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Abstract. Previous global MHD simulations of substorm events have iden-3

tified the dynamic presence of an axial tail instability that is uniform in the4

dawn-dusk direction in the near-Earth plasma sheet as a major cause of the5

initial loss of MHD equilibrium on closed field lines prior to the subsequent6

magnetic reconnection and substorm expansion onset processes [Raeder et al.,7

2010; Siscoe et al., 2009]. In this work, energy principle analysis indicates that8

a two-dimensional thin current sheet configuration in the magnetotail is typ-9

ically stable to the axial mode within the framework of ideal MHD model.10

Linear resistive MHD calculations find axial tail instabilities on closed field11

lines in the generalized Harris sheet configurations. The properties of these12

instabilities are similar to the axial tail modes observed in the global MHD13

simulations. The axial tail mode is unstable in regimes of low Lundquist num-14

ber and regions with small normal component of magnetic field. Mode growth15

and structure show both similarities and differences in comparison to the lin-16

ear resistive tearing mode of a one-dimensional Harris sheet. Unlike the con-17

ventional tearing mode of Harris sheet, the linear axial tail instability does18

not involve any reconnection process. Instead, the nature of the mode is dom-19

inantly an interchange or slippage process among neighboring flux tubes as20

facilitated by dissipations such as resistivity. The formation of bubble-blob21

pairs in pressure and entropy distributions in the near-Earth plasma sheet22

is shown to be a natural consequence of the axial tail instability process.23

D R A F T August 11, 2011, 2:18pm D R A F T



ZHU ET AL.: AXIAL TAIL INSTABILITY AND BUBBLE-BLOB FORMATION X - 3

1. Introduction

Recent global MHD simulations indicate that substorm onsets are often preceded by a24

loss-of-equilibrium process in a near-tail region where the northward component of mag-25

netic field normal to the current sheet is finite [Siscoe et al., 2009]. The X-line structure26

in magnetic field, a characteristic feature of two-dimensional (2D) magnetic reconnec-27

tion conventionally defined in terms of flow across a separatrix of different magnetic field28

topologies, does not form initially. However, X-line formation does occur just before the29

expansion onset. Further examination of the global simulations using the OpenGGCM30

code shows the growth of an MHD mode with ky = 0 on closed field lines in near-Earth tail31

prior to reconnection events that lead to onset [Raeder et al., 2010]. Here the coordinate32

system is chosen so that the x axis is in Sun-Earth (tailward) direction, y axis in dusk-dawn33

direction, and the z axis in south-north direction. ky is the azimuthal wavenumber in the34

y direction. This mode is uniform in the dusk-dawn direction and is therefore referred to35

as an axial tail mode or instability. Such an axial mode is ideal-like in the sense that the36

field line topology is intact in contrast to instabilities involving 2D reconnection, but also37

bears certain features of a resistive tearing mode in terms of mode growth and structure.38

The nonlinear development of the axial mode is found to initiate ballooning instability by39

setting up a favorable plasma sheet configuration, before the formation of X-line and the40

onset of reconnection [Zhu et al., 2009]. Recently it was found in RCM and OpenGGCM41

simulations that the formation of entropy bubble-blob pair in the near-Earth magnetotail42

can accelerate the thinning of the current sheet and provide a feedback mechanism for the43

formation of the near-Earth neutral line and the onset of reconnection [Yang et al., 2011;44
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Hu et al., 2011]. The dynamic development of the bubble-blob pair is closely related to45

the growth of the axial mode in OpenGGCM simulations.46

A number of questions arise about the nature of the axial mode identified in the global47

MHD simulations. Does the axial mode develop from a linear eigenmode of an equilibrium48

configuration or merely a convection process driven by the electric field present at the49

magnetopause? Is the axial mode an ideal or resistive MHD process? Is the MHD process50

interchange or tearing? Is the formation of the bubble-blob pair an integral aspect of the51

axial mode? To address these questions, we have developed an ideal MHD energy principle52

analysis and a resistive MHD calculation of the stability of an idealized configuration53

that is meant to model the configuration associated with the axial mode in OpenGGCM54

simulations. Our energy principle analysis indicates that the axial mode (ky = 0) in 2D55

tail configuration is stable at lowest order in Bz/Bx with the ideal MHD constraint (i.e.56

