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Abstract. The formation of plasmoids in the near-Earth magnetotail is3

believed to be a key element of the substorm onset process. The physical mech-4

anism of plasmoid formation in the plasma sheet has remained a subject of5

considerable interests and investigations. Previous work has identified a new6

scenario in MHD simulations where the nonlinear evolution of a ballooning7

instability is able to induce the formation of plasmoids in a generalized Har-8

ris sheet with finite normal magnetic component [Zhu and Raeder , 2013]. In9

present work, we further examine this novel mechanism for plasmoid forma-10

tion and explore its implications in the context of substorm onset trigger prob-11

lem. For that purpose, we adopt the generalized Harris sheet as a model proxy12

to the near-Earth region of magnetotail during the substorm growth phase.13

In this region the magnetic component normal to the neutral sheet Bn is weak14

but nonzero. The magnetic field lines are closed and there are no X-lines. Sim-15

ulation results indicate that in the higher Lundquist number regime S &16

104, the linear axial tail mode, which is also known as “two-dimensional re-17

sistive tearing mode”, is stabilized by the finite Bn, hence cannot give rise18

to the formation of X-lines or plasmoids by itself. On the other hand, the19

linear ballooning mode is unstable in the same region and regime, and in its20

nonlinear stage, the tailward stretching of the plasma sheet in the closed field21

line region due to the growing ballooning finger structures tends to accel-22

erate the thinning of the near-Earth current sheet. This eventually leads to23

the formation of a series of plasmoid structures in the near-Earth and mid-24

dle magnetotail regions of plasma sheet. This new scenario of plasmoid for-25
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mation suggests a critical role of ballooning instability in the near-Earth plasma26

sheet in triggering the onset of a substorm expansion.27
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1. Introduction

Plasmoids are often found in natural and laboratory plasmas in association with various28

eruptive processes, such as those observed in solar corona, magnetosphere, and magnetic29

fusion experiments. In general, the concept of plasmoid may well be an approximate30

characterization for a range of bounded 2D regions of projections of the more compli-31

cated three-dimensional (3D) magnetic flux structures. Whereas the precise definition32

of plasmoid may have yet to be found, the term plasmoid often refers to a finite two-33

dimensional (2D) region of closed magnetic flux bounded by a separatrix, usually with a34

single X-point, particularly in the context of space plasmas [Otto et al., 1990; Biskamp,35

1993]. For future reference, we call them “type-1 plasmoids” in the rest of this paper.36

Under certain conditions, isolated secondary magnetic islands can spontaneously form in37

the downstream region of a Sweet-Parker current sheet, which are also generally referred38

to as plasmoids in literature (e.g. [Biskamp, 1993; Loureiro et al., 2007; Bhattacharjee39

et al., 2009]). We refer to these secondary islands as the“type-2 plasmoids” here. Unlike40

the type-1 plasmoid, a typical magnetic island is usually bounded by separatrix with two41

X-points. Besides the difference in geometry, the type-1 plasmoids are mostly generated42

from current sheets with finite normal magnetic component where no X-point (X-line) or43

reconnection process pre-exists. In contrast, the type-2 plasmoids, or secondary islands,44

originate from the neutral line region of the Sweet-Parker type current sheet in presence of45

the primary reconnection process. Such a distinction between the two types of plasmoids46

may be necessary to understand the physics associated with each type of plasmoids, which47
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can be related but different. In this paper, we limit our discussions to the original type-148

plasmoids commonly found in the solar and magnetospheric magnetic configurations.49

The formation of plasmoids in the near-Earth magnetotail has long been believed a50

key element in various scenarios of the substorm onset process. One such early substorm51

scenario was based on the idea originally suggested by Hones Jr. [1977] that the neutral52

line and the resulting plasmoid can spontaneously form in the near-Earth region of mag-53

netotail near the end of the substorm growth phase, presumably through the onset of a54

tearing mode instability. Since 1960s, the tearing instability and the plasmoid formation55

in the plasma sheet have remained a subject of considerable interests and investigations.56

