 41 and 45

for the case of Bz0 = −0.1 and α = −0.1, where the plasmoid

center XC is indicated.

Figure 10: x-directional profiles of magnetic field compo-

nents Bx, By and Bz at y = 0.15 and z = 1.0 at times t = 41

and 45 for the case of Bz0 = −0.1 and α = −0.1, where the

plasmoid center XC is indicated.

Figure 11: x-directional profiles of magnetic field compo-

nents Bx, By and Bz at y = 0.15 and z = −2.0 and z = 2 at

time t = 45 for the case of Bz0 = −0.1 and α = −0.1, where

the plasmoid center XC is indicated.

For instance, in the z < 0 side for the present case
of Bz < 0, the By field changes its sign and the
| Bz | field has the peak value at the plasmoid center
x = XC , and the profile of Bx coincides with that of
By around x = XC .

Another well-known and distinct observational
signature of a large-scale plasmoid is the TCR
observed in the tail lobe region. We already
demonstrated that the large-scale plasmoid gener-
ated by the fast reconnection evolution is exactly
consistent with the satellite observations of TCRs
both qualitatively and qunatitatively (Ugai and
Zheng, 2006a,b). However, these studies were
performed for the fast reconnection in the absence
of initial sheared field (Bz0 = α = 0), so it
is important to examine TCR signatures for the
present sheared plasmoid configurations. In Fig.
8, the pulse-like compression of the Bx field above
the plasmoid propagates in the positive x direction,
consistent with the TCR. Here, the results for the
case of Bz0 = −0.1 and α = −0.1 may typically
be examined, since the basic TCR signatures are
found to be little influenced by the parameter values.
Figure 13 shows the x-directional profiles of Bx, By

and Bz, measured at y = 1.5 outside the plasmoid
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Fig. 9. x-directional profiles of magnetic field componentsBx,By
and Bz at y = 0.15 andz = −1.0 at timest = 41 and 45 for the
case ofBz0 = −0.1 andα = −0.1, where the plasmoid centerXC is
indicated.
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For instance, in the z < 0 side for the present case
of Bz < 0, the By field changes its sign and the
| Bz | field has the peak value at the plasmoid center
x = XC , and the profile of Bx coincides with that of
By around x = XC .

Another well-known and distinct observational
signature of a large-scale plasmoid is the TCR
observed in the tail lobe region. We already
demonstrated that the large-scale plasmoid gener-
ated by the fast reconnection evolution is exactly
consistent with the satellite observations of TCRs
both qualitatively and qunatitatively (Ugai and
Zheng, 2006a,b). However, these studies were
performed for the fast reconnection in the absence
of initial sheared field (Bz0 = α = 0), so it
is important to examine TCR signatures for the
present sheared plasmoid configurations. In Fig.
8, the pulse-like compression of the Bx field above
the plasmoid propagates in the positive x direction,
consistent with the TCR. Here, the results for the
case of Bz0 = −0.1 and α = −0.1 may typically
be examined, since the basic TCR signatures are
found to be little influenced by the parameter values.
Figure 13 shows the x-directional profiles of Bx, By

and Bz, measured at y = 1.5 outside the plasmoid
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Fig. 10. x-directional profiles of magnetic field componentsBx,By
andBz at y = 0.15 andz = 1.0 at timest = 41 and 45 for the case
of Bz0 = −0.1 andα = −0.1, where the plasmoid centerXC is in-
dicated.
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Figure 9: x-directional profiles of magnetic field components

Bx, By and Bz at y = 0.15 and z = −1.0 at times t = 41 and 45

for the case of Bz0 = −0.1 and α = −0.1, where the plasmoid

center XC is indicated.

Figure 10: x-directional profiles of magnetic field compo-

nents Bx, By and Bz at y = 0.15 and z = 1.0 at times t = 41

and 45 for the case of Bz0 = −0.1 and α = −0.1, where the

plasmoid center XC is indicated.
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For instance, in the z < 0 side for the present case
of Bz < 0, the By field changes its sign and the
| Bz | field has the peak value at the plasmoid center
x = XC , and the profile of Bx coincides with that of
By around x = XC .