“frozen-in” condition), where Bx and Bz are components of tail magnetic field in x and57

z directions, respectively. Resistive MHD calculations using the NIMROD code [Sovinec58

et al., 2004] find linearly growing axial modes on closed field lines in the generalized Harris59

sheet. These modes are more unstable in low Lundquist number regimes and regions with60

weak magnetic normal component. The scaling of the linear growth rate and the mode61

structure show both similarities and differences in comparison to the Harris sheet tearing62

and resistive interchange modes. The formation of the entropy bubble-blob pair is actually63

a natural product and component of this axial instability. There are qualitative similarities64

between the axial instabilities in the generalized Harris sheet and the ones associated with65

the initial loss of MHD equilibrium as found in OpenGGCM simulations. This suggests66

that the latter can indeed be a spontaneous, internal instability process. The nonlinear67
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development of this instability should provide a mechanism for a fast and spontaneous68

formation of the neutral line in near-Earth plasma sheet.69

The axial tail instability studied here has been previously described as a resistive tearing70

instability of the 2D magnetotail current sheet. There is a long history of analytical and71

numerical work in the context of substorm trigger problem (e.g. [Schindler , 1974; Galeev72

and Zelenyi , 1976; Birn et al., 1975; Birn, 1980; Janicke, 1980; Hesse and Birn, 1994;73

Harrold et al., 1995; Sundaram and Fairfield , 1997]). However, whereas the mode pattern74

of perturbed magnetic field is similar to that of a linear tearing instability of 1D Harris75

sheet, the nature of this linear axial tail instability is not strictly “tearing” in the sense76

that its dynamics does not involve a reconnection process which would change the topology77

of the magnetic field. In fact, the presence of a normal component of the magnetic field78

in a 2D current sheet strongly inhibits the linear tearing or reconnecting process, both79

topologically and dynamically [Harrold et al., 1995]. Instead, what takes place when80

an axial tail mode becomes unstable is a slippage due to a resistive interchange process81

driven by the free energy released from the pressure gradient along the axial (or tailward)82

direction, which would not have been possible in the 2D x− z plane with the ideal MHD83

“frozen-in” condition. As shown in the following calculations, the interchange of pressure84

or entropy is part of a feedback process that enables the formation and growth of a linear85

axial eigenmode in the 2D x− z plane of the magnetotail in the absence of reconnection.86

The rest of paper is organized as follows. We first present in Sec. 2 an ideal MHD87

energy principle analysis of 2D magnetotail configuration in terms of an axial mode in88

a thin plasma sheet. We then report NIMROD calculations of linear MHD instability89
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of two types of current sheet configurations constructed from generalized Harris sheet90

equilibrium in Sec. 3. We summarize and discuss our findings in Sec. 4.91

2. Ideal MHD energy principle analysis

The ideal MHD energy principle was originally developed for the stability analysis of92

magnetically confined plasma in laboratory [Bernstein et al., 1958]. Miura [2007] later93

extended the energy principle to the analysis of MHD stability of semi-confined plasma94

on closed field lines in the magnetotail, where the potential energy is given by95

δW = δWF + δWS (1)96

δWF =
1

2

∫
dV

[
|Q⊥|2 +B2|2κ · ξ⊥ +∇ · ξ⊥|2 + γp|∇ · ξ|297

−J‖(ξ∗⊥ × b) ·Q⊥ − 2(κ · ξ∗⊥)(ξ⊥ · ∇p)
]

(2)98

δWS =
1

2

∫
dS · [ξ∗(−γp)∇ · ξ + ξ∗⊥(B ·Q− ξ⊥ · ∇p)−B(ξ∗ ·Q)] (3)99

Here the equilibrium fields include magnetic field B, field-line-aligned current J‖, and100

pressure p (all subscripts “0” are omitted from equilibrium fields for simplicity). In addi-101

tion, B = |B|, b = B/B, and magnetic curvature κ = b · ∇b. The plasma displacement102

is denoted as ξ, and the perturbed magnetic field Q = ∇ × (ξ × B). The specific heat103

ratio γ = 5/3. The superscript “∗” denotes a complex conjugate, and the subscript “⊥”104