The concept of tearing mode was originally conceived for the Harris type, one-57

dimensional (1D) current sheets, where anti-parallel magnetic field lines are separated58

by an pre-existing neutral line [Furth et al., 1963]. The intuitive picture of the process59

involves a change of topology through a “tearing” of magnetic field lines and their sub-60

sequent reconnection. The concept and analysis of the tearing mode in the Harris sheet61

(hereafter referred to as “1D tearing mode”) has since been applied to the near-Earth mag-62

netotail configuration, despite the fact that the current sheet there has no pre-existing63

X-line due to the presence of finite magnetic component normal to the current sheet neu-64

tral line (e.g. [Schindler , 1974; Galeev and Zelenyi , 1976; Birn et al., 1975; Birn, 1980;65

Janicke, 1980; Hesse and Birn, 1994; Harrold et al., 1995; Sundaram and Fairfield , 1997;66

Sitnov et al., 2002]). The current sheet in near-Earth magnetotail is commonly modeled67

as a two-dimensional (2D), generalized Harris sheet, where the finite magnetic component68

normal is weak but nonzero. In MHD models, such a 2D current sheet can become un-69

stable to the resistive instability that are historically referred to as “2D resistive tearing70
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mode” [Schindler , 1974; Galeev and Zelenyi , 1976; Birn et al., 1975; Birn, 1980; Janicke,71

1980; Hesse and Birn, 1994]. However, the finite normal magnetic component (denoted72

as Bn) has been found to have a strong stabilization effects on the 2D resistive tearing73

mode [Harrold et al., 1995; Sundaram and Fairfield , 1997]. For the nearly collisionless74

regime of magnetotail plasma, the 2D resistive tearing mode is essentially stable in the75

framework of MHD model.76

Collisionless kinetic models have also been employed to address the question whether77

the 2D current sheet in near-Earth magnetotail can spontaneously form X-line through78

the tearing-like perturbations. It was first revealed by Lembége and Pellat [1982] that the79

2D ion tearing mode is stable in current sheets with finite Bz due to the magnetization80

of electrons. Similar results were obtained later in theory analyses [Pellat et al., 1991;81

Brittnacher et al., 1994; Quest et al., 1996] and particle-in-cell (PIC) simulations [Pritch-82

ett , 1994; Pritchett and Büchner , 1995]. Lately, 2D PIC simulations have found slowly83

growing modes on closed field lines for a certain type of multi-scale generalized Harris84

sheets [Sitnov and Swisdak , 2011]. It remains an unresolved question how plasmoids85

would spontaneously form from small fluctuations at a significantly faster sub-Alfvénic86

time scale on closed field lines in the collisionless near-Earth magnetotail.87

Previous analyses and simulations on the resistive instability of the magnetotail con-88

figuration were mostly conducted in the low Lundquist number regimes where the linear89

2D resistive tearing mode is unstable [Birn and Hones, Jr., 1981; Lee et al., 1985; Hautz90

and Scholer , 1987; Ugai , 1989; Otto et al., 1990; Kageyama et al., 1990; Biskamp, 1993].91

Recently our numerical simulation suggests that the ballooning instability of the near-92

Earth magnetotail can induce the formation of plasmoids in the low collisionality regimes93
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where the linear 2D resistive tearing mode itself is stable [Zhu and Raeder , 2013]. Our94

recent three dimensional (3D) MHD simulations of plasmoid formation process in the95

current sheet with finite Bn and weak resistivity have shown significant difference from96

2D simulations due to the 3D effects. In particular, the inclusion of the spatial variation97

in the equilibrium current direction (which is y direction in the Cartesian coordinates98

defined later) allows the presence of ballooning instability, which has demonstrated its99

critical roles in the plasmoid formation process in the higher Lundquist number regimes100

where the linear 2D resistive modes of the current sheet are stable. In present work,101

we further examine the critical roles of ballooning instability in the novel mechanism for102

plasmoid formation and explore its implications in the context of substorm onset trigger103

problem. For that purpose, we adopt the generalized Harris sheet as a model proxy to104

the near-Earth region of magnetotail during the substorm growth phase, and conduct a105

comprehensive range of simulations in various physical scenarios and numerical settings.106