Another well-known and distinct observational
signature of a large-scale plasmoid is the TCR
observed in the tail lobe region. We already
demonstrated that the large-scale plasmoid gener-
ated by the fast reconnection evolution is exactly
consistent with the satellite observations of TCRs
both qualitatively and qunatitatively (Ugai and
Zheng, 2006a,b). However, these studies were
performed for the fast reconnection in the absence
of initial sheared field (Bz0 = α = 0), so it
is important to examine TCR signatures for the
present sheared plasmoid configurations. In Fig.
8, the pulse-like compression of the Bx field above
the plasmoid propagates in the positive x direction,
consistent with the TCR. Here, the results for the
case of Bz0 = −0.1 and α = −0.1 may typically
be examined, since the basic TCR signatures are
found to be little influenced by the parameter values.
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Fig. 11. x-directional profiles of magnetic field componentsBx,By
andBz at y = 0.15 andz = −2.0 andz = 2 at timet = 45 for the
case ofBz0 = −0.1 andα = −0.1, where the plasmoid centerXC is
indicated.

Figure 12: x-directional profiles of magnetic field compo-

nents Bx, By and Bz at y = 0.15 and z = −1.0 at times

t = 44 and 48 for the case of Bz0 = −0.1 and α = −0.2, where

the plasmoid center XC is indicated.

at different z locations at time t = 41, when the
overall plasmoid structure is found to be inside
the computational domain. In each case, there
is a pulse-like compression of Bx, and the field
components By and Bz have the bipolar changes
about their background values. The bipolar change
in Bz is opposite in the z < 0 and z > 0 sides.
That is, for z < 0 Bz changes from negaive to
positive values, whereas for z > 0 it changes from
positive to negative values. This is because the
plasmoid expands both in the positive and negative
z directions with respect to the x axis (z = 0).
These featrures of magnetic field profiles in the
ambient magnetic field region outside the plasmoid
are in good agreement with the well-known TCR
signatures obtained by satellite observations (Slavin
et al., 1993).

IV. SUMMARY AND DISCUSSION

On the basis of the spontaneous fast reconnection
model, the 3D dynamics of a large-scale plasmoid
is studied for different parameter values of initial
sheared magnetic field (Bz) in the long current sheet
system. The basic features of the plasmoid evolution
are, at least qualitatively, not influenced by the

Figure 13: x-directional profiles of magnetic field compo-

nents Bx, By and Bz at different locations of z at y = 1.5 at
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initial sheared field. That is, the plasmoid is formed
as a result of the drastic plasma compression at the
plasmoid backward end at x = XP ahead of the
fast (Alfvenic) reconnection jet. It propagates along
the antiparallel magnetic fields and its propagation
tends to be distorted in the direction of the sheared
field. Inside the plasmoid, the magnetized plasmas,
which have been swept away by the fast reconnection
outflow jet ux, are accumulated. The magnetic field
lines that have been piled up inside the plasmoid are
composed of the two types topologically different.
The sheared field lines accumulated in XP < x < XC

are the field lines that have been reconnected at the
X neutral line, whereas in XC < x the sheared field
lines initially embedded in the central current sheet
are accumulated in the form of a core (Fig. 8).
Hence, the plasmoid center x = XC is the position
that bounds the reconnected field lines and the field
lines without reconnection, so it may correspond
to the so-called contact discontinuity. Accordingly,
the reconnected field lines are not spiral or helical,
since the field lines in x < XC are never connected
topologically to those in x > XC (Figs. 4 and 7).

A distinct feature of the magnetic field profiles
inside the plasmoid is that the By field component
becomes negative for x > XC and hence changes
its sign at x = XC , where the accumulated sheared
field | Bz | has the peak value (Figs. 6 and
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Fig. 12. x-directional profiles of magnetic field componentsBx,By
and Bz at y = 0.15 andz = −1.0 at timest = 44 and 48 for the
case ofBz0 = −0.1 andα = −0.2, where the plasmoid centerXC is
indicated.
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at different z locations at time t = 41, when the
overall plasmoid structure is found to be inside
the computational domain. In each case, there
is a pulse-like compression of Bx, and the field
components By and Bz have the bipolar changes
about their background values. The bipolar change
in Bz is opposite in the z < 0 and z > 0 sides.
That is, for z < 0 Bz changes from negaive to
positive values, whereas for z > 0 it changes from
positive to negative values. This is because the
plasmoid expands both in the positive and negative
z directions with respect to the x axis (z = 0).
These featrures of magnetic field profiles in the
ambient magnetic field region outside the plasmoid
are in good agreement with the well-known TCR
signatures obtained by satellite observations (Slavin
et al., 1993).
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However, these studies were performed for the fast recon-
nection in the absence of initial sheared field (Bz0 = α = 0),
so it is important to examine TCR signatures for the present
sheared plasmoid configurations. In Fig. 8, the pulse-like
compression of theBx field above the plasmoid propagates
in the positive x-direction, consistent with the TCR. Here,
the results for the case ofBz0 = −0.1 andα = −0.1 may typ-
ically be examined, since the basic TCR signatures are found
to be little influenced by the parameter values. Figure 13
shows the x-directional profiles ofBx,By andBz, measured
aty = 1.5 outside the plasmoid at differentz locations at time
t = 41, when the overall plasmoid structure is found to be in-
side the computational domain. In each case, there is a pulse-
like compression ofBx, and the field componentsBy andBz
have the bipolar changes about their background values. The
bipolar change inBz is opposite in thez < 0 andz > 0 sides.
That is, forz < 0 Bz changes from negaive to positive values,
whereas forz > 0 it changes from positive to negative values.
This is because the plasmoid expands both in the positive and
negative z-directions with respect to the x-axis (z = 0). These
featrures of magnetic field profiles in the ambient magnetic
field region outside the plasmoid are in good agreement with
the well-known TCR signatures obtained by satellite obser-
vations (Slavin et al., 1993).

