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ABSTRACT
The Sweet-Parker and Petschek models are well-established magnetohydrodynamics (MHD) models of steady magnetic reconnection.
Recent ﬁndings on magnetic reconnection in high-Lundquist-number plasmas indicate that Sweet-Parker-type reconnection in marginally
stable thin current sheets connecting plasmoids can produce fast reconnection. By contrast, it has proven difﬁcult to achieve Petschek-type
reconnection in plasmas with uniform resistivity because sustaining it requires localization of the diffusion region. However, Shibayama et al.
[Phys. Plasmas 22, 100706 (2015)] recently noted that Petschek-type reconnection can be achieved spontaneously in a dynamical manner
even under uniform resistivity through what they called dynamical Petschek reconnection. In this new type of reconnection, Petschek-type
diffusion regions can be formed in connection with plasmoids. In this paper, we report the results of two-dimensional resistive MHD simulation with uniform resistivity, undertaken to determine the diffusion region localization mechanism under dynamical Petschek reconnection.
Through this modeling, we found that the separation of the X-point from the ﬂow stagnation point (S-point) plays a crucial role in the localization of the diffusion region because the motion of the X-point is restricted by the strong ﬂow emanating from the ﬂow stagnation point.
This mechanism suggests that dynamical Petschek reconnection is possible even in large systems such as the solar corona.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5084771

I. INTRODUCTION
Magnetic reconnection is a fundamental process of energy
conversion in astronomical, space, and laboratory plasmas.2
Magnetic reconnection changes the connectivity of a magnetic
ﬁeld and converts magnetic energy into kinetic or thermal energy.
Fast magnetic reconnection is necessary to explain the explosive
energy release occurring during solar ﬂares, magnetospheric substorms, and tokamak plasma disruptions. The key parameter of
magnetic reconnection is the reconnection rate, M, which is a nondimensional number given by normalizing the inﬂow velocity with
the upstream Alfven velocity ðM ¼ Vin =VA Þ. The reconnection
rate during solar ﬂares has been measured by detecting the inﬂow
feature, or reconnected magnetic ﬂux,3,4 with the results suggesting
that the average reconnection rate in the solar corona is of the
order of 0.01. One of the goals of magnetic reconnection theory is
to explain this reconnection rate.
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In the 1950s and 1960s, several MHD theories describing steady
state (@/@t ¼ 0) magnetic reconnection were proposed. The SweetParker model5,6 predicts that the reconnection rate (M) is proportional
to the inverse square root of the Lundquist number S (¼ LVA/g, where
L is the system size, VA the Alfven speed, and g the plasma resistivity),
that is, M  S–0.5. For large-S systems such as the solar corona (S 1012
–1014), the Sweet-Parker model predicts reconnection rates that are too
small to account for observations. To solve this difﬁculty, Petschek proposed another reconnection model7 in which efﬁcient magnetic reconnection progresses over a small diffusion region and energy conversion
occurs within slow-mode MHD shock layers. As the predicted reconnection rate is nearly independent of S, fast reconnection with
M ¼ 0.01 can be explained under this model. In systems with uniform
resistivity, however, the Petschek model cannot maintain the small diffusion region.8–10 It thus appears that the Petschek model is inapplicable to plasma with uniform resistivity.11,12
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For the non-steady state case, magnetic reconnection with plasmoids is considered to be a fruitful model of MHD fast reconnection
under uniform resistivity.1,11–19 As sufﬁciently long current sheets are
unstable to tearing instability,15 the current sheets are divided into several secondary current sheets connecting closed magnetic ﬁeld structures or plasmoids. The reduced length of these secondary current
sheets corresponds to the reduced local Lundquist number,
Slocal ¼ Llocal VA =g, and if there are a sufﬁcient number of plasmoids,
the intervening Sweet-Parker diffusion region can accommodate fast
reconnection. For this reason, the new results on plasmoid-mediated
magnetic reconnection can be understood heuristically as an extension
of the Sweet-Parker argument.11,12
Another possible fast reconnection scenario under uniform
resistivity is non-steady Petschek-type reconnection.20 Recent
advances in supercomputing power have enabled the direct
numerical simulation of large-scale, high-S MHD magnetic reconnection regimes. As S increases beyond a threshold, the system
produces more plasmoids and evolves dynamically. We previously
noted that Petschek-type small diffusion regions spontaneously
appear in the dynamic evolution of plasmoid reconnection even
under uniform resistivity1 and proposed the dynamical Petschek
reconnection regime, in which small Petschek-type diffusion
regions always appear in close contact with the ends of plasmoids
and drive fast reconnection. This represents a potential new reconnection regime at high Lundquist numbers S ⲏ 106 . However, the
detailed mechanism of the formation of Petschek-type diffusion
regions is poorly understood, partly because the evolution of the
system is highly dynamic, and to fully develop this theory, it will
be necessary to uncover the mechanism of the formation of
Petschek-type reconnection regions during nonlinear evolution.
Although it is not discussed in detail, similar current structures
next to plasmoids are also observed in other simulation studies of
high-Lundquist-number current sheets.11,12,21 In particular, Fig. 3(f) in
the study by Huang and Bhattacharjee12 and the attached movie show
the evolution of Petschek-like localized diffusion regions next to plasmoids. They report fast reconnection as a result of highly non-linear
evolution of the current sheet, to which Petschek-type diffusion
regions may contribute.
In this paper, we attempt to clarify the Petschek-type diffusion
region formation mechanism by focusing on the non-linear resistive
MHD simulation of a single Petschek-type diffusion region. To do
this, we conducted a local numerical simulation of a diffusion region
associated with a single plasmoid to model one of the Petschek-type
diffusion regions within the global simulation carried out in the previous study.1
Section II introduces the initial and boundary conditions of the
model. In Sec. III, we discuss the results of the formation mechanism
of non-steady Petschek-type reconnection, while in Sec. IV, we discuss
how the model can be applied to larger systems. Finally, we summarize
our results in Sec. V.
II. MODEL
To better understand the fundamental formation process of the
Petschek-type structure, we constructed a simple model employing
time-dependent MHD simulation. The governing equations of the
model are the following set of normalized compressible resistive MHD
equations with uniform resistivity in the conservation form
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where e ¼ p=ðc  1Þ þ qv2 =2 þ B2 =2 is the total energy density. The
polytropic index is set to c ¼ 5/3. All other symbols have their standard meanings. We use standard Ohm’s law in resistive MHD
E ¼ V  B þ gJ:

(5)

Viscosity and thermal conduction are ignored. The numerical code is
based on the Harten-Lax-van Leer Discontinuities (HLLD) scheme,22
and the divergence-free property of the magnetic ﬁeld is controlled by
the Harten-Lax-van Leer ﬂux Constrained Transport method.23 The
initial condition is the following Harris-type current sheet of width L0
plus an initial perturbation:24
Bðx; yÞ ¼ B0 tanhðy=L0 Þ


pðx; yÞ ¼ p0 cosh2 ðy=L0 Þ þ b ;

(6)
(7)

where B0 ¼ ðB0 ; 0Þ and b denotes the upstream plasma beta, i.e., the
ratio between the upstream gas and magnetic pressures. In our modeling, we used b ¼ 0.2.
Since we construct this model to study the fundamental process
of how a single diffusion region forms in the large-scale simulation,1
we apply an initial condition and perturbation which are symmetric in
both x and y directions to prevent the motion of the plasmoid. (As discussed later, the imposition of this symmetry has an effect on the
reconnection rate but does not change qualitatively the physical mechanism, which is the focus of this paper.) We apply two initial perturbations to study the dependence on the initial condition. The initial
perturbations of the magnetic ﬁeld are given by the following vector
potentials:
(
"


  2 !#
x  x0 2
y
þ
A1 ðx; yÞ ¼ A0 exp 
ky
kx
"