These simulation results further confirm the viability of the new mechanism for plasmoid107

formation in the more realistic collisionality and configuration regimes of the near-Earth108

magnetotail. We report and discuss the details of these findings in next sections.109

2. Generalized Harris Sheet Model of near-Earth Magnetotail

The near-Earth magnetotail configuration (∼ 6− 30RE) during the slow growth phase

of substorms can be modeled as a generalized Harris sheet in GSM coordinates (x, y, z)

where B0(x, z) = ey × ∇Ψ(x, z), Ψ(x, z) = −λ ln {cosh [F (x)z/λ]/F (x)}, and lnF (x) =

−
∫
B0z(x, 0)dx/λ. Here λ is the current sheet width, ey the unit vector in y direction,

and all other symbols are conventional. Thus a generalized Harris sheet is to a large

extent determined by the profile of Bn = B0z(x), where Bn is the magnetic component
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normal to neutral sheet or equatorial plane at z = 0. Observations have indicated the

presence of a minimum Bz region in the near-Earth magnetotail during the substorm

growth phase (e.g. [Sergeev et al., 1994; Saito et al., 2010]), which could be a consequence

of the adiabatic magnetotail convection [Erickson and Wolf , 1980], or the azimuthal

channel of magnetic flux transport induced by the dayside magnetic reconnection [Otto

and Hsieh, 2012]. Global MHD simulations have also found the minimum Bz region in

near-tail plasma sheet prior to substorm onset [Raeder et al., 2008; Zhu et al., 2009].

For those reasons, we adopt a B0z(x, 0) profile with a minimum region along the x axis

(Fig. 1) for the generalized Harris sheet configuration in our work. The same type of

B0z(x, 0) profiles were also used to model the near-Earth magnetotail in many previous

studies [Schindler , 1972; Pritchett and Büchner , 1995; Zhu et al., 2013; Zhu and Raeder ,

2013]. Here B0z(x, 0) is a piece-wise linear function of x which assumes a simple analytic

form

B0z(x, 0) =


ε1

x−x1

x1−x0
+Bmin x0 < x < x1

Bmin x1 < x < x2
ε2

x−x2

x3−x2
+Bmin x2 < x < x3

ε2 +Bmin x > x3

, (1)

where xi (i = 0, 1, 2, 3), εi (i = 1, 2), and Bmin are parameters that define the profile110

of B0z(x, 0). The discontinuity in the derivative ∂B0z(x, 0)/∂x however does not affect111

the validity of our results. In Sec. 7, we demonstrate this by presenting the simulation112

results based on a similar but more realistic generalized Harris sheet configuration where113

B0z(x, 0) is continuous in x at any differential order.114

3. Resistive MHD Model

To further investigate the stability of the generalized Harris sheet configuration in higher115

Lundquist number regime, a full set of resistive MHD equations are solved in 3D domain116
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as an initial-boundary value problem117

∂ρ

∂t
+∇ · (ρu) = 0 (2)

ρ

(
∂u

∂t
+ u · ∇u

)
= J×B−∇p+ µ∇ · (ρw) (3)

∂p

∂t
+ u · ∇p = −γp∇ · u (4)

∂B

∂t
= −∇× E (5)

E = −u×B + ηJ (6)

µ0J = ∇×B (7)

where ρ is the mass density, u the plasma flow velocity, p the pressure, E the electric118

field, B the magnetic field, J the current density, the adiabatic index or specific ratio119

γ = 5/3, and w = ∇u + (∇u)T − 2
3
I∇ · u is the rate-of-strain tensor. In a weakly120

collisional or collisionless plasma the effective resistivity η and viscosity µ are small in121

absence of anomalous sources. The above set of equations have been implemented in both122

the linearized and the fully nonlinear version in the NIMROD code [Sovinec et al., 2004]123

used in our computation. A solid, no-slip wall boundary condition has been imposed on124

the sides of the computation domain in both x and z directions, so that any potential125

influence from an external driver or inward flow may be excluded. The boundary condition126

in the y direction is periodic. The spatial and temporal variables are normalized with the127

equilibrium scale length (e.g. Earth radius) and the Alfvénic time τA, respectively.128