4 Summary and discussion

On the basis of the spontaneous fast reconnection model, the
3-D dynamics of a large-scale plasmoid is studied for dif-
ferent parameter values of initial sheared magnetic field (Bz)
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Figure 14: (Color online) Schematic drawings of the sheared

field lines (solid lines) and the cross section of the high-

pressure part of the distorted plasmoid, denoted by P , in the

(y, z) plane at a fixed location of x(> XC) for the cases (a)

Bx0 > 0 and Bz < 0, and (b) Bx0 > 0 and Bz > 0.

8); also, the negative value of By for x > XC

tends to become more distinct for the larger sheared
field accumulation (Figs. 9, 10 and 12). The
similar results are recently obtained by 3D MHD
simulations, where a localized fixed resistivity model
is assumed in the similar manner as Ugai and Tsuda
(1977) (Shirakata et al., 2008). This does not mean
that the reconnected field lines are closed (or spiral)
in a flux rope. As already shown in Ugai (2010b),
this is because the plasmoid propagation tends to be
distorted in the direction of the sheared field. Figure
14 schematically illustrates this situation in the (y, z)
plane at a fixed location of x(> XC) across the
plasmoid. For the case of the accumulated sheared
field Bz < 0, as shown in Fig. 14(a), the plasmoid of
high pressure is shifted in the negative z direction in
y > 0 (Fig. 7), which tends to push the sheared field
lines (Bz) downward (in the negative y direction).
On the other hand, in y < 0 the plasmoid is shifted
in the positive z direction because of the x axis
symmetry, which tends to push the Bz field lines
upward (in the positive y direction). For the case
of Bz > 0, as shown in Fig. 14(b), the plasmoid
distortion in the sheared field direction push the

accumulated Bz field lines in the similar manner. In
each case, the region of By < 0 appears around the
x axis (y = z = 0) in x > XC , since the accumulated
Bz field lines are significantly wound (or bent) in the
z direction. Hence, the By field always changes its
sign at x = XC , since the reconnected field lines in
x < XC have By > 0.

The plasmoid dynamics in the presence of initial
sheared fields may be applied to acutual satellite
observations in the geomagnetic tail. Here, note
again that Bx, By and Bz in the present coordinate
system correspond to, respectively, −Bx,−Bz and
−By in the conventional GSM coordinates (Fig. 1)
(Ugai and Zheng, 2006a,b). When a satellite is
located inside the plasmoid, it may observe temporal
changes in quantities as the plasmoid propagates
in the positive x direction (Fig. 4). Hence, the
magnetic field profiles shown in Figs. 9 – 12 should
be viewed in the negative x direction. Although the
present results are shown only for the initial sheared
field Bz < 0, the underlying physical processes do
not depend on its sign. In fact, if Bz > 0 is
considered, the results are quite the same except that
the plasmoid is distorted in the positive z direction
in y > 0 [Fig. 14(b)]. Hence, because of the x
axis symmetry, the magnetic field profiles in Figs.
9 – 12 are not changed if the observation position
z and the field component Bz are replaced by −z
and −Bz, respectively; for instance, for the case of
Bz0 = 0.1 and α = 0.1, the results are the same as
those in Fig. 9 if the location z = −1 and the curve
Bz are replaced by z = 1 and −Bz, respectively.
We hence see that the profiles of magnetic field
components around the plasmoid center x = XC ,
shown in Figs. 9 and 12, are in good agreement with
the satellite observations shown in Fig. 1. Regarding
the magnetic field profiles outside the plasmoid too,
we see that those shown in Fig. 13 are in good
agreement with the TCR signatures observed in the
tail lobe (Slavin et al., 1993).