 2 !#)
x þ x0 2
y
^e z ;
þ
(8)
þ exp 
ky
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A2 ðx; yÞ ¼ A0

"

 2  2 !#)
x
y
^e z ;
exp 
þ
kx
ky

(9)

where x0 ¼ 10L0 ; kx ¼ ky ¼ 5L0 , and A0 ¼ 0.05. Both the perturbations correspond to single isolated plasmoid with a double X-point at
6x0 or a single O-point at the origin.
The initial ﬂuctuation perturbs the exact equilibrium. The ﬁnal
expansion phase discussed in Sec. III is, however, almost independent
of the details of the initial condition.
The computational domain is 0  x  Lx ; 0  y  Ly , where
Lx ¼ 600L0 and Ly ¼ 50L0.
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Here, Lx and Ly are set to be sufﬁciently large to minimize the
effect of the boundary on the reconnection structure. As boundary
conditions, reﬂection boundaries are set at x ¼ 0, x ¼ Lx, and y ¼ 0,
while the boundary at y ¼ Ly is a conducting wall. As the simulation
proceeds, a plasmoid forms at the origin with its center (magnetic O
point) ﬁxed at the origin as a result of the boundary conditions, i.e.,
the symmetry of the system. This setup simpliﬁes the analysis and evolutionary details of the diffusion region adjacent to the plasmoid.
(Murphy25 refers to the initial condition with A1 as a double perturbation.) The electric resistivity in the model is set at g ¼ 1/300 to reproduce the local conditions in our previous large-scale simulation1 (see
Sec. IV for details). In the simulation,
pﬃﬃﬃﬃﬃphysical quantities are normalized to the following values: B0 = 4p, L0, upstream plasma density
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ q0, and upstream Alfven velocity, VA0 ¼ B0 = 4pq0 . Accordingly,
other quantities arepﬃﬃﬃﬃﬃ
normalized as follows: t0 ¼ L0 =VA0 ; p0
¼ B20 =ð8pÞ; J0 ¼ B0 = 4pL0 , and F0 ¼ B20 =ð4pL0 Þ.
We use a non-uniform grid along the x and y directions that is
almost uniform at 0  x ⱗ 200; 0  y ⱗ 5 and gradually expands in
the þx and þy direction in order to minimize numerical diffusion and
reduce the computational cost. The simulation setups are summarized
in Table I. The largest grid number is 8192  2048, and the highest
spatial resolution is Dx ¼ 3.5  10–2 and Dy ¼ 5.1  10–3 at around
the origin (run 1). Most of the results in this paper are obtained from
run 1. The results and discussion do not signiﬁcantly change in the
run with half of the grid number in both the directions (run 2) with
the difference in the reconnection rate limited to less than 2%.

scitation.org/journal/php

FIG. 1. Spatial distribution of out-of-plane current density Jz and outﬂow velocity Vx
at t ¼ 500 for run 1. The color range is shown with the panel titles. Solid and
dashed lines indicate the magnetic ﬁeld lines and separatrix, respectively.

Figure 2 shows the detailed ﬂow structure around the diffusion
region. It is seen form Fig. 2(a) that the ﬂow structure around the Xpoint is asymmetric, with the Petschek-type structure appearing only
just to the right of the X-point, while the leftward outﬂow is very short
and connected to the plasmoid. Figure 2(b) shows a line integral convolution plot of the ﬂow structure, in which each pattern is aligned
with the local velocity vector. It is seen that the inﬂow is primarily