4. Plasmoid Formation due to 2D Tearing or Axial Tail Instability Alone

The generalized Harris sheet model of near-Earth magnetotail configuration considered129

in the previous section has been known to be unstable to the linear 2D resistive tearing130

mode in the low Lundquist number regime for sufficiently small Bz(e.g. [Schindler , 1974;131

D R A F T December 3, 2013, 1:36pm D R A F T



X - 10 ZHU ET AL.: BALLOONING INSTABILITY INDUCED PLASMOID FORMATION

Galeev and Zelenyi , 1976; Birn et al., 1975; Birn, 1980; Janicke, 1980; Hesse and Birn,132

1994; Harrold et al., 1995; Sundaram and Fairfield , 1997; Sitnov et al., 2002]). Such133

a linear 2D resistive instability has been interpreted as the “axial tail instability” in134

the context of substorm physics in an effort to distinguish the nature of the instability135

from that of magnetic reconnection [Raeder et al., 2010; Zhu et al., 2013], which is often136

attributed to the underlying process of conventional tearing modes. During the nonlinear137

stage, the axial tail instability can eventually reduce the equilibrium Bz component to138

zero around the minimum Bz region along x direction, thus leads to the formation of139

an X-line and a plasmoid. One such example is shown in Fig. 2, where the plasmoid140

structure results from the nonlinear evolution of an axial tail instability developed from141

the near-Earth magnetotail configuration represented in Fig. 1 for the Lundquist number142

S = 103. However, such a process is rather slow; it takes about 8000τA for the plasmoid143

to fully develop. The nonlinear evolution of the axial tail instability is not faster than its144

corresponding linear phase.145

5. Linear Finite-ky Ballooning Instability

Linear calculations indicate that the current sheet configuration shown in Fig. 1 is146

unstable to modes with finite-ky wavenumbers. The inclusion of spatial variation in the y147

direction significantly enhances the linear growth, particularly in the higher S regime when148

the zero-ky 2D resistive tearing or axial tail mode is stable (Fig. 3). The enhanced linear149

growth of the finite-ky instability remains effective and becomes more relevant in the more150

realistic collisionality regime (S & 106), thus making the instability a viable mechanism151

for explaining the faster sub-Alfvénic time scale of the near-Earth magnetotail disruption152

in situations where the sources for large anomalous resistivity are not available. As ky153
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increases, the growth rates become less sensitive to the resistivity, indicating a transition154

from resistive to ideal MHD ballooning mode regime.155

Note that the magnetic Prandtl number Pm = µ/η = 1 is fixed for all the cases, thus as156

the resistivity η decreases (i.e. S increases) the viscosity µ also decreases. For the low-ky157

resistive modes considered here, the effect of resistivity is destabilizing whereas that of158

viscosity is stabilizing. Fig. 3 shows two regimes in Lundquist number S for the low ky159

modes (i.e. 2π/ky > 10). In the first regime (S . 105), the growth rates decrease with S,160

indicating that the stabilizing effect due to the decreasing resistivity (or increasing S) is161

dominant. In the second regime (S & 105), the growth rates appear to increase with S.162

This is because in this regime the destabilizing effect from decreasing viscosity µ starts163

to overcome the stabilizing effect due to decreasing resistivity η (or increasing S).164

For a finite-ky ballooning instability in the model configuration of near-Earth magneto-165

tail, the linear mode structure is characterized by a mixture of characteristics from both166

axial tail and ballooning instabilities in the x − z plane (Fig. 4). On the one hand, the167

mode distribution tends to be spatially aligned along the magnetic field lines, as can be168

observed from the contour plots of the perturbed pressure, and the x components of the169

perturbed flow and magnetic field, which is one of the signatures of linear ballooning mode170

structure. On the other hand, the global mode structure in x− z plane of the ky = 0.2π171

ballooning instability also resembles that of the axial tail or 2D resistive tearing mode in172

such a magnetotail configuration in terms of symmetries in both x and z directions, as173

can be seen in comparison with Fig. 2 of [Zhu et al., 2013]. The merging of the mode174

structures in x − z plane indicates that there is a coupling between the driving mecha-175
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nisms for ballooning instability and axial tail mode. Such a coupling may persist in the176

nonlinear stage and lead to the rapid onset of reconnection and formation of plasmoids.177