(“‖”) denotes the perpendicular (parallel) component relative to the equilibrium mag-105

netic field direction. The integrals
∫
dV and

∫
dS are over the spatial volume and surface106

of the physical domain respectively. The meanings of other symbols are conventional.107

The surface contribution δWS vanishes for certain boundary conditions at the ionosphere,108

such as ∇ · ξ = 0 and ξ⊥ = 0, or ξ‖ = 0 and ξ⊥ = 0. We consider a 2D equilibrium109

B = ∇Ψ(x, z) × ey for the magnetotail and a perturbation with dawn-dusk symmetry110
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ξ = [ξx(z) + ξz(z)]eikxx−iωt. Since we are interested in the most unstable internal modes,111

the boundary conditions ∇ · ξ = 0 and ξ⊥ = 0 is considered. The configuration and112

boundary condition allow the potential energy δW to be reduced to113

δW =
1

2

∫
dV

[
|Q⊥|2 +B2|2κ · ξ⊥ +∇ · ξ⊥|2 −2(κ · ξ∗⊥)(ξ⊥ · ∇p)] (4)114

in the first step of a minimization procedure. For the 2D equilibrium considered here,115

there is no free energy drive from the current density parallel to equilibrium magnetic field.116

The only free energy stored in the 2D current sheet is from the pressure gradient, which,117

when combined with unfavorable magnetic curvature, would give rise to an interchange118

drive.119

The marginal stability condition for the axial mode can be obtained from a further120

minimization of the δW in (4). This procedure leads to an Euler-Lagrangian equation121

that is a fourth order linear ordinary equation for ξz along z. In the thin current sheet122

limit with Bz ∼ εBx, where ε � 1, the solution of the Euler-Lagrangian equation for ξz123

can produce a minimized potential energy124

δW =
1

2

∫
dV B2

xk
2
x|ξz|2 +O(ε). (5)125

The energy principle analysis indicates that for a thin 2D current sheet, any perturbation126

of axial mode type would be stable at leading order in Bz/Bx under the ideal MHD127

constraint (i.e. “frozen-in” condition). Further MHD analysis of the axial instability of a128

thin 2D current sheet requires the consideration of additional dissipative effects such as129

those associated with resistivity. In order to treat the effects of resistivity and also fully130

take into account the influence of configuration geometry, we adopt an initial-boundary131

value approach and linearly evolve an axial initial perturbation of thin 2D current sheets132

D R A F T August 11, 2011, 2:18pm D R A F T



X - 8 ZHU ET AL.: AXIAL TAIL INSTABILITY AND BUBBLE-BLOB FORMATION

using a resistive MHD model implemented in the NIMROD code. The numerical results133

confirm the resistive nature of the axial tail instability, which are reported in next section.134

3. Resistive MHD calculations

A generalized Harris sheet configuration is considered to examine the nature of the135

axial tail instability as identified from the OpenGGCM simulation of a THEMIS substorm136

event [Siscoe et al., 2009; Zhu et al., 2009; Raeder et al., 2010]. The flux function for a 2D137

configuration Ψ = −λ ln
cosh

[
F (x)

z

λ

]
F (x)

can be used to construct an asymptotic equilibrium138

of a thin current sheet in the near-Earth magnetotail through B = ey ×∇Ψ [Schindler ,139

1972]. The corresponding number density is given by n = n∞+
F 2(x)

2

{
cosh

[
F (x)zλ

]}−2
,140

with temperature T = T∞ = T (z → ±∞), and pressure p = nT . A particular 2D current141

sheet configuration can be specified by a choice of F (x). When F (x) = 1, the Harris sheet142

configuration is recovered, and the parameter λ determines the scale of the current sheet143

width. Two nontrivial choices of F (x) yield a generalized Harris sheet with a minimum144