III. RESULTS
Figure 1 shows the distribution of out-of-plane current density Jz
and outﬂow velocity Vx at t ¼ 500. A Petschek-type bifurcated current
structure is observed at 15 ⱗ x ⱗ 125 [Fig. 1(a)]. This current density
structure is qualitatively similar to Petschek-type reconnection with
anomalous resistivity26 although the resistivity is uniform and the plasmoid is located at the origin in our simulation. The diffusion region is
localized adjacent to the plasmoid, from which it can be inferred that
the localization is related to the plasmoid and the surrounding plasma
condition. The entire structure is similar to the one in Fig. 3 in the
study by Shibayama et al.1 Additionally, it is seen from Fig. 1(b) that
the width of the reconnection outﬂow increases with the outﬂow
toward the positive x direction: this structure is another important
characteristic of Petschek reconnection.
In the latter phase (t > 500) after the formation of the Petschektype diffusion region, the system shows gradual, self-similar-like
expansion.
Note that in our simulation results, only the right-hand side of
the Petschek model is formed, while the steady-state Petschek model is
symmetric across the diffusion region.
TABLE I. Initial perturbations and grid settings.

Run 1
Run 2
Run 3

Initial perturbation

Grid number

A1
A1
A2

8192  2048
4096  1024
4096  1024

Phys. Plasmas 26, 032903 (2019); doi: 10.1063/1.5084771
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FIG. 2. (a) Outﬂow structure and (b) line integral convolution plot of the ﬂow at t ¼ 500
for run 1. (c) Outﬂow and reconnected magnetic ﬁeld proﬁle and (d) terms in Ohm’s law
along y ¼ 0 at t ¼ 500 for run 1. All panels are aligned in the vertical direction. The vertical red solid lines in each panel show the location of the X- and S-points on the x-axis.
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FIG. 3. (a) Location of the X- and S-points, (b) x-component of velocity at the
X-point and the reconnection rate, and (c) length LCS, thickness dCS, and aspect
ratio of the diffusion region as functions of time for run 1.

inclined to the left. Figure 2(c) shows a proﬁle of the outﬂow velocity
and reconnected magnetic ﬁeld strength along y ¼ 0. At t ¼ 500, the
X- and S-points are located at x ¼ 16.3 and 20.5, respectively. The clear
separation in the x direction results in a strong plasma ﬂow at nearly
the Alfven velocity in the negative x direction at the X-point.
The localization of the diffusion region is seen from Fig. 2(d),
which shows terms in the right hand side of Eq. (5) along y ¼ 0. The
resistive term is dominant in 15.5 < x < 28.9, and the diffusion region
is localized compared to the distance between the plasmoids, which is
about 10 times larger than the diffusion region length.
The temporal evolution of physical quantities is shown in Fig. 3.
Positions in the x direction of the X- and S-points (xXP and xSP, respectively) show that the S-point overtakes the X-point at t 200 [Fig.
3(a)], which is also pointed out by Murphy.25 The ﬁnal expansion
phase (t > 500) is, however, nearly independent of the initial behavior.
Figure 4 shows the same plot for run 3, which shows qualitatively similar time evolution to that of run 1 except for the initial behavior of the
X- and S-point location. Note that the range of the horizontal and vertical axes is different between Figs. 3 and 4. Figure 3(b) shows the plasma
velocity at the X-point VxXP and the reconnection rate as a function of
time. The reconnection rate is deﬁned as gJz at the X-point, which corresponds to the reconnection rate normalized by the initial upstream
quantities. VxXP increases to 0.4 at t ¼ 300 and reaches almost 1 in the
ﬁnal expansion phase(t > 500). The reconnection rate increases up to
about 0.008 and decreases as the structure expands. This reconnection
rate is smaller than our previous results.1 The difference may be
explained by the asymmetry in the x-direction (see Sec. IV for detail).
Figure 3(c) shows the geometry of the current sheet. The current sheet
is deﬁned as the region, where the gJ term is dominant in Eq. (5)
(gjJj > jV  Bj). The length LCS and the thickness dCS of the current
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FIG. 4. The same as Fig. 3 but for run 3.