6. Plasmoid Formation Induced by Nonlinear Finite-ky Ballooning Instability

We now consider the nonlinear plasmoid formation process in the same current sheet178

configuration in a higher Lundquist number regime S = 104 where the 2D resistive tearing179

mode is linearly stable and a plasmoid cannot spontaneously form internally from a purely180

2D linear process (ky = 0). The inclusion of the 3D effects leads to an entirely new181

scenario where the plasmoid formation can be nonlinearly driven by a finite-ky ballooning182

instability. We report in details two simulation cases to demonstrate this scenario.183

6.1. Initial perturbation with nonzero single ky component

We previously reported results demonstrating such a scenario from a representative184

numerical case with a minimal spatial resolution [Zhu et al., 2013]. Here we show that the185

scenario persists when the spatial resolution in the y direction is doubled, thus providing186

evidence for the numerical convergence of our previous results. The simulation is initialized187

with small magnetic perturbation whose magnitude is about one tenth of the minimum188

Bn. The initial perturbation is monochromatic in the y direction with a wavelength189

satisfying kyLy/2π = 10, where Ly = 100 is the domain size in y. A finite element mesh190

of 64× 64 with a polynomial degree of 5 in each direction is used for the x− z domain of191

x ∈ [6, 26], z ∈ [−3, 3]. In the y direction, 64 Fourier collocation points are used to resolve192

Fourier components in the range of 0 ≤ kyLy/2π ≤ 20. The perturbation quickly settles193

into a linearly growing ballooning instability first, and subsequently drives the growth of194

the ky = 0 component and the secondary harmonic component (kyLy/2π = 20) through195
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nonlinear coupling (Fig. 5). As described in details next, the simulation results here with196

higher spatial resolution confirms the previous finding reported by Zhu et al. [2013] that197

nonlinear ballooning instability can drive the spontaneous formation of plasmoid chains198

in the x− z plane.199

In particular, our simulations have reproduced the major stages of plasmoid formation200

following the nonlinear growth of ballooning instability (Fig. 6). The nonlinear ballooning201

growth is characterized by the growing ballooning finger-like structures in the z = 0 plane202

extending in the x direction, as represented by the plot at t = 160 (the upper left panel in203

Fig. 6). The magnetic field lines are mostly frozen-in to the plasma and they move along204

with the extending fingers, which results in a stretching and thinning of the current sheet.205

The reduction of the normal component Bn in the z = 0 plane appears to be the most in206

extent near the moving fronts of the extending fingers, as evidenced by the formation of207

a plasmoid in one of those locations around x = 14 at t = 170 (the upper right panel in208

Fig. 6). In addition to the formation of plasmoid in close association with the extruding209

fronts of nonlinear ballooning fingers, other plasmoids have also started to form later210

in the wake of those ballooning finger fronts. During this stage, a second plasmoid is211

observed to appear around t = 200 on those magnetic field lines crossing the z = 0 plane212

in the region around x ' 9. The first plasmoid previously located near x = 14 has now213

moved to the location x & 15 (the lower left panel in Fig. 6). In the next stage, a third214

plasmoid appears by the time t = 210 near x = 12.5 between the locations of the two215

plasmoids previously formed which continue to exist. The location of the first plasmoid216

has now moved back to x . 14, whereas the second plasmoid remains to be around x ' 9217

(the lower right panel in Fig. 6).218

D R A F T December 3, 2013, 1:36pm D R A F T



X - 14 ZHU ET AL.: BALLOONING INSTABILITY INDUCED PLASMOID FORMATION

Unlike in 2D simulations, the above 3D plasmoid formation process is different for219

different locations along y direction. For example, for a different set of field lines crossing220

the x axis at y = −0.95, z = 0, there is no plasmoid structure in locations x & 15221

at t = 200, but a different plasmoid structure forms around x = 12.75 (Fig. 7, left222

panel). Similarly at the later time t = 210, the simultaneous appearance of three plasmoid223

structures on the set of field lines crossing the x axis at y = −0.9, z = 0 is absent on the224

set of field lines crossing the x axis at y = −0.95, z = 0, where the pattern of plasmoid225

distribution is different (Fig. 7, right panel). In particular, the plasmoids at x = 9 and226

x = 12.5 disappeared, whereas the plasmoid at x . 14 is now replaced by a nearby227

plasmoid structure at x = 13.5 with a different geometry shape. Similar to that reported228

in [Zhu et al., 2013], the variation of the plasmoid presence in the y direction strongly229

indicates that the plasmoid formation process reported here is an intrinsically 3D process.230

