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1 Abstract

Magnetic reconnection is a fundamental process of energy conversion in astronomical, space,

and laboratory plasmas. Magnetic reconnection changes the connectivity of a magnetic field

and converts magnetic energy into kinetic and thermal energy. Fast magnetic reconnection is

necessary to explain the explosive energy release occurring during solar flares, magnetospheric

substorms, and tokamak plasma disruptions. The speed of the energy conversion is measured

by magnetic reconnection rate M , which is a non-dimensional number given by normalizing

the inflow velocity Vin with the upstream Alfven velocity VA, M = Vin/VA. The necessary

magnetic reconnection rate to explain various phenomena is on the order of 0.01. One of the

goals of magnetic reconnection theory is to explain this reconnection rate.

The Sweet-Parker and Petschek models are well-established magnetohydrodynamics (MHD)

models of 2D steady magnetic reconnection. The Sweet-Parker reconnection rate, however,

is too low to explain solar flares because the electric resistivity η in the solar corona plasma

is very low, in other words, Lundquist number S = LVA/η is very large such as 1012, where

L is the size of the system. The predicted reconnection rate MSP of Sweet-Parker model is

the inverse square root of Lundquist number MSP = S−1/2, which is very small in the solar

corona. Petschek model can explain fast magnetic reconnection supported by a small diffusion

region and energy conversion occurring within slow-mode MHD shock layers. The predicted

reconnection rate is almost independent on Lundquist number. In systems with uniform resis-

tivity, however, it is pointed out that Petschek model has difficulty in maintaining the small

diffusion region. It is, therefore, unclear whether the Petschek model is applicable in plasmas

with uniform resistivity.

For non-steady case, magnetic reconnection with plasmoids is considered to be a fruitful

model of MHD fast reconnection under uniform resistivity. Long current sheets are divided

into several secondary current sheets by closed magnetic field structures, or plasmoids, due to

tearing instability. If there are sufficient number of plasmoids, the intervening Sweet-Parker

diffusion region can accommodate fast reconnection. For this reason, plasmoid magnetic

reconnection is based on the Sweet-Parker reconnection model.

In this research, we investigate the other possible fast reconnection scenario, non-steady

Petschek-type reconnection. We conduct a series of MHD numerical simulations of large scale

magnetic reconnection region and point out that Petschek-type small diffusion regions spon-

taneously appear in the dynamic evolution of plasmoid reconnection even under uniform resis-

tivity. This regime appear especially when Lundquist number is larger than some threshold.

The reconnection rate is almost independent on Lundquist number. The detailed mechanism

of the formation of the Petschek-type diffusion regions is, however, poorly understood partly

because the evolution of the system is highly dynamic, and to fully develop this theory it is

necessary to uncover the mechanism of the formation of Petschek-type reconnection regions
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under nonlinear evolution.

In order to solve the problem, we construct a model of the elementary process of the

Petschek-type diffusion region formation. We successfully find an initial condition to repro-

duce a single Petschek-type diffusion region associated with a plasmoid. We find that the

separation of the magnetic null point and flow stagnation point plays an important role in

localizing Petschek-type diffusion region. The reconnection rate is independent on Lundquist

number because the similar diffusion-scale process realize in systems with different Lundquist

number. According to these results, we propose the dynamical Petschek reconnection regime,

in which small Petschek-type diffusion regions appear in close contact with the ends of plas-

moids and drive fast reconnection.

We furthermore discuss the application of this study to the reconnection process of solar

flares. For the comparison between solar flare observation and our reconnection model, it

is important to understand observational effects and three-dimensional effects. Some of the

diagnosis of solar flares are conducted using spectroscopic observations of emission lines of

ionized Fe ions. We solve ionization equation together with MHD equation and pointed out

that there is a threshold of plasmoid area under which we can not use an assumption of

ionization equilibrium. In addition, we point out an possibility of new method to infer the

history of plasma heating in the era of next-generation satellite. We also perform three-

dimensional MHD simulation of current sheet and reconfirm that oblique tearing instability

dominate the system. We do not find the evolution of Petschek-type diffusion region in the

3D current sheet. However, the Lundquist number of the three-dimensional simulation is

smaller than that of two-dimensional models due to the limitation of computational power. If

the separation of reconnection point and flow stagnation point sufficiently evolve in a larger

system, it is possible that the motion of X-point is restricted and the diffusion region is

localized in the same way as two-dimensional case.
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2 Introduction

2.1 Magnetic Reconnection in the Solar Corona

Figure 2.1: Solar corona observed with X-ray.

Solar corona, the outer atmosphere of the Sun, is filled with thin million-Kelvin plasma.

Solar flares are sporadic explosions in the solar corona which causes sudden increase in bright-

ness in a wide wavelength range from infrared to X-ray. Solar flare is caused by magnetic

reconnection of strong magnetic field around active region and generate high temperature

plasma of a few tens of million Kelvin. Fig.2.1 shows an X-ray image of the Sun and solar

flare observed by Japanese solar X-ray satellite “Yhokho”, in which the solar flare is seen as

a cusp-shaped structure at the center of the upper hemisphere. The structure of the solar

flare is modeled as shown in Fig.2.2, which is referred as CSHKP model. The thin solid lines

represents magnetic field lines, which exhibit magnetic reconnection at the cross point. The

closed, circular-shaped magnetic field structure above the reconnection point is referred as a

plasmoid in a two-dimensional system, and a flux rope in a three-dimensional system. The

lower loop-like structure is post flare loop and the foot point of the loop at the solar surface

is called flare ribbons. Fig.2.1 observes bright post flare loop filled with high temperature

plasma.

Several research groups conduct quantitative measurements of magnetic reconnection of

solar flares. Yokoyama et al. (2001) obtains inflow velocity by measuring the inflowing plasma

feature to the reconnection point, which corresponds to obtaining Vin in Fig.2.2. The results

are shown in Fig.2.3 in which the right panel shows the temporal variation of the plasma

6



Figure 2.2: CSHKP flare model in three-dimensional space (Isobe et al., 2005).

Figure 2.3: Observation of inflow feature to the reconnection region (Yokoyama et al., 2001).

structure at the virtual slit shown in the left panel. They show the Alfven Mach number

of the inflow, or reconnection rate, ranges from 0.001 to 0.03. Isobe et al. (2005) derived
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Figure 2.4: Apparent motion of flare ribbons (Isobe et al., 2005).

magnetic flux by observing the apparent motion of flare ribbons, which corresponds to Vfoot

in Fig.2.2. It is seen from Fig.2.4 that the interval between the flare ribbons increase as the

solar flare evolve. The reconnected magnetic flux is derived by integrating magnetic field

strength between flare ribbons in the beginning and the at end of the flare. They observed

several flare events and the derived reconnection rate ranges from 0.015 to 0.071. Both of

these studies show the reconnection rate of the solar flare is on the order of 0.01.

In the solar corona, the energy density of the magnetic field, magnetic pressure pm =

B2/(8π), is typically larger than the thermal energy density, plasma pressure p, by orders of

magnitudes. The ratio of these two energy densities is called plasma beta β = (8πp)/B2. If

magnetic reconnection happens in a low-beta plasma like in the solar corona, thermal pressure

suddenly goes up and explosive phenomenon happen. The typical fluid parameters of solar

corona in the inflow region is shown in Tab.1. Bottom five parameters are calculated from

top four parameters. Here, we use the following constants: proton mass me = 1.7 × 10−24g,

Boltzman constant kB = 1.4× 10−16erg/K and assume that the equation of state of an ideal

gas is applicable.

Assuming the Spitzar conductivity, electric resistivity η is given as the following(Aschwanden,

2004),

η =
1

σ
( 2.1)

σ =
nee

2

meνe
≈ 6.96× 107 ln(Λ)−1Z−1T 3/2

e . ( 2.2)

The typical value of η in the solar corona is

η ≈ 3× 10−16, ( 2.3)
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Physical quantities Typical value

Magnetic field strength 10 G
Density 109 #/cm3

Length scale of reconnection region 107 cm
Plasma beta 0.05

Alfven velocity 108 cm/s
Alfven time 0.5 s
Magnetic pressure 4 dyn/cm2

Gas pressure 0.1 dyn/cm2

Temperature 106K

Table 1: Typical parameter of inflow region of solar flare.

where ln(Λ) ≈ 20, Z = 1, Te ≈ 106 are used. As a result, the Lundquist number S is

S =
4π

c2
LVA

η
≈ 3× 1013, ( 2.4)

where we assume L ≈ 109cm, VA ≈ 108cm/s. Lundquist number S is a non-dimensional

parameter and often used to characterize reconnecting current sheets.

2.2 Governing Equations

Theoretical studies of magnetic reconnection have been conducted to explain the reconnec-

tion rate and the timescale of reconnection events. One of the important goal of theoretical

studies is to explain the reconnection rate of 0.01. There are many approaches to this prob-

lem including MHD (Magnetohydro dynamic), kinetic, two fluid, extended MHD and so on.

The governing equations we use in this study are the following compressible resistive MHD

equations.

∂ρ

∂t
+∇ · (ρV) = 0 ( 2.5)

ρ
dV

dt
= −∇p+

1

c
J×B ( 2.6)

∂B

∂t
= −c∇×E ( 2.7)

d

dt

(
p

ργ

)
=

(γ − 1)

ργ
ηJ2 ( 2.8)

∇ ·B = 0 ( 2.9)

E = −1

c
V ×B+ ηJ ( 2.10)

J =
c

4π
∇×B ( 2.11)
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2.3 Static Diffusion of Magnetic Field

As the initial trial to quantitatively evaluate magnetic reconnection, a static (V = 0) model

is developed. We will estimate how long the magnetic reconnection process take. Eq.2.10

becomes E = ηJ and Eq.2.7 is rewritten as follows:

∂B

∂t
= −c∇×E =

c2

4π
η∇×∇×B =

c2

4π
η∇2B. ( 2.12)

The evolution of magnetic field is, therefor, follows the diffusion equation. The typical

timescale τdiff of this diffusion process is

τdiff ∼ 4π

c2
δ2

η
sec, ( 2.13)

where δ denotes the thickness of the current layer. Using the typical values of the solar corona,

η = 3 × 10−16, δ = 100 km, τdiff ∼ 4× 109s = 100year, which is too long compared with the

timescale of solar flares. Accordingly, the static diffusion cannot explain energy conversion

process of solar flares.

2.4 2D Steady Models of Magnetic Reconnection

The next possible model is 2D steady (∂/∂z = ∂/∂t = 0) model.

y	

x	

z	

S	

Figure 2.5
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Suppose there is magnetic field with only x-component which is a function of y and changes

its sign at y = 0. The x − z plane is called neutral plane. The total magnetic flux Φ in the

y > 0 region is calculated by the surface integral of B on the closed surface S.