Bz region and another with a uniform Bz within the equatorial plane (z = 0), respectively145

(Fig. 1). These two 2D current sheet configurations are employed in our calculations of146

the axial tail instability.147

3.1. Harris sheet (Bz = 0)

Before getting into details of our linear calculations of the axial tail instability in gen-148

eralized Harris sheet configurations, we briefly review the linear properties of resistive149

tearing instability in a 1D Harris sheet obtained from NIMROD calculations. The Harris150

sheet configuration is a 1D equilibrium that is often used to model the thin current sheet151
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in middle magnetotail [Harris , 1962]. The configuration is defined by an anti-parallel152

magnetic field Bx = − tanh
z

λ
with a neutral sheet where Bz = 0.153

A magnetic field perturbation is initially placed at the center of computation domain,154

and subsequently advanced in time as an initial-value problem using a full set of linearized155

resistive MHD equations that are implemented in the NIMROD code. A uniform, constant156

resistivity η is prescribed. All fields are periodic in the x direction along the current157

sheet, and the current sheet length in x direction is chosen as the mode wavelength. The158

boundary in z direction of the simulation domain is assumed to be a solid, no-slip wall,159

so that any potential influence from an external drive or in-flow to the internal process160

can be excluded. The linear growth rate scales inversely with the Lundquist number S161

to a fractional power, in agreement with traditional resistive tearing mode theory [Furth162

et al., 1963]. For a Harris sheet with λ = 1 and S = 103, the e-folding time for the163

tearing mode growth is about 300τA, where τA is the Alfvénic time near the z = ±∞164

boundary of the current sheet. The mode structures of the linear tearing instability165

show the familiar pattern of a linear, spontaneous, resistive MHD reconnection process166

(Fig. 2, left column). Here and in rest of the paper, all numerical results are presented in167

normalized, dimensionless units, unless otherwise specified.168

3.2. Generalized Harris sheet with a Bz minimum region

In order to model the near-tail configuration around the beginning of the initial loss-169

of-equilibrium process in the OpenGGCM simulation of the substorm growth phase, we170

choose a profile for F (x) so that the normal component of magnetic field Bz in equatorial171

plane z = 0 has a minimum region around 10 RE . This produces an embedded thin172

2D current sheet configuration (Fig. 1, left column). A similar choice of function F (x)173
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was previously used in other simulation studies of tail configurations (e.g. [Pritchett and174

Büchner , 1995; Pritchett and Coroniti , 1995]).175

Similar to the Harris sheet case, a perturbation of magnetic field is placed initially176

around the Bz minimum region, which is time advanced in the NIMROD code using a177

resistive MHD model. A uniform, constant resistivity η is used. The boundary of the178

simulation domain, in both the x and z directions are assumed to be a solid, no-slip179

wall in order to focus on the internal processes. A growing eigenmode is obtained from180

the initial-value calculation, only when the Bz minimum in the equatorial plane and the181

Lundquist number S are sufficiently small, which is consistent with previous theory and182

simulations on a similar mode often described as the resistive tearing instability of 2D183

current sheets (e.g. [Schindler , 1974; Galeev and Zelenyi , 1976; Birn et al., 1975; Birn,184

1980; Janicke, 1980; Hesse and Birn, 1994; Harrold et al., 1995; Sundaram and Fairfield ,185

1997]).186

For a specific case where the minimum value Bmin
z = 0.01, the current sheet width187

λ = 1, and Lundquist number S = 103, the e-folding time of the growing eigenmode is188

about 1200τA, where τA is the local Alfvénic time near magneotail lobe locations (z →189