231

6.2. Initial perturbation with nonzero multiple ky components

In the above case, the initial perturbation is set up to be dominated by a single ky Fourier232

component for the purpose of clearly illustrating the physical process. In the present233

case, we consider the same equilibrium of generalized current sheet in the Lundquist234

number regime of S = 104, but with a different initial perturbation where all ky Fourier235

components are set up to have the same initial small amplitude, as a model representation236

of the more realistic situation. The simulation mesh and domain size in the x − z plane237

remain the same as in the previous case. In the y direction, 32 Fourier collocation points238

are used to resolve Fourier components in the range of 0 ≤ kyLy/2π ≤ 10, where Ly = 100239

continues to be the domain size in this dimension. All the 11 Fourier components of the240
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initial magnetic perturbation in the y direction are initialized with the same amplitude of241

one-tenth the Bmin.242

After an initial transient phase, the higher ky components (kyLy/2π & 5) of the initial243

perturbation start their linear growth phase (Fig. 8). During the early nonlinear phase244

(t & 70), these exponentially growing ky components drive the linearly stable, lower ky245

components through nonlinear coupling. All ky components begin to saturate by the246

time t & 150, and the highest ky component (kyLy/2π = 10) remains dominant. The247

plasmoid formation process can be visualized through a time sequence of two-dimensional248

projections of magnetic field streamlines into the x − z plane (y = 0 or equivalently249

y = 100) (Fig. 9). The sequence starts at t = 0 and is shown at a time interval of250

t = 20 from t = 90 and t = 250. The major phases of plasmoid formation process are251

similar to the previous case. Before the appearance of plasmoid, the nonlinear growth of252

the ballooning instability induces tailward stretching of closed field lines in the equatorial253

plane and further thinning of current sheet (t = 90). Subsequently at t = 110 the first254

X-line originates around x = 11. The resulting plasmoid, along with the X-line, moves255

tailward and grows in size. A local dipolarization also occurs in association with the256

growing plasmoid by the time it reaches the middle tail region x = 14 around t = 210.257

Afterwards at t = 230, a second x-line and plasmoid start to develop in the near-Earth258

magnetotail region x . 11, in the wake of the first tailward moving plasmoid in the middle259

tail region.260

The 2D projection of the plasmoid magnetic structure closely resembles the plasmoid261

structure in the 3D streamlines out of the same magnetic field. For example, the top262

panel of Fig. 10 shows the full 3D magnetic field streamlines crossing the x axis along263
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y = −100 in the z = 0 plane at t = 250, which capture the same two plasmoid structures264

as in the 2D projection at the same time shown in Fig. 9. These plasmoid structures are265

also intrinsically 3D as well, as they vary dramatically along y direction. For example, the266

plasmoid structures composed by the magnetic field streamlines crossing the ballooning267

finger locations (i.e. the local pressure maximum) along y = −100 in the z = 0 plane are268

totally absent on the magnetic field streamlines crossing the ballooning finger locations269

along y = −50 in the same z = 0 plane (Fig. 10, lower panel). Thus the entire global270

3D magnetic structure of plasmoids can be quite different from the 2D projection of the271

magnetic structure on any particular plane.272

Even within a 2D plane, the 2D projection of the 3D reconnection process associated273

with the plasmoid structure differs significantly from the anti-parallel reconnection process274

in the conventional Harris sheet configuration where Bn = 0 (Fig. 11). For the generalized275