Φ =

∫
S
B · ds. ( 2.14)

The temporal evolution of Φ is derived using Eq.2.7 along with Gauss’s theorem (divergence

theorem) as a line integral along δS, the edge of S as follows:

∂Φ

∂t
=

∫
S

∂B

∂t
· ds = −

∫
S
c∇×E · ds ( 2.15)

= −
∫
δS

cE · dl. ( 2.16)

As a result of symmetry in z direction and the infinitesimally far boundary of S in y → ∞,

the evolution of Φ is

∂Φ

∂t
= cEz. ( 2.17)

In addition, E = ηJ at reconnection point, which leads to the fact that we can measure the

reconnected magnetic flux in a unit time by measuring Jz at the reconnection point.

From Eq.2.7,

∂

∂t

(
Bx

By

)
= −c

(
∂Ez
∂y

−∂Ez
∂x

)
=

(
0

0

)
. ( 2.18)

Accordingly, Ez is spatially uniform, which means we can acquire the value of reconnected

magnetic flux by measuring E = −1/cV × B + ηJ at some point when we assume two

dimensional steady system. It is easier to measure the electric field in the inflow region,

≃ V×B ≃ BinVin, than in at the reconnection point or neutral line, which are just a point or

line. For a comparison of magnetic reconnection in different system with different magnetic

field strength or density, it is convenient to normalize the electric field with typical value of

each system. Let us define normalized magnetic reconnection rate M as motional electric

field in the inflow region V×B divided by the magnetic field strength and Alfven velocity in

the inflow region BinVAin, which is a practical upper limit of the electric field. Normalized

reconnection rate is identical to the Alfven Mach number in the inflow region.

M =
BinVin

BinVAin
=

Vin

VAin
. ( 2.19)
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Figure 2.6: Spatial structure of Sweet-Parker model (figure from Comisso and Asenjo (2014))

2.4.1 Sweet-Parker Reconnection Model

The first successful 2D steady reconnection model is the Sweet-Parker model proposed by

Sweet (1958); Parker (1957). Fig.2.6 illustrates the schematic picture of Sweet-Parker current

sheet (Comisso and Asenjo, 2014) in which gray shaded area is called diffusion region where

strong electric current in the out-of-plane direction is flowing. The inflow Vin flows into the

diffusion region from ±y directions and outflow goes to ±x directions. In the inflow region

(y ≫ 1) the electric current is negligible and the first term is larger compare to the second term

in the z-component of the right-hand side of Eq.2.10, while second term is dominant in the

diffusion region. As z-component of the electric field is spatially uniform, from z-component

of Eq.2.10 we get,

VinBx ∼ c2

4π
η
Bx

δ
. ( 2.20)

Solving this for δ,

δ ∼ c2

4π

η

Vin
. ( 2.21)

From mass conservation law in an assumption of incompressibility,

LVin = δVout. ( 2.22)

Eliminating δ from Eqs.2.21, 2.22 and solving for Vin, we get

Vin =

√
c2

4π

ηVout

L
. ( 2.23)

The outflow velocity Vout can be derived from the acceleration process in the diffusion region.

After entering at the center of the diffusion region, plasma is accelerated up to Vout by Lorentz

force (J×B)x.
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(J×B)x = JzBy ( 2.24)

≈ c

4π

BxBy

δ
( 2.25)

The total work by the Lorentz force is equal to the kinetic energy of the outflow plasma:

c

4π

BxBz

δ
L = ρV 2

out ( 2.26)

Vout =

√
c

4π

BxBz

ρ

L

δ
. ( 2.27)

As we can approximate Bx/L ≈ Bz/δ from ∇ ·B = 0,

Vout ≈
√

c

4π

B2
x

ρ
= VAin. ( 2.28)

From Eqs.2.23, 2.28 we get

M =
Vin

VAin
=

√
c2

4π

η

LVAin
= S− 1

2 , ( 2.29)

where M = Vin/VAin is the normalized reconnection rate and

S =
4π

c2
LVAin

η
( 2.30)

is Lundquist number. Accordingly, we can conclude that reconnection rate is determined only

by the system size L when we fix the upstream plasma parameter and electric resistivity. As

the typical Lundquist number in the solar corona is S ∼ 1014, typical magnetic reconnection

rate is M ∼ 10−7, which much smaller than that of solar flares. Consequently, Sweet-Parker

model cannot explain fast magnetic reconnection in the solar corona. Using Eqs.2.22, 2.29 we

get

M =
Vin

VAin
= S− 1

2 =
δ

L
, ( 2.31)

which means the reconnection rate is determined by δ and L. The ratio between two values

L/δ is called aspect ratio, whose inverse is equal to the reconnection rate.

2.4.2 Petschek Reconnection Model

Petschek proposed another steady reconnection model (Petschek, 1964) to explain fast re-

connection in high Lundquist number systems, which is not possible by Sweet-Parker model.

The reason why Sweet-Parker model has difficulty is the following. In order to keep fast
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reconnection in a steady state, large amount of magnetic flux should be transported to the

diffusion region by the sufficiently large inflow. This magnetic flux have to be compensated

in the diffusion region, which is done by diffusion process in Sweet-Parker model. In a high

Lundquist number system, however, the speed of diffusion is slow (see Fig.2.7(a)). In the

Petschek model they introduce wave propagation process which is faster than the diffusion

process and solve this difficulty (Fig.2.7(b)). In this case, slow mode MHD shock layers form

at the wave front, where the magnetic field lines bent in Fig.2.7(b).

Figure 2.7: Difference of the propagation speeds (Petschek, 1964).

Fig.2.8 illustrates the structure around the diffusion region of Petschek model. The dashed

lines shows the slow mode shock layers. In the Sweet-Parker model, all the outflow plasma

pass the diffusion region and get accelerated, while in the Petschek model it’s only a part of

plasma and the rest goes through the slow shocks. Balancing the upward wave propagation

speed and inflow speed to keep steady state, we get

Vin =
By√
4πρ

. ( 2.32)

The reason that Petschek model has larger reconnection rate can be understood from
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Figure 2.8: Structure of Petschek model. (Comisso and Asenjo, 2014)

Eq.2.22, which describes conservation of mass flowing into and out of the diffusion region. Vout

in the right-hand side is constant according to Eq.2.28, which makes it difficult to increase the

mass flux. Accordingly, Vin and magnetic reconnection rate are small in Sweet-Parker model.

By contrast in Petschek model, plasma can be accelerated out of the constraint of Eq.2.22,

without passing through the diffusion region.

Let us now estimate reconnection rate of Petschek model. The structure of gray-shaded

diffusion region is similar to the one of Sweet-Parker mode, but the length of that L∗ is

shorter than that in Sweet-Parker model L. As we discussed with Eq.2.31, reconnection rate

is inversely proportional to the aspect ratio of diffusion region. Therefor, reconnection rate

increase when the length of the diffusion region is short. The reconnection rate corresponding

to the aspect ratio δ/L∗ is

M =
δ

L∗ =
L

L∗
δ

L
, ( 2.33)

which means as the diffusion region is shorten, reconnection rate goes up being proportional

to L/L∗. L∗ is treated as a free parameter in Petschek (1964) and the lower limit of L∗ is

discussed based on the criteria that electric current of slow mode shock does not significantly

weaken the magnetic field in the inflow region as follows:

L∗ >
L

S
(lnS)2. ( 2.34)

Now the upper limit of reconnection rate is

M =
Vin

VAin
=

1

lnS
. ( 2.35)

This reconnection rate is often referred as a reconnection rate of Petschek model. However,

this is just an upper limit and it is not appropriate to compare this value with Sweet-Parer

15



reconnection rate. The reconnection rate should be derived from Eq.2.33 with some other

constraint on L∗. It is not discussed in Petschek (1964) how to localize the diffusion region.

There is no mechanism in MHD equations to localize diffusion region. For numerical

simulation of Petschek-type reconnection, therefor, some ad hoc approach such as anomalous

resistivity (e.g. Ugai and Tsuda, 1977) or local forced inflow to a part of current sheet (e.g.

Hayashi and Sato, 1978). Petschek-type reconnection is reproduced with numerical simulation

by using these effects to localize diffusion region. These are, however, not self-consistent effects

of MHD equations. Anomalous resistivity models effects of small scale interaction of electrons

and ions (Yamada et al., 2010).

L

B0

By

dθ/dt

By

θ/dt−d

B0/dt= (ddBy θ/dt)

Figure 2.9: Generation process of cross field (By) in the diffusion region (Kulsrud, 2001).

Kulsrud (2001, 2011) discuss that Petschek model does not realize in spatially uniform

electric resistivity. The reason is the following (See Fig.2.9). At the edge of diffusion region,

there should be sufficiently large By for the connection of the solution in outflow region. This

By component should be generated in the diffusion region. The constraint for L∗ is derived

from this requirement. The temporal evolution of By is described by the y-component of

Eq.2.7:
∂By

∂t
= −∂x(VxBy) + cη∂xJz. ( 2.36)

Here, ∂x(VyBx) term is negligible because Vy is small in the diffusion region. We can qualita-

tively understand this equation as follows; the second term in the right-hand side generate By

by the gradient of Jz in the x direction, while the first term represents convection of By out

of the diffusion region. In a steady state these two terms balance. Let us evaluate each term

in a diffusion region. The first term in the right-hand side is ∂x(VxBy) ∼ VABy/L
∗, while the

16



second term is cη∂xJz ∼ −Vin∂xBx using Eqs.2.11, 2.20. Assuming upstream magnetic field

Bx as the following function of x

Bx(x) = B0

(
1− x2

L2

)
, ( 2.37)

∂xBx ∼ −L∗

L2B0. Then Eq.2.36 is rewritten

∂By

∂t
∼ Vin

L∗
L∗2

L2
B0 −By

VA

L∗ . ( 2.38)

In the steady state, this is equal to zero. Solving this for By we get

By =
Vin

VA

L∗2

L2
B0. ( 2.39)

With using Eq.2.32,

Vin =
Vin

VA

L∗2

L2

B0√
4πρ

= Vin
L∗2

L2
, ( 2.40)

which results in

L∗ = L. ( 2.41)

Consequently, the length of the diffusion region L∗ and the system size L must be the same,

which is Sweet-Parker reconnection. This is the discussion in Kulsrud (2001), which shows

Petschek model does not realize under uniform resistivity and steady state. The important

assumption in their discussion is, however, the upstream profile of Bx (Eq.2.37). If the profile

is different, the result is different. Especially when the profile is steeper, we have shorter

diffusion region, which may support realization of Petschek model.

2.5 2D Non-Steady Model of Magnetic Reconnection

Apart form steady model, non-steady models are considered in this section. Harris-type

equilibrium current sheet is unstable to tearing instability under a certain condition (Furth

et al., 1963). Tajima and Shibata (1997); Loureiro et al. (2007) derived the scalings of the

largest growth rate ωmax and largest growth wavelength λ of tearing instability as follows,

ωmax ∼ τ−1
A R1/4

m ( 2.42)

λ

L
= 2πR−3/8

m . ( 2.43)

Samtaney et al. (2009) reproduces this relation using numerical simulation. Shibata and

Tanuma (2001) discusses a repeated occurrence of tearing instability results in a fractal struc-

ture with smaller scale current sheet. When a current sheet becomes short and thin enough,
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Figure 2.10: Samtaney et al. (2009)

kinetic or collisionless physics accelerate reconnection process.