The essential aspect of magnetic reconnection
is the topological reconfiguration of the magnetic
field configuration. Contray to the conventional
prediction, we demonstrate that inside the plasmoid
the reconnected field lines in x < XC are not helical,
since they are not connected topologically to the
sheared field lines accumulated in x > XC . Note
that the sheared field lines accumulated in x > XC ,
which were initially embedded in the central current
sheet, may easily provide considerable magnitudes
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Fig. 14. Schematic drawings of the sheared field lines (solid lines)
and the cross section of the high-pressure part of the distorted
plasmoid, denoted byP , in the (y,z) plane at a fixed location of
x(> XC) for the cases(a) Bx0 > 0 andBz < 0, and(b) Bx0 > 0 and
Bz > 0.

in the long current sheet system. The basic features of the
plasmoid evolution are, at least qualitatively, not influenced
by the initial sheared field. That is, the plasmoid is formed
as a result of the drastic plasma compression at the plasmoid
backward end atx = XP ahead of the fast (Alfv́enic) recon-
nection jet. It propagates along the antiparallel magnetic
fields and its propagation tends to be distorted in the direc-
tion of the sheared field. Inside the plasmoid, the magnetized
plasmas, which have been swept away by the fast reconnec-
tion outflow jetux , are accumulated. The magnetic field lines
that have been piled up inside the plasmoid are composed of
the two types topologically different. The sheared field lines
accumulated inXP < x < XC are the field lines that have
been reconnected at theX neutral line, whereas inXC < x the
sheared field lines initially embedded in the central current
sheet are accumulated in the form of a core (Fig. 8). Hence,
the plasmoid centerx = XC is the position that bounds the
reconnected field lines and the field lines without reconnec-
tion, so it may correspond to the so-called contact disconti-
nuity. Accordingly, the reconnected field lines are not spiral
or helical, since the field lines inx <XC are never connected
topologically to those inx >XC (Figs. 4 and 7).

A distinct feature of the magnetic field profiles inside the
plasmoid is that theBy field component becomes negative
for x > XC and hence changes its sign atx = XC, where the
accumulated sheared field| Bz | has the peak value (Figs. 6
and 8); also, the negative value ofBy for x >XC tends to be-

come more distinct for the larger sheared field accumulation
(Figs. 9, 10 and 12). The similar results are recently ob-
tained by 3-D MHD simulations, where a localized fixed re-
sistivity model is assumed in the similar manner as Ugai and
Tsuda (1977) (Shirataka et al., 2008). This does not mean
that the reconnected field lines are closed (or spiral) in a flux
rope. As already shown in Ugai (2010b), this is because the
plasmoid propagation tends to be distorted in the direction
of the sheared field. Figure 14 schematically illustrates this
situation in the(y,z) plane at a fixed location ofx(> XC)

across the plasmoid. For the case of the accumulated sheared
field Bz < 0, as shown in Fig. 14a, the plasmoid of high pres-
sure is shifted in the negative z-direction iny > 0 (Fig. 7),
which tends to push the sheared field lines (Bz) downward
(in the negative y-direction). On the other hand, iny < 0 the
plasmoid is shifted in the positive z-direction because of the
x-axis symmetry, which tends to push theBz field lines up-
ward (in the positive y-direction). For the case ofBz > 0, as
shown in Fig. 14b, the plasmoid distortion in the sheared field
direction push the accumulatedBz field lines in the similar
manner. In each case, the region ofBy < 0 appears around
the x-axis (y = z = 0) in x > XC, since the accumulatedBz
field lines are significantly wound (or bent) in the z-direction.
Hence, theBy field always changes its sign atx = XC, since
the reconnected field lines inx <XC haveBy > 0.

The plasmoid dynamics in the presence of initial sheared
fields may be applied to acutual satellite observations in the
geomagnetic tail. Here, note again thatBx,By and Bz in
the present coordinate system correspond to, respectively,
−Bx,−Bz and −By in the conventional GSM coordinates
(Fig. 1) (Ugai and Zheng, 2006a, b). When a satellite is lo-
cated inside the plasmoid, it may observe temporal changes
in quantities as the plasmoid propagates in the positive x-
direction (Fig. 4). Hence, the magnetic field profiles shown
in Figs. 9–12 should be viewed in the negative x-direction.
Although the present results are shown only for the initial
sheared fieldBz < 0, the underlying physical processes do
not depend on its sign. In fact, ifBz > 0 is considered, the
results are quite the same except that the plasmoid is dis-
torted in the positive z-direction iny > 0 (Fig. 14b). Hence,
because of the x-axis symmetry, the magnetic field profiles in
Figs. 9–12 are not changed if the observation positionz and
the field componentBz are replaced by−z and−Bz, respec-
tively; for instance, for the case ofBz0 = 0.1 andα = 0.1, the
results are the same as those in Fig. 9 if the locationz = −1
and the curveBz are replaced byz = 1 and−Bz, respectively.
We hence see that the profiles of magnetic field components
around the plasmoid centerx = XC, shown in Figs. 9 and 12,
are in good agreement with the satellite observations shown
in Fig. 1. Regarding the magnetic field profiles outside the
plasmoid too, we see that those shown in Fig. 13 are in good
agreement with the TCR signatures observed in the tail lobe
(Slavin, et al., 1993).