Harris sheet considered here, the stagnation points in the tailward flow are in general not276

the same locations as the magnetic X-points or O-points of the plasmoid structures. Due277

the lack of the association between those locations, the flow pattern shown here no longer278

conforms clearly to the conventional in-flow or out-flow pattern in the Sweet-Parker like279

reconnection process. In fact, the flow patterns around and inside these plasmoids are280

rather complicated, which are composed of both layered and vortex structures. To certain281

extent, such a complex flow pattern may also be a reflection and consequence of the 3D282

nature of these reconnection processes.283

7. Generalized Harris Sheet Model with Smooth Bn Profile

The new scenario for plasmoid formation reported in previous sections is not limited to

the model current sheet defined by the B0z(x, 0) profile shown in Fig. 1. To demonstrate
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this, we have considered a similar generalized Harris sheet, but with a smooth hence more

realistic B0z(x, 0) profile that is continuous at any differential order (the upper row of

Fig. 12). The Bz(x, 0) profile is defined as follows

B0z(x, 0) = Bm −B1 tanh

(
x− x1
d1

)
+B2 tanh

(
x− x2
d2

)
, (8)

where the parameters Bm = 0.305, B1 = 0.247, B2 = 0.0522, x1 = 8, x2 = 12, and284

d1 = d2 = 1 for the case shown in Fig. 12. The same process of plasmoid formation285

induced by the onset of nonlinear ballooning instability has been similarly reproduced286

for this new current sheet configuration. In the Lundquist number regime S = 104,287

this particular configuration is stable to the resistive 2D tearing or axial tail mode, and288

unstable to finite-ky ballooning instability. Applying the same boundary conditions as in289

the case reported in Sec. 6.1 on a computational domain of x ∈ [6 : 26], y ∈ [0 : 10], z ∈290

[−3 : 3], we initialize the simulation with a perturbation that only the ky = 2π component291

has a nonzero amplitude. Following the linear and nonlinear growth of the ballooning292

instability, which is dominated by the ky = 2π component, simulation results indicate that293

a plasmoid structure appears at time t = 140 near the finger front of ballooning instability294

around x = 14 (the lower row of Fig. 12). This has further demonstrated the universal295

applicability of the plasmoid formation mechanism in the magnetotail configuration.296

8. Summary and Discussion

In summary, we have reported the details of several simulation cases that have further297

demonstrated a new mechanism for the plasmoid formation and onset of reconnection298

in the near-Earth magnetotail region. Namely, our simulation results strongly indicate299

that the nonlinear ballooning instability can effectively enable the formation of plasmoids300
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in the near-Earth magnetotail in the higher Lundquist number regime where the 2D301

resistive tearing or axial tail mode is stabilized by the finite Bn. Originally reported302

by Zhu and Raeder [2013] in a single proto-type setting and configuration, such a scenario303

has been shown to persist in the more general simulations conducted in this work with304

extended settings such as smooth Bz0(x, 0) profile, higher spatial resolutions, as well as305

non-monochromatic initial perturbations, respectively. Our work has demonstrated for the306

first time that as a macroscopic coherent process, the ideal MHD ballooning instability is307

capable of inducing the formation of plasmoids in the magnetotail configuration without308

relying on any microscopic, kinetic, or turbulent processes. In light of recent evidence309

found in ground and in-situ observations for the presence of ballooning instability in the310

pre-onset auroral and plasma sheet structures [Saito et al., 2010, 2011; Panov et al.,311

2012; Motoba et al., 2012a, b], our findings on the ballooning instability induced plasmoid312

formation may indeed provide a solid and practical scheme for ballooning instability in313

the near-Earth magnetotail to play a critical role in triggering the substorm onset process.314

Although our results are from resistive MHD simulations, they are really intended for315

the collisionless magnetotail regime where resistivity is so weak that the ”2D resistive316

tearing” or axial tail mode (ky = 0) alone is unable to grow. In the reported results, the317

dominant ballooning instability is actually ideal MHD in nature because its growth rate318

is insensitive to resistivity, and the weak resistivity here plays only a relatively minor role319

by allowing the secondary reconnection to occur. The current results are meant to be320

a first step to demonstrate that the ballooning process alone can act as an independent321

collisionless mechanism for plasmoid instability and formation in absence of other Hall or322

kinetic effects. Due to the ubiquitous presence of ballooning instability in a wide range of323
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MHD and kinetic regimes, the ballooning induced mechanism for plasmoid instability and324

formation is likely to prevail in two-fluid MHD and fully kinetic models for collisionless325

plasmas as well. It remains an open question whether kinetic effects that are not taken326

into account in our MHD simulations can prevent the formation of X-point and plasmoids.327