Current sheets whose Lundquist number is larger than ∼ 104 is unstable to tearing insta-

bility. This value is refereed as a critical Lundquist number of tearing instability Sc ∼ 104.

According to Sweet-Parker model, reconnection rate M of a diffusion region with S = Sc is

M = S−1/2 ∼ 0.01, which is high enough to explain explosive energy conversion during solar

flares. Consequently, it is believed that even if Lundquist number of a current sheet is large

S > 104, tearing instability breaks the current sheet into shorter ones and the local Lundquist

number can become as small as Sc, which results in fast reconnection. Bhattacharjee et al.

(2009) conducted a numerical simulations of high-Lundquist-number current sheets in a highly

non-linear phase and concluded that the reconnection rate does not follow Sweet-Parker scal-

ing in high Lundquist number and saturate at ∼ 0.01. Huang and Bhattacharjee (2010) points

out the same saturation continues at least up to S = 3×106. Although they does not mention,

the results of Bhattacharjee et al. (2009); Huang and Bhattacharjee (2010) show interesting

structure of diffusion region. Figs.2.14(f), 2.12(c) show current density during reconnection,

in which some of the current structures show asymmetric structure in horizontal direction,

which is a similar to Petschek model rather than Sweet-Parker model. Whether this structure

is related to Petschek model is, however, not discussed.

2.6 Motivation of this study

In this paper, we attempt to explain fast reconnection with Petschek-type diffusion region

even under uniform resistivity. Tab.2 shows the relationship between reconnection models.

Our model is corresponding to the bottom right part of the table. As we disscussed in the

preceding sections, Sweet-Parker model is possible but too slow in coronal parameter, while

Petschek model is fast enough but difficult to realize under uniform resistivity. Although

plasmoid reconnection is a potential mechanism of fast reconnection in the solar corona, the

Diffusion region is elongated Diffusion region is localized

Steady Sweet-Parker Petschek
Non-steady Plasmoid This work

Table 2: Matrix of reconnection regimes.
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Figure 2.11: Fractal reconnection Shibata and Tanuma (2001)

diffusion region structure is not well understood in particular in high-Lundquist number and

highly non-linear regime. We tackle the problem in the following ways.

• In Sec.4, we elucidate whether the localized diffusion region structure in plasmoid recon-

nection is Petschek-type or not, and analyse the characteristics of reconnection process.

• A local model of the diffusion region is built in Sec.5. We investigate the relation between

flow and magnetic field structure in the formation process of localized diffusion region.

• Study for the comparison with observation of the solar corona is given in Sec.6 and Sec.7

The physical model in this study is summarized in Sec.3. The important parameter is the

value and the spatial profile of electric resistivity, which is uniform in space in our model.

The resistivity in resistive MHD system is a model of microscopic processes beyond MHD.

In reality, it is possible to have anomalous resistivity and it is reported that such anomalous

resistivity localizes the diffusion region and support fast reconnection with Petschek model

(e.g. Birn et al. (2001)). It is, however, important to construct a fast reconnection model

under uniform resistivity, which is a minimal model of reconnection system.
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Figure 2.12: Bhattacharjee et al. (2009)
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Figure 2.13: Bhattacharjee et al. (2009)

In the latter part of this paper, we investigate observational effect on magnetic reconnec-

tion study of the solar corona, which is a unique target of among other reconnection systems

such as magnetotail or laboratory experiment. Laboratory experiment has a limitation for

the system size because the plasma is generated in a vacuum chamber. Although the mag-

netotail does not have artificial limitation for the system size, the observations are conducted

as a in-situ observations by small number of satellites. By contrast in the solar corona case,

whole structure of large-scale current sheet and generated plasmoids are sometimes observed

at once. Therefor, solar corona is a suitable target to study the interaction between processes

in different scales. The problem of solar corona is, however, that the observation is conducted

as remote sensing. The information is obtained from light emitted from ions and electrons

with line-of-sight integration. It is important to understand processes such as ionization and

three-dimensional structure formation for the interpretation of observational results.
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Figure 2.14: Huang and Bhattacharjee (2010)
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3 Method

Aiming to solve questions discussed in Sec.2, we conduct MHD simulation of high-Lundquist-

number current sheet and try to analyze detailed structure of diffusion region. In this section

we will show the method of our research.

3.1 Numerical Scheme

We use the following resistive MHD equations in the conservation form for the numerical

simulation.

∂ρ

∂t
+∇ · (ρV) = 0, ( 3.1)

∂ρV

∂t
+∇ ·

[
ρVV + (p+

B2

2
)I−BB

]
= 0, ( 3.2)

∂B

∂t
+∇ · (VB−BV) + η∇× J = 0, ( 3.3)

∂e

∂t
+∇ ·

[(
e+ p+

B2

2

)
V − (V ·B)B+ ηJ×B

]
= 0, ( 3.4)

( 3.5)

where e = p/(γ− 1)+ρv2/2+B2/2 is the total energy density. The polytropic index is set to

γ = 5/3. All other symbols have their standard meanings. We use the following generalized

Ohm’s law to derive the MHD equations,

E = −V ×B+ ηJ. ( 3.6)

These equations are normalized by the following quantities: upstream magnetic field strength

B0, upstream density ρ0, thickness of the current sheet L0. Depending on these three normal-

ization constants, other quantities are normalized: upstream Alfven velocity VA0 = B0/
√
ρ0,

upstream magnetic pressure pm0 = B2
0/2, Alfven transit time of current sheet thickness

t0 = L0/VA0. Normalization constants are summarized in Tab.3 with typical values.

We use finite volume for discretization and HLLD scheme (Miyoshi and Kusano, 2005) for

calculating numerical flux. Magnetic field is a divergence free field, however, this constraint

is not explicitly used for solving MHD equations and induction equation (Eq.3.3) is used.

Due to the numerical error, nonphysical ∇ · B may be generated. When finite ∇ · B exists,

non-realistic force makes the system nonphysical. For keeping divergence free property of

magnetic field, we use Flux-CT method (Miyoshi and Kusano, 2011).
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Physical quantities Symbol Typical value

Length scale L0 107 cm
Mag. field strength B0 10 G
Density ρ0 109 #/cm3

Alfven velocity VA0 =
B0√
ρ0

108 cm/s

Time t0 = L0/VA 0.1 s

Pressure p0 =
B2

0
2 ∼ 4 dyn/cm2

Table 3: Normalization constants

3.2 Initial Condition

The initial equilibrium condition of numerical simulation is the following Harris type current

sheet (Harris, 1962).

B(x, y) = B0 tanh(y/L0), ( 3.7)

p(x, y) = p0
[
cosh−2(y/L0) + β

]
, ( 3.8)

The upstream plasma beta β is set β = 0.2. Magnetic field is initially perturbed with a vector

potential A = A(x, y)êz for increasing reproductivity and saving computation power. Fig.3.1

shows initial profile of physical quantities such as B and p. At y = 0, magnetic pressure is

zero because B = 0 and the current sheet is supported by gas pressure, which is maximum

at y = 0. Fig.3.2 is a two dimensional illustration of the initial magnetic field line with a red

dashed line representing the neutral line where the magnetic field strength is zero. Note that

in the global model in Sec.4, the coordinate is 90 degree rotated. We need to swap the axis in

the following ways to change from this coordinate to that in global model: y → z, z → −y.

3.3 Boundary Condition

The boundary condition of simulation box must be set consistent with the initial condition,

symmetry, and physical process to solve. Possible simulation boundaries in this study is shown

as 1 – 3 in Fig.3.3: 1. reflecting boundary, 2. conducting wall, 3. reflecting boundary. These

boundary conditions are summarized in Tab.4. We cannot solve outside of the boundary, but

we need quantities just outside of the boundary. At the margin region, all physical quantities

should be set consistent with the symmetry of the boundary. Vector quantities such as B and

V is sometimes required to multiply −1 to meet the condition. Boundary condition of electric

field also need to be consistent with the symmetry of B and V. Furthermore, electric field

has two component of V×B and ∇×B. These two terms need to have the same symmetry.

These criteria are sometimes difficult to meet at once especially in three dimensional system,

which have larger degree of freedom. The boundaries 1 and 3 in Fig.3.3 are not appropriate
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Figure 3.1: Harris equilibrium current sheet.

as a boundary in three dimensional simulation of current sheet with guide field (out-of-plane

component of magnetic field).
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x	

y	

Figure 3.2: 2D illustration of the initial condition

x	

y	

①	
②	

③	

Figure 3.3: 2D illustration of the boundary condition

Physical quantities 1. reflecting boundary 2. conducting wall 3. reflecting boundary

Bx + + −

By − − +

Vx − + +

Vy + − −

Ez + − +

Table 4: symmetry and anti-symmetry of the boundary condition

25



4 Global Model

4.1 Model

We perform two-dimensional resistive MHD simulation of reconnection in an anti-parallel

magnetic field configuration of the Harris current sheet (Ji and Daughton, 2011). We solved

the standard set of compressible resistive MHD equation, where viscosity and thermal con-

ductivity are ignored. The initial magnetic field is given by

B = (B0 tanh(z/L0), 0, 0) , ( 4.1)

where L0 is the current sheet half-thickness. The size of the simulation box, which is 0 <

x < 600L0, 0 < z < 25L0, is set to be large enough for allowing nonlinear evolution and

motion of plasmoids with a little effect of boundaries. Assuming symmetry, only the upper

half of the system is followed in computation. Reconnection is triggered by a small initial

magnetic field perturbation, which is localized at the center, 275L0 < x < 325L0. In order

to resolvefine structure of the current sheet and plasmoids, we used a refined grid size that

is almost uniform within the domain 220L0 < x < 380L0, z < 0.8 but gradually stretches

toward the boundaries. The boundary conditions are as follows: a conductingwall at the top

boundary, and mirror symmetry at all others. A typical spatial resolution for the case of the

Lundquist number S0 = L0VA0/η = 104 is ∆x = 9× 10−3L0, ∆z = 8× 10−4 at the center of

current sheet. The magnetic diffusivity η is assumed to be spatially uniform and not varying

with time, and the plasma beta is β = 0.2 in a uniform plasma far from the current sheet.

The presented below results correspond to three particular values of the Lundquist number:

S0 = 104, 105 and 106, all of which are above the plasmoid instability threshold Sc. Aiming

to clarify the mechanism of fast reconnection, in this paper we concentrate mainly on the case

of S0 = 104. Note that under the above given normalization the value of Lundquist number

is defined by the current sheet thickness. However, in all preceding studies of the plasmoid

instability (Loureiro et al., 2007; Bhattacharjee et al., 2009; Lapenta, 2008; Uzdensky et al.,

2010; Huang and Bhattacharjee, 2010) the current sheet length rather than its thickness is used

as a scale length. Therefore, in order to make a proper comparison, one should re-calculate

the Lundquist number accordingly. Thus, our case of S0 = 104, where the current sheet length

is about 100L0, corresponds to S = 106 for the simulations reported in Bhattacharjee et al.

(2009); Lapenta (2008); Uzdensky et al. (2010); Huang and Bhattacharjee (2010).