sheet are measured from the X-point to the x and y directions, respectively. Since the current sheet is asymmetric in the x direction, LCS and
dCS are the full length and thickness of the current sheet. We do not
deﬁne LCS and dCS in the initial phase (t < 80) because the current sheet
is not formed yet. The aspect ratio of the current sheet LCS =dCS
increases and peaks at t  300 and then decreases when VxXP ’ 0:4.
If symmetry is assumed to be around the neutral line (y ¼ 0), the
x-component of the equation of motion and the y-component of the
induction equation on the neutral line can be written as follows:
qdt Vx ¼ FxPR þ FxL ;

(10)

@t By ¼ @x ðVx By Þ þ g@x Jz ;

(11)

where @ x and dt represent the differential operators @/@x and d/dt,
respectively, and FxPR and FxL are the pressure gradient force FxPR
¼ @x P and Lorentz force FxL ¼ Jz By , respectively. Figure 5 plots
each term in Eqs. (10) and (11) against x. In Fig. 5(a), it is seen that
the rightward outﬂow plasma is accelerated by the Lorentz force FL, a
characteristic of the Petschek model. By contrast, outward ﬂow to the
left is accelerated by the gas pressure gradient force FPR, a characteristic of the Sweet-Parker model.
It is seen from Fig. 5(b) that the terms on the right-hand side of
Eq. (11) nearly cancel to the right of the X-point. As a result, the variation of By over time is minimal, and the system is in a quasi-steady
state. The evolution of the system actually shows a self-similar-type
gradual expansion. These results suggest that the state is a close to selfsimilar solution of the MHD equations: Nitta27 noted the existence of
such a solution with a plasmoid at the origin.
IV. DISCUSSION
In Sec. III, we presented simulation results indicating Petschektype reconnection in a system with uniform resistivity, in which the
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FIG. 5. Each term of (a) the x-components of the equation of motion and (b) the ycomponents of the induction equation along the neutral plane y ¼ 0 at t ¼ 500 for
run 1. The vertical dashed lines show the locations of the X- and S-points. Here,
we note that there is a large ﬂuctuation at 10 < x < 15 as a result of the termination
shock of the leftward outﬂow.

separation of the X-point from the ﬂow stagnation point is observed.
In this section, we discuss the evolution of the location of the X- and
S- points and how this works as a localization mechanism in the
dynamical Petschek reconnection regime.1
According to Murphy,25 the velocity of apparent motion of the
X-point VXP is determined using the following equation:


g 2
VXP ’ Vx 
@y By
:
(12)
@ x By
Xpoint
The ﬁrst term on the right-hand side of this equation corresponds to the
ideal MHD contribution, while the other term is the resistive factor. In
our simulation, plasma ﬂow occurs at the X-point as a result of the separation of the X- and S-points. This ﬂow, which corresponds to the ﬁrst
ideal term in Eq. (12), prevents the motion of the X-point. As the
X-point is located near the plasmoid, this results in localization of the
diffusion region. By contrast, in the classical symmetric reconnection
case, the X- and S-points coincide, and therefore, the plasma velocity is
zero at the X-point. The separation of the X- and S-points is the key
characteristic of Petschek-type reconnection under uniform resistivity.
In addition to the local ﬂow structure discussed above, the global
eddy structure in the inﬂow region plays an important role in the
plasma dynamics. As the plasmoid instability evolves, large eddies
form in the inﬂow region.28 It is seen from Fig. 2(b) that the diffusion
region is embedded in the eddy around the plasmoid: accordingly, the
inﬂow velocity has a negative x component prior to entering the diffusion region. The eddy evolves as the plasmoid grows non-linearly,
modifying both the velocity and the magnetic ﬁeld structures in the
inﬂow region.
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In our model, we use a spatially and temporally constant electric
resistivity g ¼ 1/300 for the current sheet with the thickness of L0 ¼ 1.
This setting corresponds to the sheet occurring in our previous simulation1 following re-normalization. In the S0 ¼ 104 run (g ¼ 10–4), the
typical current sheet thickness prior to the formation of the plasmoid
and Petschek-type structure was 1/20–1/30.
It is well known that a resistive MHD system is characterized by
a single non-dimensional number—magnetic Reynolds number
Rm ¼ lv=g. Using the initial current sheet thickness and upstream
Alfven speed as typical values, in our model, Rm ¼ 300.
This speciﬁc value of the magnetic Reynolds number is related to
Eq. (12), in which, the ﬁrst ideal term has a value of the order of one
owing to the outﬂow. By contrast, it is seen from Fig. 2(a) that the
speed of the X-point propagation is of the order of 0.01. The following
resistive term in the formula must almost compensate for the ideal
term when the system is in the slow expansion phase. The term contains g and the spatial gradient of the magnetic ﬁeld. When g is small,
the Lundquist number is large, and the length scale of the structure
should be proportionally small, resulting in Rm on the same order of
magnitude, which is 300 in our results.
Although the Lundquist number, S, is also a non-dimensional
parameter, the global system size is used as the typical length. Even in
high Lundquist number systems, the local magnetic Reynolds number
can become as small as 300 when the current sheet is sufﬁciently thin,
allowing the Petschek-type structure reported in this paper to appear.
This mechanism determines the reconnection rate in dynamical
Petschek reconnection, in which the rate is driven by the Petschek-type
structure.
In the model described in this paper, asymmetry between diffusion regions grows as a result of the initial and boundary conditions.
In general, this asymmetry can be initiated and sustained for several
reasons, e.g., initial or boundary conditions, unidirectional ﬂow, or
plasmoid motion. A similar process also occurs in plasmoid reconnection at high Lundquist numbers.1 Figure 6 shows the outward ﬂow
velocity and current density before and after the formation of plasmoids under the simulation at S0 ¼ 104 in the study by Shibayama
et al.1 A chain of three plasmoids is visible, with Petschek-type structures forming on both sides of the plasmoid chain at around x ¼ 280
and 320, although not on both sides of all plasmoids. In this case, the
plasma ﬂow serves as the origin of asymmetry. Prior to the formation
of the plasmoids [Fig. 6(a)], a Sweet-Parker reconnection region is present. Although the outward ﬂow structure is globally symmetric, when
the plasmoids form within the system, the ﬂow in the current sheet is