Recent 2D kinetic simulations have shown that kinetic effects can enable plasmoids to328

form in magnetotail configurations and regimes where the 2D resistive tearing mode itself329

would be stable [Bessho and Bhattacharjee, 2012; Sitnov et al., 2013]. Previous 3D kinetic330

simulation found the onset of reconnection in the wake of an Earthward flow generated331

by the interchange instability [Pritchett and Coroniti , 2011]. However the causal relation332

between the interchange instability and the appearance of an X-point in their 3D kinetic333

simulation has not been rigorously established, because it is not demonstrated in their334

work whether the magnetotail current sheet considered would be indeed unstable to 2D335

tearing modes in absence of interchange instability. In order to further evaluate the kinetic336

effects, extending our current simulation work to the two-fluid and kinetic regimes, and337

conducting comparisons among MHD, two-fluid, and kinetic simulation results will be338

subject of future studies.339
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Figure 1. The piece-wise continuous B0z(x, 0) profile defined in Eq. 1 (left) and the

corresponding magnetic field streamlines (right) of the near-Earth magnetotail model.
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Figure 2. Contour of tailward component of velocity field and streamlines from 2D pro-

jection of magnetic field in the x−z plane at t = 8000 following the nonlinear development

of the 2D resistive tearing or axial tail mode.
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Figure 3. Linear growth rates as function of the wavelength in y direction for different

regimes of Lundquist number S. The magnetic Prandtl number Pm ≡ µ/η = 1 for all

cases.
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Figure 4. Contours of equilibrium pressure (top left), and perturbed pressure (top

right), x component of perturbed flow (middle left), z component of perturbed flow (mid-

dle right), x component of perturbed magnetic field (bottom left), and z component of

perturbed magnetic field (bottom right) in the x−z plane for a linear ky = 0.2π ballooning

instability.
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Figure 5. Growth of the kinetic energies of ky = 0 (black line), ky = 0.2π (red line), and

ky = 0.4π components, and the total energy (purple line) of the nonlinear perturbation.
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Figure 6. Total pressure contours in the z = 0 plane and magnetic field streamlines

crossing the x axis at y = −90, z = 0 at selected times (t = 160, 170, 200, 210) of the

nonlinear development.

Figure 7. Total pressure contours in the z = 0 plane and magnetic field streamlines

crossing the x axis at y = −95, z = 0 at selected times (t = 200, 210) of the nonlinear

development.
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Figure 8. Kinetic energies of all Fourier components in the y direction of the pertur-

bation as function of time.
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Figure 9. Time evolution of the 2D projection of magnetic field streamlines in the x−z

(y = 0 or y = −100) plane.
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Figure 10. Contours of total pressure in the z = 0 plane and magnetic field streamlines

crossing the x axes at z = 0 and y = −100 (top panel), and z = 0 and y = −50 (bottom

panel) at the time t = 250.
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Figure 11. Top panel: Contours of x component of flow field and 2D projection of

magnetic field streamlines in x− z (y = 0 or y = −100) plane; Middle panel: Zoomed-in

view of the plasmoid structure closer to the Earth; Bottom panel: Zoomed-in view of the

plasmoid structure farther away from the Earth. The arrows in middle and bottom panels

represent 2D projection of the flow vector field in x− z (y = 0 or y = −100) plane.
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Figure 12. Upper row: Smooth B0z(x, 0) profile defined by Eq. (8) (left) and the

corresponding magnetic field streamlines (right) of the near-Earth magnetotail model;

Lower row: pressure contour in z = 0 plane and magnetic field streamlines crossing

y = −9 and z = 0 at t = 140 (left); Zoomed-in view of the plasmoid structure in the lower

left panel near x = 14, y = −9, and z = 0 (right).
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