The normalized reconnection rate (Fig.4.1) is defined as the time derivative of the re-

connected magnetic flux divided by the product of the Alfven velocity and the horizontal

magnetic field (Bx) strength at the inflow boundary of diffusion region. The reconnected flux

is calculated as the difference between the maximum and the minimum values of the magnetic

flux function along the current sheet (line z = 0 on Fig.4.2). The inflow boundary is assumed
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to be located above the X-point where the current density is one order of magnitude smaller

than at the X-point itself.

4.2 Result
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Figure 4.1: Temporal evolution of the normalized reconnection rate for different values of the
Lundquist number S0.

Fig.4.1 shows temporal evolution of the scaled reconnection rate for the cases of S0 =

104, 105 and 106. Initially, at t ≤ 200, the reconnection rate is slower for higher Lundquist

numbers. At this stage an elongated Sweet-Parker type current sheet is formed as shown in

Fig.4.2, which represents temporal evolution of the magnetic field and the electric current

structure for the case of S0 = 104. Then, as time progresses, the aspect ratio of the current

sheet becomes too large, and the sheet breaks up due to plasmoid instability (t ≈ 400, Panel

(c)). After that, a further growth of plasmoids increases the reconnection rate up to 0.01 at

t = 500–600 (Panels (d), (e)).

Consider now in more detail evolution of four particular plasmoids (labeled as Plasmoids

1–4 on Fig.4.2), which are located just to the right of the current sheet center. As seen

from Fig.4.2, between t ∼ 600 and 700 the central three plasmoids (including Plasmoid 1)

collide and merge, creating the next-generation ones such as Plasmoid 2. At about the same

time (after t ∼ 700, see Fig.4.1) an intermittent fast reconnection with the rate up to 0.02

becomes established, which is caused by strong electric currents concentrated adjacent to
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Figure 4.2: Magnetic field (solid lines) and electric current density at various stage of recon-
nection for S0 = 104.

plasmoids. According to Panels (e–h), the electric current density peaks just outside of the

right-hand side edges of Plasmoids 1–4, and this strong current drives the reconnection rate

maxima at the moments of t = 630, 710, 780 and 825 respectively. Importantly, at this stage
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the global current sheet becomes bifurcated, forming V-shaped structures with the vertexes

facing plasmoids. The appearances of V-shaped current patterns well coincide with the peaks

of the reconnection rate.

Figure 4.3: Pseudo-color plots of electric current (Panel (a)), magnetic pressure (Panel (b)),
and gas thermal pressure (Panel (c)) around the shock in front of Plasmoid 3 at t=785 for
S0 = 104. On Panel (d) we plotted variations across the shock of the local slow mode Mach
number (black solid line) and the current density (red dotted line) across the shock. The
current density is scaled down by a factor of 10 for a better visualization.

In order to verify the nature of these V-shaped structures, on Fig.4.3 we depict detailed

distribution of the electric current as well as the magnetic and thermal pressure for such a

structure in front of the Plasmoid 3. As seen from Panels (b) and (c), the magnetic pressure

dominates in the upstream region, while in the downstream one the thermal pressure is higher.

Thus, conversion of magnetic energy into heat occurs inside the narrow separation layer with
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a strong current, which turns out to be a slow-mode MHD shock. Indeed, consider Panel (d),

which shows variation of the slow-mode Mach number (black solid line) and the out-of-plane

current density (red dotted line) across the shock. It indicates the Mach number above unity

upstream, and the one below unity downstream. Therefore, the observed discontinuity is a

slow-mode shock predicted in the Petschek reconnection model. Other bifurcated current

layers that appear adjoining large plasmoids on Fig.4.2 also show characteristics of the slow-

mode shock, although some of them look quite diffusive because of a relatively large plasma

resistivity (S0 = 104). Note, however, that unlike Petschek model of steady reconnection, here

they are of a transient nature, and form only on the one side of magnetic X-points. Therefore,

each peak of the reconnection rate corresponds to fast ejection of plasma caused by these slow

mode shocks.

The relationship between the structure of electric currents and the dynamics of plasmoids

is shown on Fig.4.4, where we plot time-distance diagram of the current density near the

center of the current sheet. Here white and black thin solid lines show locations of magnetic

O-points and X-points respectively. Plasmoids can be seen there as green bands where the

electric current density is quite low, while regions of strong current around X-points (black

lines) are shown as red bands. Thus, at t = 550 there are three large plasmoids, whose O-

points are located at x = 300, 317 and 346. One of them moves rightward and is ejected out

of the center, while the two others collide at t ≈ 610. This collision creates a new-generation

plasmoids such as Plasmoid 2 formed at t ≈ 670. The newly formed plasmoids start to move

rightward, and the intense current density in front of them provides for fast reconnection.

Such a structure resembles the one observed in Baty (2012), although the simulation there

was performed for a non-uniform plasma resistivity.

Note that as the reconnection proceeds, Plasmoids 2–4 decelerate and eventually turn

around. This is due to the reconnection outflow from the X-points located in front of them.

When Plasmoids 2–4 are turned around and move away from the respective X-points, the

current sheets on their right-hand side become elongated (the distance between the white

and black lines on Fig.4.4 increases), and the current density there goes down together with

the rate of reconnection. Eventually, these plasmoids collide with a larger one closer to

the center, giving birth to plasmoids of the next generation (see Plasmoids 2, 3, 4 at t ≈
680, 780, and 820). A repetitive nature of this process makes magnetic reconnection fast but

intermittent.

A similar dynamics for a larger Lundquist number, namely S = 106, can be seen on Fig.4.5,

which depicts time-distance diagrams of the horizontal plasma velocity (Panel (a)) and the

current density (Panels (b) and (c)). According to Fig.4.1, the respective reconnection rate

goes up at t ≈ 240, and this roughly coincides with the qualitative change of the plasmoids

evolution (see Panel (b)). Initially plasmoid instability creates a large number of individually

evolving small plasmoids and X-points. On the contrary, at this moment each X-point starts
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Figure 4.4: Time-distance diagram of the electric current and plasmoid dynamics at the
equatorial plane (z=0) of the current sheet for S0 = 104.

to produce the next generation ones in succession, forming a sort of a“ family tree”. As

time goes by, plasmoids merge, and only a few separated families survive. As seen on Panel

(a), such a reduction enables formation of a coherent global outflow at t ∼ 300. Note also

that the time-distance diagram of the current density and the X-points evolution for a single

family confined inside the rectangle on Panel (c) resembles the one plotted on Fig.4.4 for the

case of S0 = 104. This similarity in the micro-scale dynamics demonstrates why the rate of

reconnection is not sensitive to the actual value of the Lundquist number.
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Figure 4.5: Time-distance diagram of the horizontal velocity and electric current at the
equatorial plane (z=0) of the current sheet for S0 = 106. Panel (c) is an enlarged plot of the
area inside the rectangle on Panel (b). White and black thin solid lines on Panel (c) indicate
locations of magnetic O-points and X-points respectively.

4.3 Discussion

Summarizing our findings, we suggest a novel regime of fast MHD magnetic reconnection,

which can be called dynamical Petschek reconnection. Its essential elements are as follows:

1. Secondary tearing (plasmoid) instability of elongated reconnecting current sheet, which

breaks it up into a chain of magnetic islands (plasmoids).
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2. Nonlinear evolution and motion of plasmoids, which make possible spontaneous forma-

tion of small-scale slow-mode shocks (Petschek-type shocks).

3. Sporadic appearance of slow-mode shocks facilitate plasma ejection out of the current

sheet. This allows higher velocity of the plasma inflow (up to 0.02 of the Alfven speed)

into the reconnection site, bringing about fast MHD reconnection.

Such a scenario is efficient enough to account for various natural phenomena presumably

associated with magnetic reconnection. On the other hand, it can be explained by exploring

a simple MHD model, without invoking more specific kinetic effects.

So far it was widely accepted that Petschek-type reconnection is possible only if the re-

sistivity or viscosity of a fluid is localized (Forbes et al., 2013; Baty et al., 2014, 2009; Ugai

and Tsuda, 1977; Kulsrud, 2001), which prevents elongation of the current sheet. Our simu-

lations, however, clearly demonstrate that the required current localization can be provided

by plasmoids, which are naturally formed due to the secondary tearing instability, even if

resistivity and viscosity are uniform. Quite remarkably, it turns out that a higher Lundquist

number is actually favorable for fast reconnection. This is seen from Fig.4.1, where transition

to the regime of fast reconnection occurs earlier and more abruptly for the higher values of.

The dynamical Petschek reconnection is intrinsically intermittent. Such a regime be-

comes established due to simultaneous action of two competing processes: the electric current

strengthening at the front of plasmoids, and the current weakening by stretching of the inter-

plasmoid current sheets. This brings about a sort of the dynamical self-organization in the

system: the reconnection rate is capped at 0.01–0.02 while varying temporally with some

characteristic time-scale (see Fig.4.1). Note that the respective variation time depends on the

Lundquist number, being shorter for larger. Therefore, such a dependence can be used as a

probing tool for the underlying dynamics of plasmoids.
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5 Local Model

5.1 Model

To better understand the fundamental formation process of Petschek-type structure, we con-

structed a simple model employing time-dependent MHD simulation. The initial condition is

the following Harris-type current sheet of width L0 plus an initial perturbation Harris (1962):

B(x, y) = B0 tanh(y/L0) ( 5.1)

p(x, y) = p0
[
cosh−2(y/L0) + β

]
, ( 5.2)

where B0 = (B0, 0), and β denotes the upstream plasma beta, i.e., the ratio between the

upstream gas and magnetic pressures. In our modeling, we used β = 0.2. Since we construct

this model to study the fundamental process of how a single diffusion region forms in the large-

scale simulation Shibayama et al. (2015), we apply an initial condition and perturbation which

are symmetry in both x and y directions to avoid the motion of the plasmoid. The numerical

simulations are conducted only for the first quadrant. We apply two initial perturbations to

study the dependence on the initial condition. The initial perturbations of magnetic field are

given by the following vector potentials:

A1(x, y) = A0

exp

−(x− x0
λx

)2

−
(

y

λy

)2
+ exp

−(x+ x0
λx

)2

−
(

y

λy

)2
 êz, ( 5.3)

or

A2(x, y) = −A0 exp

−( x

λx

)2

−
(

y

λy

)2
 êz, ( 5.4)

where x0 = 10L0, λx = λy = 5L0, and A0 = 0.05. Both of the perturbations correspond

to single isolated plasmoid with double X-point at ±x0 or single O-point at the origin. The

initial condition slightly differs from equilibrium due to the perturbation. The final expansion

phase discussed in the latter sections is, however, almost independent of the details of the

initial condition. The computational domain is 0 ≤ x ≤ Lx, 0 ≤ y ≤ Ly, where Lx = 600L0,

and Ly = 50L0. 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 = 0, x = Lx and y = 0, while the boundary at y = 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. Murphy (2010) refers to the initial condition with A1 as a double perturbation.
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The electric resistivity in the model is set at η = 1/300 to reproduce the local conditions in our

previous large-scale simulation Shibayama et al. (2015) (See Discussion section for details).