FIG. 6. (a) Initial Sweet-Parker outﬂow from a high-Lundquist number simulation.1
(b) Plasmoids and Petschek-type current structure formed in the outﬂow.
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directed to either the left or the right. In this case, the downstream side
of the plasmoids is preferable for the formation of Petschek-type diffusion regions [Fig. 6(b)].
In the frame of reference of the plasmoid, the ambient plasma
ﬂows against the plasmoid in the downstream side. This opposing
ﬂow strengthens the ideal term of Eq. (12) and facilitates the localization of the diffusion region. The plasma velocity at the X-point in this
study is about VA (see Fig. 2), while the speed of plasmoid motion is,
in general, also Alfvenic. The opposing ﬂow also affects the reconnection rate, which is 0.008 in this paper and 0.02 in our previous results.
This effect, which is caused by the asymmetry in the x-direction, is
very likely the reason underlying the difference in the reconnection
rates in the two simulations. By contrast in the upstream side, the
ambient ﬂow weakens the localization of the diffusion region.
From Fig. 6(b), it is also seen that the curvature radius of the
magnetic ﬁeld at around x ¼ 280 is smaller on the left-hand side of the
nearby plasmoid because the leftward motion of the plasmoid leads to
a steepening of the left-hand face of the plasmoid. These are plausible
explanations for the appearance of a Petschek-type structure at only
the left-hand side of the plasmoid. The three plasmoids and the neighboring Petschek-type diffusion region drive fast reconnection until the
plasmoids eventually collide, terminating the reconnection until the
next set of plasmoids and the Petschek-type diffusion region appear.
The quasi-periodic modulation of the reconnection rate is generated
by the sequence of formation and coalescence of plasmoids.
We next compare our results with those of a previous model of
Petschek-type reconnection with uniform resistivity by Kulsrud,9 in
which the Petschek-type diffusion region cannot retain its structure in
the steady state because the uniformly resistive system does not have a
mechanism to localize the diffusion region. In our model, by contrast,
the diffusion region is localized and Petschek-type reconnection is
achieved even under uniform resistivity. There are a few differences
between our results and the theory in the study by Kulsrud.9 The most
important difference is in the proﬁle of magnetic ﬁeld strength in the
inﬂow region. Kulsrud9 assumes an upstream proﬁle Bx ¼ B0 ð1  x2 =
L2 Þ, where L denotes the global system size. This means that Bx gradually decays with the system size.
The proﬁle of Bx in the inﬂow region is shown in Fig. 7. The
dashed line is a parabolic curve of Bx ¼ 1  ðx  20Þ2 =1302 , which
leads to Sweet-Parker reconnection according to Kulsrud.9 In our
numerical simulation, the upstream proﬁle of Bx decays more steeply
especially around the center of the diffusion region 20 ⱗ x ⱗ 50.
The steep proﬁle of Bx is formed in a self-consistent manner as a
result of the evolution of the plasmoid and surrounding plasma ﬂow,
indicating that a Petschek-type diffusion region can spontaneously
form in a non-steady system even under uniform resistivity.
Baty, Forbes, and Priest29 also discuss the stability of Petschek
reconnection under spatially localized resistivity and report that asymmetric Petschek reconnection is stable in resistivity proﬁles that are
ﬂatter than Gaussian. Our results show that asymmetric Petschek
reconnection is stable under uniform resistivity, which is a ﬂat limit of
the resistivity proﬁle. Accordingly, our results are qualitatively consistent with the result in the study by Baty, Forbes, and Priest.29
Priest and Forbes30 proposed a generalized model of fast steady
state magnetic reconnection including the Petschek model and the
Sonnerup model31 as special cases. Figure 8 shows gas pressure, magnetic pressure, and Vx along x ¼ 100. It is seen that the proﬁles of gas
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FIG. 7. Proﬁle of the reconnecting magnetic ﬁeld Bx in the inﬂow region at different
y values at t ¼ 500 for run 1, as well as a parabolic curve, which is the assumption
in the study by Kulsrud.9

and magnetic pressure show the same behavior as the Petschek model,
which shows almost constant pressure in the inﬂow region (see Fig. 9
in the study by Yan et al.32).
V. CONCLUSION
In the context of the nonlinear plasmoid theory, our model
results demonstrate Petschek-type reconnection even with a spatially
uniform resistivity. Using boundary conditions to ﬁx the plasmoid, we
successfully model the fundamental formation process of the
Petschek-type structure which appears in our previous large-scale simulation.1 In our results, the X-point is adjacent to a plasmoid, which
blocks any extension of the diffusion region because the X- and ﬂow
stagnation points are separated by the presence of the plasmoid. As a
result, a strong plasma ﬂow is present at the X-point, the diffusion
region is localized, and a Petschek-type reconnection region forms
even under uniform resistivity. Prior to the formation of the Petschektype structure, the local magnetic Reynolds number, Rm, of the current
sheet is approximately 300.

FIG. 8. Proﬁle of the gas pressure, magnetic pressure, and Vx at x ¼ 100 along the
y direction for run 1.
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The process of fast reconnection realized by the plasmoid instability is a dynamic phenomenon, in which a system-size thin current
sheet breaks up into plasmoids connected by thin current sheets.
Huang and Bhattacharjee12 have suggested that the process can be
understood on the basis of a heuristic model in which thin current
sheets are essentially thought of as short Sweet-Parker layers that are
marginally stable. While this picture gives a good account of the reconnection rate (0.01) in the resistive MHD model, it is also seen in simulations that some of the fragmented current sheets do not have the
time to stretch out to form Sweet-Parker layers but can be more aptly
thought of as dynamical Petschek-type layers of the kind discussed in
this paper. Both pictures appear to be consistent with the fast reconnection rate seen in plasmoid-mediated reconnection.
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