±∞). The spatial structures of the linear axial instability show features with both tearing190

and interchange processes (Fig. 2, middle column). Whereas the patterns of perturbed191

magnetic fields still resemble those of a linear resistive tearing mode in a 1D Harris sheet192

as shown in the middle column of Fig. 2, the spatial distribution of perturbed velocity193

becomes highly asymmetric in x direction. In the equatorial plane the flow from the194

mode is dominantly in the tailward direction within the minimum Bz region, and the195

tailward flow is mostly aligned to the dipole-like equilibrium magnetic field Earthward of196
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the minimum Bz region (x < 9). Such a dominant tailward flow generates a bubble-blob197

pair in the pressure that tends to flatten the local pressure profile centered around the198

region with minimum Bz and thin current sheet, to the extent that the linear behavior199

continues in the nonlinear regime. Since the equilibrium pressure gradient near equatorial200

plane is mostly Earthward, which is in the same direction of the magnetic field line201

curvature, such an interchange of pressure directly releases the free internal energy stored202

in the pressure distribution. Thus, in the linear stage of the axial tail instability, the major203

free energy conversion process is not reconnection, but rather an interchange or slippage204

process that is allowed by the finite resistivity. The perturbed magnetic field associated205

with the interchange process also tends to reduce Bz as the Earthward pressure gradient206

becomes smaller, a current sheet thinning process previously demonstrated in simulations207

on the evolution of bubble-blob pairs in entropy distribution [Yang et al., 2011; Hu et al.,208

2011]. Here our calculation indicates that the formation of such a bubble or blob structure209

in entropy is the outcome from an self-consistent, spontaneous, internal eigenmode, the210

axial tail instability.211

To further demonstrate this we measure the evolving entropy parameter s(x, t) =212

[
∫
p1/γdl/B]γ [Wolf et al., 2009] along the equatorial plane from the NIMROD simula-213

tion results. Here l is the distance along field line, which extends between footpoints of214

each flux tube at the domain boundary. In this case, due to a strong dipole field Earth-215

ward of the minimum Bz region, the axial tail instability produces a dominantly tailward216

flow. As a result, the spatial profile of perturbed entropy parameter along x axis (z = 0)217

show a dominant blob structure where s(x, t)−s(x, t = 0) > 0 (Fig. 3, left panel). A very218

small bubble region where s(x, t)− s(x, 0) > 0 eventually develop Earthward of the blob219
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region at a later time. The particular pattern of bubble and blob structures depends on220

the Bz profiles along the equatorial plane of current sheet, as also shown next.221

3.3. Generalized Harris sheet with a constant Bz in equatorial plane

The resistive interchange or slippage nature of the axial tail instability can be further222

inferred from a linear calculation of the resistive instability of a generalized Harris sheet223

with a constant Bz in equatorial plane. Such a configuration can be obtained by a choice of224

F (x) = e−Bnx/λ, where Bn is a constant value and Bz|z=0 = Bn. This type of 2D current225

sheet configuration is well-known to be stable to kinetic tearing mode in collisionless226

plasma [Lembége and Pellat , 1982], but the nature of its resistive MHD instability is the227

primary concern in this study. To compare with previous cases, we choose a configuration228

with Bn = 0.01 and λ = 1 (Fig. 1, right column).229

An initial magnetic perturbation is placed near the center of the computation domain.230

Under the same boundary conditions as in the previous 2D current sheet case, the initial231

magnetic perturbation is evolved into a linear resistive instability for a plasma with uni-232

form S = 103. Due to an overall lower value of the normal component (Bz) in equatorial233

plane, the growth rate is larger than the previous current sheet case, which results in an e-234

folding time about 200τA, where the Alfvénic time τA is similarly defined at lobe locations.235

The spatial structure of the mode has features of both tearing and interchange processes236

(Fig. 2, right column). The nature of the mode, however, may be further revealed by237

noting that the center of the mode is not localized at the center of domain along the x238

axis, even though the normal component of equilibrium magnetic field is constant along239

z = 0 and the initial perturbation is localized tailward of the final mode center location in240

x. Previous theories on resistive tearing instability of 2D current sheet are mostly based241
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on the balance between resistivity and Bz, therefore cannot explain the preferred location242

of the mode in x. It is noted that although Bz is constant along the z = 0 line, the243

pressure gradient and hence interchange drive decays exponentially tailward. However244

the line-bending force is most stabilizing near the Earthward boundary. The final mode245

location along x can therefore be explained as a balance between the interchange drive246