In the simulation, physical quantities are normalized to the following values: B0/
√
4π, L0,

upstream plasma density = ρ0, and upstream Alfven velocity, VA0 = B0/
√
4πρ0. Accordingly,

other quantities are normalized as follows: t0 = L0/VA0, p0 = B2
0/(8π), J0 = B0/(

√
4πL0),

F0 = B2
0/(4πL0) We use non-uniform grid along the x and y directions that is almost uniform

at 0 ≤ x < 200, 0 ≤ y < 5 and gradually expand in +x and +y direction in order to

minimize numerical diffusion and reduce the computational cost. The simulation setups are

summarized in Tab.5. The largest grid number is 8192×2048 and the highest spatial resolution

is ∆x = 3.5× 10−2 and ∆y = 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 discussions do not significantly change

in the run with half grid number in both direction (run 2), whose difference of reconnection

rate from run 1 is only less than 2%.

Initial perturbation Grid number

Run 1 A1 8192×2048
Run 2 A1 4096×1024
Run 3 A2 4096×1024

Table 5: Initial perturbations and grid settings.

5.2 Results

Fig.5.1 shows the distribution of out-of-plane current density Jz, and outflow velocity Vx

at t = 500. A Petschek-type bifurcated current structure is observed at 15 < x < 125

(Fig.5.1(a)). This current density structure is quite similar to Petschek-type reconnection

with anomalous resistivity Zenitani and Miyoshi (2011), 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

Figure 3 of Shibayama et al. (2015). Additionally, it is seen from Fig.5.1(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 Petschek-type 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.

Fig.5.2 shows the detailed flow structure around the diffusion region. It is seen form

Fig.5.2(a) that the flow structure around the X-point is asymmetric, with the Petschek-type
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Figure 5.1: Spatial distribution of out-of-plane current density Jz and outflow velocity Vx

at t = 500 for run 1. The color range is shown with the panel titles. Solid and dashed lines
indicate magnetic field lines and separatrix, respectively.

structure appearing only just to the right of the X-point, while the leftward outflow is very

short and connected to the plasmoid. Fig.5.2(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 inclined to the left. Fig.5.2(c) shows a profile of the outflow velocity

and reconnected magnetic field strength along y = 0. At t = 500, the X- and S- points are

located at x = 16.3 and 20.5, respectively. The clear separation in x direction results in a

strong plasma flow at nearly the Alfven velocity in negative x direction at the X-point. The

localization of the diffusion region is seen from Fig.5.2(d), which shows terms in the right

hand side of Eq.3.6 along y = 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 are shown in Fig.5.3. 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.5.3(a)), which is also pointed out in Murphy (2010). The final

expansion phase (t > 500) is, however, nearly independent of the initial behavior. Fig.5.4

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 axis is different between Fig.5.3 and 5.4. Fig.5.3(b) denotes

the plasma velocity at the X-point V XP
x and the reconnection rate as functions of time. The

reconnection rate is defined as ηJz at the X-point, which corresponds to the reconnection

rate normalized by the initial upstream quantities. V XP
x increases to ∼ 0.4 at t = 300 and
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Figure 5.2: (a) Outflow structure, and (b) line integral convolution plot of the flow at t = 500
for run 1. (c) Outflow and reconnected magnetic field profile, and (d) terms in Ohm’s law
along y = 0 at t = 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.

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 Shibayama et al. (2015). The difference may be explained by the

asymmetry in the x-direction (see Discussion section for detail). Fig.5.3(c) shows geometry

of the current sheet. The Current sheet is defined as the region where ηJ term is dominant

in Eq.3.6 (η|J| > |V × B|). The length LCS and the thickness δCS of the current sheet

are measured from the X-point to x and y direction respectively. Since the current sheet is

asymmetry in the x direction, LCS and δCS are the full length and thickness of the current

sheet. We do not define LCS and δCS in the initial phase (t < 80) because the current sheet is
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Figure 5.3: (a) location of the X- and S- points, (b) x-component of velocity at the X-point
and the reconnection rate, (c) length LCS, thickness δCS and aspect ratio of the diffusion
region as functions of time for run 1.

not formed yet. The aspect ratio of the current sheet LCS/δCS increases and peaks at t ∼ 300,

then decreases when V XP
x ≃ −0.4.

If symmetry is assumed around the neutral line (y = 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:

ρdtVx = FPR
x + FL

x , ( 5.5)

∂tBy = −∂x(VxBy) + η∂xJz, ( 5.6)

where ∂x and dt represent the differential operators ∂/∂x and d/dt respectively, and FPR
x and

FL
x are the pressure gradient force FPR

x = −∂xP and Lorentz force FL
x = −JzBy, respectively.

Fig.5.5 plots each term in Eqs.(5.5) and (5.6) against x. In Fig.5.5(a) it is seen that the
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Figure 5.4: The same as Fig.5.3 but for run 3.

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.5.5(b) that the terms on the right-hand side of Eq.(5.6) 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 self-similar solution of

the MHD equations: Nitta (2007) noted that an existence of such a solution with a plasmoid

at the origin.

5.3 Discussion on Local Model

In the preceding section, we presented simulation results indicating Petschek-type reconnec-

tion in a system with uniform resistivity, in which the the separation of the X-point from the
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Figure 5.5: Each term of: (a) the x-components of the equation of motion, and (b) the
y-components of the induction equation along the neutral plane y = 0 at t = 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.

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 dynamical Petschek

reconnection regime Shibayama et al. (2015).

According to Murphy (2010), the velocity of apparent motion of the X-point VXP is

determined by the following equation,

VXP ≃
(
Vx −

η

∂xBy
∂2
yBy

)
X−point

. ( 5.7)

The first term in the right-hand side of this equation corresponds to the ideal MHD contri-

bution, while the other term is the resistive factor. In our simulation, plasma flow occurs at

X-point as a result of the separation of the X- and S- points. This flow, which corresponds
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to the first ideal term in Eq.(5.7), 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 therefor 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 Lapenta (2008). It is seen from Fig.5.2(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 magnetic field structure

in the inflow region.

In our model, we use a spatially and temporally constant electric resistivity η = 1/300,

current sheet with thickness L0 = 1. This setting corresponds to the the sheet occurring in

our previous simulation Shibayama et al. (2015) following re-normalization. In the S0 = 104

run (η = 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 = lv/η. Using the initial current sheet thickness

and upstream Alfven speed as typical values, in our model Rm = 300. This specific value of

the magnetic Reynolds number is related to Eq.5.7, in which the first ideal term has a value

on the order of one owing to the outflow. By contrast, it is seen from Fig.5.2(a) that the speed

of the X-point propagation is on 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 η and spatial gradient of magnetic field. When η is small, and Lundquist

number is large, 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 non-dimensional parameter, the global sys-

tem 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 under dynamical Petschek reconnection, in which the rate is

driven by the Petschek-type structure rather than Sweet-Parker model.

We next compare our results with those of a previous model of Petschek-type reconnection

under uniform resistivity by Kulsrud (2001), 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.
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Figure 5.6: Profile of the reconnecting magnetic field Bx in the inflow region at different y
at t = 500 for run 1, as well as a parabolic curve, which is the assumption in Kulsrud (2001).

There are a few differences between our results and the theory in Kulsrud (2001) The most

important difference is in the profile of magnetic field strength in the inflow region. Kulsrud

(2001) assumes an upstream profile Bx = B0(1− x2/L2), where L denotes the global system

size. This means that Bx gradually decays with system size. The profile of Bx in the inflow

region is shown in Fig.5.6. The dashed line is a parabolic curve of Bx = 1− (x− 20)2/1302,

which leads to Sweet-Parker reconnection according to Kulsrud (2001). In our numerical

simulation the upstream profile of Bx decays more steeply especially around the center of the

diffusion region 20 < x < 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 et al. (2014) also discusses the stability of Petschek reconnection

under spatially localized resistivity, and reports 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 the resistivity, which is a flat limit of resistivity

profile. Accordingly, our results are qualitatively consistent with the result in Baty et al.

(2014).

Priest and Forbes (1986) proposed a generalized model of fast steady state magnetic
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for run 1.

reconnection including Petschek model and Sonnerup model Sonnerup (1970) as special cases.

Fig.5.7 shows gas pressure, magnetic pressure and Vx along x = 100. It is seen that the profiles

of gas and magnetic pressure show the same behavior as the Petschek model, which shows

almost constant pressure in the inflow region (see Fig.9 of Yan et al. (1992)).

5.4 Conclusion of Local Model

Our model results demonstrate Petschek-type reconnection even under a spatially uniform

resistivity. Using boundary conditions to fix the plasmoid, we successfully model the fun-

damental formation process of the Petschek-type structure which appears in our previous

large-scale simulation Shibayama et al. (2015). In our plasma results, the X-point is adja-

cent to a plasmoid, which blocks any extension of the diffusion region because the X- and flow

stagnation points are separated by the evolution 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 reconnec-

tion region forms even under uniform resistivity. Prior to the formation of the Petschek-type

structure, the local magnetic Reynolds number, Rm, of the current sheet is approximately

300.
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6 Simulated Observation

6.1 Ionization Equation

Neutral Fe has 26 electrons. In a high temperature environment such as in the solar corona, Fe

is in a ionization state where many of the electrons are ionized. Transitions between neighbor-

ing ionization states are described by ionization equation, which include ionization coefficient

S[cm3/s] and recombination coefficient α[cm3/s]. These coefficients are approximated as a

function of temperature in the coronal parameter range. Ionization coefficient consists of two

components: Direct ionization rate coefficient CDI and excitation auto ionization rate coeffi-

cient CEA, while recombination coefficient also has two components: radiative recombination

rate coefficient αr and dielectronic recombination rate coefficient αd. The approximate value

of them are shown in Arnaud and Rothenflug (1985); Arnaud and Raymond (1992); Mazzotta

et al. (1998) as follows.

αr = A

(
T

104K

)α−β log10
(

T
104K

)
( 6.1)

αd =
1

T 3/2

4∑
j=1

cj exp

(
−Ei

T

)
( 6.2)

CDI =
6.69× 107

(kT )3/2

∑
j

exp(−xj)

xj
F (xj) ( 6.3)

CEA = 6.69× 107 exp(−x)
F (x)√
kT

, ( 6.4)

where xi = Ii/(kT ), and Ii is the ionization potential. Constants and functions included in

these equations are shown in the references. In the coronal parameter, these coefficients are

approximated as a function of electron temperature only. Using these parameters, ionization

equation is
∂nFe

i

∂t
= ne[n

Fe
i+1α

Fe
i+1 + nFe

i−1S
Fe
i−1 − nFe

i (αFe
i + SFe

i )], ( 6.5)

where α = αr + αd, S = CDI + CEA, n
Fe
i is the number density of Fe+i ion, and ne is the

number density of electron.

6.2 Ionization Equilibrium

In this section, we will consider the property of ionization equilibrium. In the equilibrium, we

get from Eq.6.5,

0 = nFe
i+1α

Fe
i+1 + nFe

i−1S
Fe
i−1 − nFe

i (αFe
i + SFe

i ). ( 6.6)
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Using the following matrix and vector, this equation is expressed Ax = 0.