The essential aspect of magnetic reconnection is the topo-
logical reconfiguration of the magnetic field configuration.
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Contray to the conventional prediction, we demonstrate that
inside the plasmoid the reconnected field lines inx < XC
are not helical, since they are not connected topologically
to the sheared field lines accumulated inx > XC. Note that
the sheared field lines accumulated inx > XC, which were
initially embedded in the central current sheet, may easily
provide considerable magnitudes of theBy or the Bz field
component according to how the field lines are bent in the
z-direction by the plasmoid dynamics (Fig. 14). Also, it may
be noted that in addition to the large-scale (principal) plas-
moid, magnetic islands are likely to be formed in the diffu-
sion region. In the present model, the island first formed at
the origin cannot propagate because of the boundary condi-
tion (Figs. 3 and 4), but it can readily propagate if the sym-
metry boundary condition is not imposed in the diffusion re-
gion (Ugai, 1985; Ugai and Zheng, 2006b; Shimizu et al.,
2009). Hence, in actual free space, small-scale magnetic is-
lands may subsequently propagate during the proceeding of
the fast reconnection.

Unlike the real magnetotail, the present model assumes no
initial northward field component in the current sheet. In the
presence of such a northward field, if the reconnection starts
somewhere in the current sheet, a plasmoid structure with
closed or spiral field lines may be formed in the tailward di-
rection. This is the essence of the traditional plasmoid pic-
ture (Hones, 1977). In this picture, the x-directional dimen-
sion of plasmoid may be determined by that of the outermost
closed (spiral) field lines without considering the plasma dy-
namics directly caused by the reconnection, which is quite
different from the present plasmoid formation (Figs. 4 and
5). Hence, in data anlyses for tailward-moving plasmoids
one should distinguish between these two effects forming
the plasmoid-like objects. On the other hand, there have
been observed Earthward-moving plasmoids, where the sim-
ilar magnetic field signatures like the bipolar signatures of
the north-south field component occur (Sergeev et al., 1992;
Slavin et al., 2003). In this case, the reconnected field lines
have the northward field component, so that the traditional
plasmoid picture cannot explain the bipolar signatures of the
north-south field component. In fact, Sormakov and Sergeev
(2008) recently demonstrated on the basis of satellite obser-
vations that the field lines inx <XC should not be connected
topologically to those inx > XC. It may be noted that when
the fast reconnection builds up somewhere in the tail cur-
rent sheet, the fast reconnection jet is simultaneously caused
in both the tailward and Earthward directions, so that the
resulting tailward-moving and Earthward-moving plasmoids
should, in principle, have the same physical properties.

In summary, in the general sheared field geometry, the
satellite observations of magnetic fields both inside and out-
side the plasmoid are well explained by the large-scale (prin-
cipal) plasmoid generated by the fast reconnection evolution.
In addition, on the basis of the spontaneous fast reconnec-
tion model, we have successfully applied the 3-D fast re-
connection dynamics to well-known signatures of substorms.

Regarding the near-Earth tail, it is widely believed that the
so-called substorm current wedge should be formed at the
substorm onset (McPherron et al., 1973), and we demon-
strated that the current wedge and the generator current cir-
cuit drastically evolve from the magnetic loop top (located at
x ∼ −10RE) when the fast reconnection jet collides with the
magnetic loop top (Ugai, 2009a). Also, the satellite obser-
vations of Earthward bulk flows were well explained (Kon-
doh and Ugai, 2008). It is also shown that the different as-
pects of substorms reflect the different situations where the
fast reconnection is triggered (Ugai, 2009b). Recently, it is
demonstrated that impulsive magnetic pulsations like the Pi2
pulsations, observed at substorm onsets (Kamide, 1982), can
be generated near the loop footpoint (Ugai, 2009c). Hence,
it may be said that the spontaneous fast reconnection model
is, in principle, responsible for the basic physical mechanism
of complicated substorm phenomena.
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