and the line-bending stabilization.247

Similarly, a bubble-blob structure forms in the spatial profile of the perturbed entropy248

parameter as part of the axial tail instability process. In comparison to the case of a249

current sheet with a minimum Bz region, the bubble-blob structure is more symmetric in250

the x-direction in terms of the magnitude in s (Fig. 3, right panel). In both cases, the251

entropy bubble-blob structures are related to but can be quite different in spatial profile252

from the bubble-blob structures in pressure.253

4. Summary and Discussion

In summary, our energy principle analysis indicates that a 2D tail configuration is stable254

to the axial tail mode with ky = 0 to lowest order in Bz/Bx with the ideal MHD constraint255

(i.e. the “frozen-in” condition). Calculations using a resistive model implemented in the256

NIMROD code found linear axial tail instability on closed field lines in generalized Harris257

sheets. The axial tail mode is unstable in low S regime and small Bz regions. Mode growth258

scaling and structure show both similarities and differences in comparison to the resistive259

tearing mode of the 1D Harris sheet. In the literature, the axial mode in a 2D magneto-260

tail current sheet is sometimes referred to as a “2D tearing mode” (e.g. [Schindler , 1974;261

Galeev and Zelenyi , 1976; Birn et al., 1975; Birn, 1980; Janicke, 1980; Hesse and Birn,262

1994; Harrold et al., 1995; Sundaram and Fairfield , 1997]), however, the linear develop-263
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ment of this axial tail instability does not involve any reconnection process. Rather, the264

nature of the axial tail mode is dominantly an interchange or slippage process between265

neighboring flux tubes as facilitated by resistivity. The axial mode of the generalized266

Harris sheet obtained in NIMROD simulations can be used to explain the growth and267

structure of the axial mode associated with the initial loss of MHD equilibrium found in268

OpenGGCM simulations, which can indeed develop from a spontaneously growing linear269

eigenmode. The formation of the bubble-blob pairs in pressure and entropy distribution270

is a natural product as well as an integral component of this axial instability process.271

In a global resistive MHD model of magnetosphere, these axial modes can be a major272

cause of the initial loss of equilibrium and in the nonlinear stage, lead to the subsequent273

formation of a near-Earth neutral line and the start of a reconnection process prior to a274

substorm onset. A natural consequence of the axial tail instability is the facilitation of a275

configuration that ultimately produces reconnection.276

The resistive MHD model may not provide an accurate model for the near-Earth mag-277

netotail dynamics. Many other nonideal and 3D geometry effects, such as the two-fluid278

physics and the coupling to ballooning instability, can potentially enhance the grow rate279

of the linear axial tail instability. Examination of those possibilities are subjects of future280

work. The main purpose of this work is to propose a new scenario for understanding the281

nature of the initial loss-of-equilibrium process that is crucial in triggering the reconnec-282

tion itself in the near-Earth magnetotail.283
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Figure 1. Generalized Harris sheet configurations with a minimum Bz region (Left

column) and a uniform Bz (Right column) in the equatorial plane (z = 0). Top row:

Bz profiles in along z = 0 line; Bottom row: Equilibrium magnetic field lines of the

configurations.
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Figure 2. Contours of equilibrium pressure (Row 1); tailward flow ux (Row 2); north-

ward flow uz (Row 3); perturbed Bx (Row 4); perturbed Bz (Row 5); perturbed pressure

(Row 6) from linear resistive instabilities of 1D Harris sheet (Left column); generalized

Harris sheets with a minimum Bz region (Middle column) and a uniform Bz (Right col-

umn) along z = 0 lines, respectively.
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Figure 3. Entropy perturbation profiles along x in the equatorial planes of generalized

Harris sheets with minimum Bz region (Left panel), at time t = 4000 (Red solid line) and

t = 7000 (Blue broken line); and with uniform Bz (Right panel) along z = 0 lines, at time

t = 2000 (Red solid line). The time unit is Alfvénic time. The black dotted line is the line

s = 0. The coordinate x is the location that each flux tube crosses the equatorial plane.
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