A =



d0 α1 0

S0 d1 α2

S1 d2
. . .

. . .
. . . α26

0 S25 d26


, x =


nFe
0

nFe
1
...

nFe
26

 , where di = −(αi + Si). ( 6.7)

This equation can be solved for x using ionization and recombination coefficients shown above.

The number density of all Fe ions are derived. However, if x is a solution, Cx is also a

solution, where C is an arbitrary constant. Here, let us normalize x so that
∑

nFe
i = 1. After

normalization, nFe
i is called population fraction, which is a set of non-dimensional numbers.

Hereafter, we use the symbol nFe
i for the population fraction. Adding one line to A, we can

express this equation with matrix representation and solve A′x = b for x.

A′ =



d0 α1 0

S0 d1 α2

S1 d2
. . .

. . .
. . . α26

0 S25 d26

1 1 · · · 1 1


, x =


nFe
0

nFe
1
...

nFe
26

 , b =


0
...

0

1

 , where di = −(αi + Si).

( 6.8)

Note that A′ is a 27×28 matrix, which means A′x = b have one redundant equation. We

can exclude one equation from A′x = b or solve the following normal equation. Technically

speaking, all coefficients are numerically derived under a certain approximation, which means

there can be no exact solution of A′x = b. Normal equation is equivalent to least squares

method and we can obtain approximate solution x′ of x.

Normal equation : A′TA′x = A′Tb, ( 6.9)

x′ = (A′TA′)−1A′Tb. ( 6.10)

In this study with coronal parameter, we can solve the equation by both method with suffi-

cient precision. Fig.6.1 shows population fraction of each ionization degree as a function of

temperature.

Hence the ionization equilibrium is just a function of temperature, the plasma temperature

is derived from a ratio of population fraction of any two Fe ion. Fig.6.2 shows the ratios of

population fractions of various pairs of ions. It is seen that temperature is uniquely determined

from the ratio.
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Figure 6.1: Ionization equilibrium of Fe ions for each temperature

Figure 6.2: population fraction ratio of various ion pairs

6.3 Time Dependent Ionization

In this section we discuss the temporal evolution of ionization fraction, which is governed by

Eq.6.5. Using matrix representation, we can rewrite the equation as follows:

∂

∂t
x(t) = neAx(t). ( 6.11)

Solving this equation implicitly or explicitly, we can get time evolution of population fraction

of each Fe ions. Fig.6.3 shows transition of population fraction when a plasma blob with

1.5 MK is suddenly heated up to 31.3MK at t = 0. The electron density is assumed to be

2.45 × 109 #/cc. It is seen that it takes of the order of 100 seconds to reach the ionization

46



equilibrium. Fig.6.3 shows the ratio of the population fraction of various pairs of ions as a

function of time. This figure demonstrates that measuring a pair of ions, We can obtain the

information of the time after the plasma blob is heated. Note that the derived time is sensitive

to electron density.

Figure 6.3: Temporal evolution of population fraction.

Figure 6.4: Temporal evolution of population fraction ratio.

Imada et al. (2011) shows how Petschek-type outflow region is observed under time de-

pendent ionization. Discrepancy between non-equilibrium and equilibrium ionization is large

especially in FeXX to FeXXII (see Fig.6.5). However, their model uses zero dimensional sim-

ulation of plasma parcel moving across and heated in a slow shock layer. Although there are

limited number of studies solving ionization of ion as in the post process of MHD simulation

(Shen et al., 2013), 2D simulation of time-dependent ionization together with MHD is not
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Figure 6.5: Figure 3 of Imada et al. (2011)

conducted. The time evolution of the distribution of each Fe ion in spontaneous formation of

plasmoid or Petschek-type diffusion region is not elucidated yet.

6.4 Solar-C EUVST

High temperature plasma with 1–10 million Kelvin in the solar corona is observed mainly

in the UV wavelength. EUV imaging spectrometer (EIS) onboard Hinode satellite conducts

spectroscopic observation of emission lines of ions such as Fe, and diagnose plasma property,

velocity and so on. There is a plan of next generation satellite Solar-C EUVST (here after

EUVST), whose comparison with Hinode/EIS is shown in Tab.6. EUVST has significant

improvements in temporal and spatial resolution as well as the wavelength and temperature

coverage. Owing to the wide wavelength coverage, EUVST has ability to measure the electron

temperature using different lines, in a manner independent on the ionization process. As is

shown in the previous section, typical time scale of ionization process is a few hundred seconds,

which is well resolved by EUVST. By comparing electron temperature and ionization state,
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Hinode/EIS EUVST

Temporal resolution
for a slit position

10-60 s for AR,
20-120 s for QS

0.2-5 s for AR,
0.2-20 s for QS

Spatial resolution 2-3” 0.4”

Field of view ±290”× 512” ±150”× 280”

Wavelength bands [Å]
170-210
250-290

170-215
463-542
557-637
690-850
925-1085
1115-1275

Primary temperature
coverage (log10T)

4.9, 5.6-7.2 4.2-7.2

Table 6: Comparison between Hinode/EIS and EUVST

EUVST will allow us to discuss detailed evolution of reconnection region such as the history

of heating.

6.5 Governing Equations and Numerical Method

We develop numerical simulation code which solves ionization equation along with resistive

MHD equation aiming to simulate the current sheet observed by EUVST. In addition to MHD

equations shown in Sec.2, we solve the following ionization advection equation as a passive

quantities of MHD.

∂nFe
i

∂t
+∇ · (nFe

i v) = ne[n
Fe
i+1α

Fe
i+1 + nFe

i−1S
Fe
i−1 − nFe

i (αFe
i + SFe

i )] ( 6.12)

The second term in the left-hand side represents the advection effect. Precisely, there are

other effects such as ionization energy loss and gain, and radiative cooling, which is neglected

because MHD dynamics is assumed to be dominant in the solar corona in this study.

We use HLL method to evaluate the second term of left-hand of Eq.6.12, while right-hand

side is solved implicitly because the ionization time scale can become smaller than that of

MHD. Fig.6.6 shows typical time scale of ionization process as a function of temperature, which

is estimated from the eigen value of A. The electron density is assumed to be ne = 109#/cc.

The typical value is about 6× 10−4 to 10−3 s, which can be a few order of magnitude smaller

than MHD time scale. It is seen that the ionization time scale is not sensitive to temperature.

In the range from 5.25 < log10 T < 7 the time scale changes only a factor of 2. By contrast,

the time scale is inversely proportional to electron density ne, which may change by order of

magnitude.
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Figure 6.6: Typical time scale of ionization process for ne = 109#/cc

6.6 Initial Condition and Normalization

For the initial condition of the simulation, we use Harris-type equilibrium current sheet Harris

(1962). For the calculation of ionization coefficients, temperature should be in the unit of

Kelvin. The following parameters are used for the normalization of each physical quantities

based on the coronal parameters. Note that the plasma beta is a few times larger than the

Quantity Value Unit

B0 10 G
N0 5.7× 109 #/cc
VA0 287 km/s
L0 0.1 Mm
τ0 0.34 s
β0 0.2
T0 2.5 MK

Table 7: Normalization of quantities

actual coronal value for the numerical stability. Hence, density in the simulation is larger than

that in the corona, and ionization process is faster according to Eq.6.12. We can interpret this

by giving a large value for the normalization of length scale L0. Adjusting the ratio between

Alfven time and ionization time, we can reconstruct the spatial distribution of each Fe ions

close to the real parameter.
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Figure 6.7: Pseudo-color plot of the simulation result. (e)-(p) show Fe ion density (popula-
tion fraction times plasma density) of each ionization state in non-equilibrium (y > 0) and
equilibrium (y < 0). Right panels are enlarged plots of Petschek-type region.
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6.7 Results and Discussion

Fig.6.7 shows distributions of Vx, temperature, density of Fe+8, Fe+15, Fe+16, Fe+17, Fe+18,

and Fe+20 in equilibrium and non-equilibrium ionization. Density of ion is defined as pop-

ulation fraction times number density of plasma (ρi = ρni). Lower half (y < 0) represents

equilibrium and upper half shows non-equilibrium. It is seen from Fig.6.7(e)–(p) that small

plasmoids show discrepancy between equilibrium and non-equilibrium, while large ones at both

sides and the center show similar distribution of Fe ions in equilibrium and non-equilibrium

ionizaion. It is seen from right panels that the plasmoid has shell-like distribution of Fe

ions. This is partly because the core of the plasmoid is higher temperature, and also because

outer plasma is newly reconnected one, which just started to ionize. Furthermore, small

Petschek-type structure at 340 < x < 350 is observed in ionization equilibrium but not in

non-equilibrium clearly. We confirm the effect of non-equilibrium ionization pointed out by

Imada et al. (2011) also in the case of dynamical Petschek diffusion region.

For a quantitative understanding of ionization state of each plasmoids, we evaluate total

ionization fraction of each plasmoid. Fig.6.8 shows the ratio between the total amount of

Fe+20 and Fe+17 ions inside each plasmoid. The ratio is calculated by an integral of density

of each ion inside each separatrix.

rFe+20/Fe+17 =

∫
ρ20ds∫
ρ17ds

( 6.13)

It is clearly seen that the difference between equilibrium and non-equilibrium ionization is

significant for small plasmoids, by contrast, large plasmoids in the both sides of the plot do

not show large discrepancy. Small plasmoids contains plasmas which are just heated and do

not reach equilibrium yet.

Figure 6.8: Ratio of total Fe ion number in each plasmoid in equilibrium and non-equilibrium
ionization.

A quantitative comparison of Fig.6.8 is shown in the left panel of Fig.6.9, which illustrates

difference of rFe+20/Fe+17 of non-equilibrium and equilibrium as a function of plasmoid area.

We can see that the difference is large for small plasmoid whose area is roughly less than 0.1
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Mm2. In other words, plasmoids larger than 0.1 Mm2 can be treated as ionization equilibrium,

whose temperature is derived from the line ratio of Fe ions. The threshold of plasmoid area

is determined by the size of plasmoid that reach until the time plasma becomes ionization

equilibrium. Right panel shows the same quantity but in a logarithmic scale. It is seen that

major part can be fit with a line with negative slope, which means plasmoids exponentially

reach ionization equilibrium. Note that the value of threshold can change when we change

the normalization of length.

−5 0 5 10 15 20 25 30 35 40
Plasmoid area [0.01 Mm2]

0.0

0.1

0.2

0.3

0.4

D
e
vi
a
ti
o
n
 f
ro
m
 e
q
u
il
ib
ri
u
m

10-2 10-1 100 101 102

Plasmoid area [0.01 Mm2]

10-3

10-2

10-1

100

D
e
vi
a
ti
o
n
 f
ro
m
 e
q
u
il
ib
ri
u
m

Figure 6.9: Comparison of ion number ratio of plasmoids as a function of its area.

Here we estimate the threshold value of the plasmoid width wcrit in solar flares. τion, B0, M

and VA are typical time of ionization, upstream magnetic field strength, average reconnection

rate and upstream Alfven velocity respectively. The magnetic flux Φ of a plasmoid whose first

plasma at the core reaches equilibrium is

Φ ∼ B0MVAτion. ( 6.14)

Assuming upstream plasma beta is very small and that of plasmoid is βp, magnetic field

strength of plasmoid is B0/
√
βp. We get the plasmoid width w of a plasmoid with magnetic

flux Φ,

w ∼
√
βpMVAτion ( 6.15)

Let’s define wcrit = 2w because half of such plasmoid is filled with ionization equilibrium

plasma. using βp = 10, M = 0.01, VA = 1000 km/s and τion = 100 sec,

wcrit ∼ 6000 km. ( 6.16)

Fig.6.10 shows plasmoid chain structure observed by SDO/AIA (Takasao et al., 2012). The
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Figure 6.10: Observed plasmoid-like structure during a solar flare (Takasao et al., 2012).

size of the plasmoids, roughly 10” in the field of view, is about 7000 km, which is just around

the threshold we discuss above. The half of the plasma in the plasmoids is, therefor, in the

equilibrium and the rest is non-equilibrium. It is seen from the figure that the plasmoids are

observed in many wavelength bands, which are sensitive to various temperature range. This

can be because the Fe ions are not in the ionization equilibrium and emission lines do not

reflect the correct plasma temperature.

Fig.6.11 shows two-dimensional ((b), (c)) and one-dimensional ((d), (e)) distribution of

population fraction ratio in non-equilibrium (top half in 2D plots) and equilibrium (bottom

half in 2D plots). For the one-dimensional distribution, ion density is integrated in y direction

and the ratio is plotted as a function of x. We can see from Fig.6.11(b) and (d) that the

plasmoid at x ∼ 330 is almost in the equilibrium, while other smaller plasmoids at x ∼ 340,

305 < x < 320 are not observed in non-equilibrium. By contrast in Fig.6.11(c) and (e),

plasmoids at x ∼ 330, 340 are almost perfectly matches with equilibrium and ones at 305 <

x < 320 still have some difference from equilibrium. From these results, we can understand

the plasmoid at x ∼ 330 is the largest and oldest, the one at x ∼ 340 is the second. Obtaining

these quantities from the observation of EUVST, we may derive the information of size and

age of plasmoids, which leads us to understand the mode of tearing instability of coronal

plasma and local reconnection parameters.
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Figure 6.11
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7 3D Models

7.1 Introduction to 3D Magnetic Reconnection

Figure 7.1: Flux rope in the solar eruption

The discussions so far are based on two-dimensional models, the real space is, by contrast,

three-dimensional. The three-dimensional counterpart of 2D plasmoid is called flux rope,

which appears in the CSHKP flare model as a top helical magnetic field (see Fig.2.2). Flux

ropes are observed in the solar corona as a dark filaments, which are manifestation of cold

plasma stacked at the core of flux ropes. Dark filaments sometimes erupt into interplanetary

space. This phenomenon is called filament eruption. Fig.7.1 shows a filament eruption event

observed by SDO satellite. It is seen that the filament has a helical structure.

w

m = 0 m = 1 m = 2equilibrium

z

Figure 7.2: Instabilities of flux tube Braithwaite (2006)

There are instabilities that appear in 3D space but not in 2D space. Kink and oblique
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Figure 7.3: Oblique tearing instability Baalrud et al. (2012)

tearing instabilities are related to 3D magnetic reconnection and plasmoid. Leftmost figure

of Fig.7.2 illustrates equilibrium flux rope, which is unstable to various modes shown on the

right. The second one from the right is called kink instability. Observations suggest that

flux ropes in the solar corona sometimes erupt as a result of kink instability. A flux rope is

unstable to kink instability when its guide field, magnetic field along the axis of flux rope,

is not sufficiently strong compare to the poloidal field, magnetic field around the axis. It is

possible that kink-unstable flux rope form in current sheet. Fig.7.3 illustrates oblique tearing

instability. Magnetic islands of two-dimensional tearing instability have the axis on the neutral

plane and the structure is aligned with z-axis as shown by the top panel. By contrast, oblique

tearing plasmoids are shifted in y direction (x direction in Fig.7.3) and the structure is inclined

in x − z plane (y − z plane in Fig.7.3). This tearing mode can grow in multiple layers in a

current sheet. The resultant plasmoid is aligned to the local magnetic field direction of the

layer (k ⊥ B0), which leads to a strong guide field of the plasmoid (Baalrud et al., 2012).

Recent super computers allow us to perform three-dimensional fluid simulation of magnetic

reconnection. Oishi et al. (2015) conducts numerical simulation of 3D Harris-type current

sheet and shows that within the range of 3.2× 103 < S < 3.2× 105, fast reconnection realize

because of 3D instabilities, which has different structure from 2D current sheets. In the

study they use non-guide field Harris-type equilibrium as the initial condition, which does not

have oblique tearing instability. As a result of the turbulent evolution, the reconnection rate

increases in a different reason from two-dimensional plasmoid chain reconnection. However,

non-guide field initial condition is very symmetric which is difficult to realize in reality. Huang

and Bhattacharjee (2016) conduct similar numerical simulation with guide field, whose value

is 0.1 times of the reconnection field. Fig.7.4 shows a snapshot of 3D magnetic field and
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Figure 7.4: Huang and Bhattacharjee (2016)

current density structure.

7.2 Simulation Settings

We conduct three-dimensional numerical simulation of Harris-type equilibrium current sheet

with guide field. The initial condition of 3D system is the following,

B(x, y, z) = (B0 tanh(y/L0), 0, Bz) ( 7.1)

p(x, y, z) = p0
[
cosh−2(y/L0) + β

]
, ( 7.2)

which is a simple extension to 2D initial condition to 3D space. Fig.7.5 illustrates the system,

which has the dimension of (Lx, Ly, Lz) = (600L0, 100L0, 100L0). The number of grid

point is (Nx, Ny, Nz) = (8192, 1024, 1024). The boundary condition of x, z direction is

periodic boundary, while we use conducting wall for y direction. We perform several runs

with different guide field: Bz = 0, 0.1B0 and B0. The resistivity η is set 10−3.5, which

corresponds to S ∼ 3 × 105 to 1.2 × 106 using the current sheet extent as the length scale.

Three-dimensional simulation of current sheet with S > 106 is not performed yet by other

groups.

Ly = 100 L0	

Lx = 600 L0	

Lz = 100 L0	

Figure 7.5: Schematic figure of 3D system
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7.3 Results and Discussions

The time evolution of the each energy in the whole system is plotted in Fig.7.6 as a function

of time (Bz = 0.1B0 run). We use the same grid size and initial setting for the 2D and 3D

cases except for the initial noise. It is seen that magnetic energy decrease and converted to

thermal and kinetic energy. In 2D, dynamical Petschek reconnection starts from t ∼ 600 and

contributes to the fast energy conversion. By contrast in 3D, the energy conversion rate is

almost constant as a result of turbulent evolution. The energy conversion rate is small in 3D

compared to 2D.

Figure 7.6: Total energy of the system as a function of time in the Bz = 0.1B0 case.

Fig.7.7 is the top view of three-dimensional reconnection region in the initial stage of

evolution (t = 350). The horizontal axis is x direction and the vertical axis is z direction. A

flux rope forms at around the center, which has a small-scale kink-instability like structure

in z direction. At this moment, the structure is still coherent in z direction in to a certain

extent. Fig.7.6 also shows the difference of energy conversion rate in 2D and 3D is similar.

Fig.7.8 shows a slice of Bx, Jz and Vx on the initial neutral plane (y = 0) at t = 900 when

the reconnection is sufficiently evolved. It is seen from Fig.7.8(a) that oblique plasmoids, which

are seen as a red and blue region, crosses each other at neutral plane. These plasmoids form

in different layers in +y and −y sides. Current density in Fig.7.8(b) shows patchy distribution

of strong current. The current is weak in the plasmoid and strong between plasmoids.

Fig.7.9 shows x-y slice of the same quantities at z = 50. It is seen from Fig.7.9(a) that

plasmoids form both in y > 0 and y < 0 sides, which are larger than typical plasmoid in

2D system. These oblique plasmoids have strong guide field, which makes magnetic pressure
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Figure 7.7: Initial stage of the evolution at t = 350. Thin lines show magnetic field line and
volume rendering shows outflow velocity.

Figure 7.8: x-z slice at the initial neutral plane (y = 0.)

inside plasmoids stronger and difficult to compress. The guide field is generated as a result of

oblique tearing mode and stabilizes kink instability. Therefor, structure of three-dimensional

current sheet is generated mainly by oblique tearing instability, not by kink instability. Small-

scale Petschek type structure is not clearly observed in the x-y plot.

In the context of turbulence, mean field approach is often used. In this system, we define

mean field ⟨Bx⟩ and turbulent field B̃x of Bx as follows (see also Huang and Bhattacharjee

(2016)),

⟨Bx⟩(x, y) =
1

Lz

∫ Lz

0
Bxdz, ( 7.3)

B̃x(x, y, z) = Bx(x, y, z)− ⟨Bx⟩(x, y). ( 7.4)
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Figure 7.9: x-y slice at the middle of the system (z = 50.)

Fig.7.10 shows mean field of Bx, Jz and Vx. Although the three dimensional structure in

Figure 7.10: Mean field of the current sheet at t = 900

Fig.7.7, 7.8, 7.9 show the evolution of plasmoids, such structure is averaged and not seen in

mean field. Mean field structure resembles to a single Sweet-Parker type diffusion region,

which is also discussed in Huang and Bhattacharjee (2016). It is often discussed that observa-

tions of coronal current sheets suggest that the structures are laminar rather than plasmoid

chain like, even though the Lundquist number is very large such as 1012. This can be because

of the similar effect. In the solar corona, since plasma is tenuous and optically thin, plasma

information is integrated in the line of sight direction, which is similar to the mean field quan-
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tity. Our results show oblique plasmoids are not observed by the mean field quantities. This

can be the reason it is difficult to observe plasmoid-like structure in coronal current sheets.

As the second mean field approach, we took the integration path of Eq.7.3 along the oblique

plasmoid. Fig.7.11 shows the magnetic field of the mean field. Plasmoid structure is captured

by mean field quantities in this case, but only the oblique plasmoids in the upper layer are

observed. When the line-of-sight direction of coronal observation matches plasmoid direction,

it is possible that we can observe plasmoid structure like this.

Taking the mean field of Eq.3.3, we get

⟨E⟩(x, y) = −⟨V⟩ × ⟨B⟩ − ⟨Ṽ × B̃⟩+ η⟨J⟩. ( 7.5)

Fig.7.12 shows each term of this equation. In the inflow region, −⟨V⟩ × ⟨B⟩ term has major

part of the electric field, while −⟨Ṽ× B̃⟩ term is large near the center of the diffusion region.

η⟨J⟩ is not large but have coherent structure along the neutral plane.

Fig.7.13 shows profile of Eq.7.5 along y direction. The values are averaged in 200 < x <

400. This profile is different from the similar plot in Huang and Bhattacharjee (2016), which

shows flat profile of ⟨Ez⟩. Our result shows ⟨Ez⟩ is larger at neutral plane because of the

strong electric current.

As we discussed with Fig.7.9, we did not find small scale Petschek like structure in the

three-dimensional numerical simulation. The possible explanations are the following. One of

them is a turbulent evolution of the current sheet, which can destroy shock structure. The

Figure 7.11: Mean field magnetic field obtained by integration along oblique plasmoid.
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Figure 7.12: Mean and turbulent terms in the Ohm’s law

other reason is asymmetry in y direction. The oblique plasmoids are forming apart from

neutral plane. We took the mean field integration along oblique plasmoids (Fig.7.11), which

shows the mean horizontal magnetic field strength is different in upper half and lower half of

current sheet. The structure is similar to asymmetric reconnection at day-side magnetosphere.

In this case the asymmetry is in the transverse (y) direction of the current sheet. It is reported

that X- and O- points are separated in y direction for asymmetric reconnection. This new

degree of freedom can affect the discussion of 2D dynamical Petschek reconnection. As a next

step of the study, it is interesting to conduct a high-Lundquist number numerical simulation

of an asymmetric current sheet for the application of 3D reconnecting current sheet. The

mean field should be taken along the fastest growing oblique tearing mode. If the separation

of X- and O- points sufficiently evolve, X- point is pushed to the plasmoid and diffusion region

is localized in the same way as the 2D case and Petschek-like diffusion region appear. The
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Figure 7.13: Profile of each terms of the Ohm’s law along y

shock angle will be different in +y and −y sides because of the asymmetry of upstream.
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8 Discussion

8.1 Scenario of Dynamical Petschek Reconnection

We reported the result of non-linear resistive MHD simulation of large current sheet system

with uniform resistivity in Sec.4. We discovered Petschek-type diffusion region form accom-

panied by a formation of small plasmoid. The reconnection rate is almost independent on

Lundquist number as a result. Petschek-type reconnection is previously thought not to realize

under uniform resistivity. In Sec.5, we reproduce a single Petschek type diffusion region dis-

cussed in Sec.4 with a simple initial condition. In the process, separation of X-point and flow

stagnation point increases along with the formation of a plasmoid. We pointed out that this

process is important for the localization of diffusion region. In this section, we will discuss

how to connect these two models.

The significant differences between the global and local models are the size of the system

and boundary conditions. Ideal MHD equation does not have typical length scale (scale free).

Even if actual system size of the application is different, if the shape is the analogous, evolution

of the system is the same after normalization. By contrast, resistive MHD equations have the

other time scale, resistive time. The ratio between resistive time and Alfven time is Lundquist

number S.

S =
VAL

η
. ( 8.1)

It is seen from this equation that changing typical length scale L is essentially the same with

changing η. η in the global and local models are 10−4 and 1/300 respectively. The thickness

of the initial current sheet is, however, L0 in the both cases. In other words, local model is

equivalent to a initial current sheet thickness of ∼ 0.03L0 with the same electric resistivity

with global model η = 10−4. Consequently, the local model is corresponding to a part of

global model. In the global model, the thickness of the current sheet before the formation of

Petschek-type structure actually ranges from 0.03 to 0.05.

Plasmoids in global model form around the center of the simulation box and these plas-

moids can move and marge. It is difficult to conduct a precise analysis under such a dynamic

evolution. In the local model we fixed a plasmoid with a boundary condition and discussed

physical condition of the diffusion region. As a result we successfully reproduced a stable

Petschek-type diffusion region. One of the difference between Petschek-type strictures in lo-

cal and global models was that Petschek-type diffusion region appeared in the both sides of

a plasmoid in local model, due to the symmetry about the origin. This is probably because

physical condition is not symmetric about a plasmoid in global model. In the dynamic evolu-

tion, one of the both sides of a plasmoid becomes preferable for the formation of Petschek-type

structure due to the motion of plasmoid itself or surrounding plasma motion and so on. It is

often observed that Petschek-type diffusion regions form leading side of the plasmoid motion.
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We speculate this is due to the relative motion of inflow plasma toward the diffusion region

as shown in Fig.8.1. This flow contributes to the first term in the right-hand side of Eq.5.7,

which is the important effect for the diffusion region localization. The speed of the plasmoid

motion may affect the reconnection rate. The localization effect is strengthen when the speed

of plasmoid motion is large, which result in the stronger localization of diffusion region and

larger reconnection rate.

Plasmoid motion	 Inflow (relative motion)	

Figure 8.1

Figure 8.2: (a) Initial Sweet-Parker outflow from a high-Lundquist number simula-
tionShibayama et al. (2015). (b) Plasmoids and Petschek-type current structure formed in
the outflow.

In the local model, 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 Shibayama
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et al. (2015). Fig.8.2 shows the outward flow velocity and current density before and after

the formation of plasmoids under the simulation at S0 = 104 in Shibayama et al. (2015). A

chain of three plasmoids is visible, with Petschek-type structures forming on both sides of

the plasmoid chain at around x = 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 formation of the

plasmoids (Fig.8.2(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 directed to either the left or the right. In this case, the downstream side of

the plasmoids are preferable for the formation of Petschek-type diffusion regions (Fig.8.2(b)).

In the frame of reference of the plasmoid, the ambient plasma is flowing against the plasmoid

in the downstream side. This opposing flow strengthens the ideal term of Eq.5.7 and facilitates

the localization of the diffusion region. 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 a candidate of the reason explaining the difference of

reconnection rate. By contrast in the upstream side, the ambient flow weakens the localization

of the diffusion region. From Fig.8.2(b) it is also seen that the curvature radius of the magnetic

field at around x = 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.

We fixed a plasmoid with boundary condition in local model, by contrast in global model,

it is seen from Fig.4.4 that plasmoid moves. As reconnection proceeds, outflow from Petschek-

type diffusion region pushes plasmoid away. As a result, plasmoids with Pestchek-type struc-

ture shows typical turn over motion. These three plasmoids and neighboring Petschek-type

diffusion region drive fast reconnection for some period but these three plasmoids eventually

collide and fast reconnection is terminated until the next plasmoids and Petschek-type diffu-

sion region appear. Quasi-periodic modulation of reconnection rate is generated by a sequence

of formation and coalescence of plasmoids.

8.2 Observation of Magnetic Reconnection in the Solar Corona

We proposed non-steady reconnection model which include small Petschek-type diffusion re-

gions raise reconnection rate in Sec.4 and 5. In this section, we discuss possible contributions

from solar physics to plasma physics. Observation of the solar corona is conducted using

electromagnetic wave emission from heavy ions such as iron. As we discussed in Sec.6 ,since

it takes on the order of 100 seconds to reach ionization equilibrium of iron, information from

emission lines do not necessarily reflect the parameters of plasma. Fig.6.7 shows that dynam-

ical Petschek structure is difficult to observe directly from ion distribution. By contrast, we

may derive more information from emission lines such as the history of plasma heating. If
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there is a gradient of elapsed time after heating in the space between plasmoids, this suggests

diffusion region, where heating occurs, is localized in a part the space. Although it is difficult

to resolve plasmoids and diffusion, this method using ionization process may infer the heating

history of unresolved structure. We can discuss the local information of reconnection process.

Fig.6.4 shows sensitive ion pair in different elapsed time after heating. Although we need to

assume upstream parameter and characteristics of heating, we can analyse the intermittency

of heating event using this property. Comparing this analysis with the results of Fig.4.1, we

can discuss the dynamical property of plasmoid motion.

The other important effect of observation is the line-of-sight integration due to the optically

thin character of coronal plasma. It is shown in Sec.7 that internal structure of current sheet is

averaged out and not observed depending on the direction of the observation. Although recent

discussion on onset of reconnection is mainly based on two-dimensional theory of magnetic

reconnection, our numerical simulation of three-dimensional system shows structure formation

of three-dimensional modes. Such modes should be taken into account for the discussion of

onset of magnetic reconnection. Related to the discussion in the previous paragraph, it should

be possible to analyse the statistical property of heating history even after the line-of-sight

integration. Statistics such as size distribution of plasmoid and change in heating rate are

important information for reconnection theory. Providing such observational constraints to

the theory, solar physics will have a significant contribution to plasma physics.
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9 Conclusion

Using large-scale MHD numerical simulation, we demonstrate that Petschek-type small dif-

fusion regions spontaneously appear in the dynamic evolution of plasmoid reconnection even

under uniform resistivity. Petschek-type reconnection is previously considered to be impossi-

ble to realize in a system with uniform resistivity due to the lack of localization mechanism

of diffusion region. This regime appear especially in high Lundquist number case. The recon-

nection rate is almost independent on Lundquist number.

We further construct a model of the elementary process of the Petschek-type diffusion re-

gion formation to reveal the mechanism of the localization of diffusion region. We successfully

find an initial condition to reproduce a single Petschek-type diffusion region associated with a

plasmoid. For the localization, the separation of the magnetic null point and flow stagnation

point plays an important role. The reconnection rate in the large-scale simulation is indepen-

dent on Lundquist number because the similar diffusion-scale process realize in systems with

different Lundquist number. According to these results, we propose the dynamical Petschek

reconnection regime, in which small Petschek-type diffusion regions appear in close contact

with the ends of plasmoids and drive fast reconnection. In plasmoid reconnection model, it is

believed that reconnection rate is 0.01 because it corresponds to the rate of critical diffusion

region. By contrast in our model, reconnection rate is determined by the localized diffusion

region of dynamical Petschek. Motion of plasmoid further increases the reconnection rate in

the leading side of the plasmoid.

For applying of our reconnection model to the observation of solar flares, we developed

numerical solver of ionization process of Fe ions. We performed MHD numerical simulation

of plasmoid reconnection along with ionization process for the first time, and pointed out

that there is a threshold of plasmoid area under which we can not use an assumption of

ionization equilibrium. Although dynamical Petschek structure appeared in the simulation, it

was difficult to observe the heated plasma in the outflow region directly from Fe distribution

because plasma does not stay long time there. We pointed out that there is a possibility

that we can analyse the history of heating using different pairs of ions, which have different

sensitivity to the elapsed time after the heating. This method can be also applied to unresolved

or line-of-sight integrated observation to derive the statistical property. Using next-generation

satellite Solar-C EUVST and our method, we may obtain the detailed information of magnetic

reconnection process such as a history of heating or size distribution of plasmoids, which are

important information for basic plasma physics.

We also performed largest three-dimensional MHD simulation of current sheet, whose

Lundquist number is more than 106, and reconfirmed that oblique tearing instability dom-

inate the system. In the observation of the solar corona, there is an effect of line-of-sight

integration, which is similar to the mean field approach of three-dimensional system. We
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demonstrated that observability of plasmoid depends on the line-of-sight direction. The qual-

itative characteristics of mean field Ohm’s law is different from previous 3D simulation with

lower Lundquist number. We do not find the evolution of Petschek-type diffusion region in

the 3D current sheet. However, the Lundquist number of the three-dimensional simulation is

smaller than that of two-dimensional models due to the limitation of computational power. If

the separation of reconnection point and flow stagnation point sufficiently evolve in a larger

system, it is possible that the motion of X-point is restricted and the diffusion region is

localized in the same way as two-dimensional case.
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