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Abstract. Two-dimensional hybrid (kinetic ions, massless fluid electrons)5

simulations of the Kelvin Helmholtz Instability (KHI) for a magnetopause6

configuration with a varying density jump and magnetic shear across the bound-7

ary are carried out to examine how the transport of magnetosheath plasma8

into the magnetosphere is affected by these conditions. Low magnetic shear9

conditions where the magnetosheath magnetic field is within 30◦ of north-10

ward is included in the simulations because KHI is thought to be important11

for plasma transport only for northward or near-northward interplanetary12

magnetic field orientations. The simulations show that coherent vortices can13

grow for these near-northward angles, and that they are sometimes more co-14

herent than for pure northward conditions because the turbulence which breaks-15

down these vortices is reduced when there are magnetic tension forces. With16

increasing magnetic shear angle and increasing density jump, the growth rate17

is reduced, and the vortices do not grow to as large of size which reduces the18

plasma transport. By tracking the individual particle motions diffusion co-19

efficients can be obtained for the system, where the diffusion is not classi-20

cal in nature but instead has a time dependence resulting from both the in-21

creasingly large-scale vortex motion and the small-scale turbulence gener-22

ated in the break-down of the instabilities. Results indicate that diffusion23

on the order of 109 m2/s could possibly be generated by KHI on the flanks24

of the magnetosphere.25
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1. Introduction

It is not well understood how the low latitude boundary layer (LLBL) is populated26

during northward IMF conditions when reconnection at the dayside magnetopause is27

not favored. The primary candidate mechanisms for this plasma entry are thought to28

be double high-latitude reconnection, diffusion resulting from plasma waves and drift29

instabilities, and the Kelvin-Helmholtz instability [see review in Scholer and Treumann,30

1997; Phan et al., 2005]. Evidence for double high-latitude reconnection has been seen by31

spacecraft and ground-based observations [e.g., Lavraud et al., 2006; Imber et al., 2007;32

Marcucci et al., 2008] and analysis of the waves at the magnetopause suggests that they33

may be only marginally capable of the necessary diffusivities for populating the LLBL34

[e.g., Scholer and Treumann, 1997]. The role of Kelvin-Helmholtz instability (KHI) was35

initially expected to be minor because KHI was thought to be a surface wave phenomena36

that was not widely unstable and was not capable of fast or efficient plasma transport37

[e.g., Axford , 1964], but recent simulation work and observations indicate that KHI may38

be more important than initially thought. This manuscript focuses on the KHI as a39

plasma transport mechanism for northward IMF.40

MHD and Hall-MHD simulations have shown that the instability is indeed unstable41

for a range of conditions at the magnetopause and that the instability grows beyond42

the surface wave to form rolled-up vortices which can engulf magnetosheath plasmas and43

transport them inside the magnetosphere as the vortex breaks down through reconnection44

or other process [e.g., Huba, 1994; Min et al., 1997; Nykyri and Otto, 2001; Nakamura and45

Fujimoto, 2005; Nykyri and Otto, 2004]. Spacecraft have themselves seen evidence of46
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KH waves and rolled-up vortices on the flanks of the magnetosphere [e.g., Ogilvie and47

Fitzenreiter , 1989; Chen et al., 1993; Fairfield et al., 2000; Hasegawa et al., 2004, 2006;48

Taylor et al., 2008], however observations have not been able to quantify the degree of49

plasma mixing that is occurring. In order to better understand how effective KHI may50

be at transporting plasma across the boundary, we carry out hybrid simulations with51

kinetic ions and massless fluid electrons, so that we may track the individual particle52

motions. Although both MHD computations and hybrid simulations well represent the53

growth of the instability, only hybrid simulations follow individual particle motions and54

permit quantification of the plasma mixing.55

Some of the first hybrid simulations (kinetic ion, fluid electron) of KHI at the mag-56

netopause for northward IMF conditions were carried out by Terasawa et al. [1992] and57

Thomas and Winske [1993]. Terasawa et al. [1992] simulated one wavelength of the dom-58

inant KH mode for varying velocity shear layer width in a uniform density plasma and59

found that plasma mixing occurred on a timescale faster than the roll-up time of the60

vortex, which is the mixing time predicted by MHD theory. By calculating the number61

of simulation cells containing a mix of magnetosheath and magnetosphere plasmas, they62

determined that the plasma mixing increased with a “t2” dependence. As the vortex63

grows, the individual particles become efficiently mixed within the vortex structure over64

spatial scales larger than a Larmor radius, which is the mixing layer thickness predicted65

by MHD theory. Thomas and Winske [1993] used a larger simulation box to model the66

growth of several vortices and found that in this case the mixing does not follow a t2
67

dependence but instead shows a more linear temporal dependence. When the simulation68

box is large enough to allow are multiple vortices, they coalesce together to form even69
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larger vortices until there is one final vortex of the size of the simulation box. Yet even70

though the plasma mixing did not follow a t2 dependence, it was still fast because the71

coalescence of vortices enhanced the plasma mixing, a result also found by Fujimoto and72

Terasawa [1994] and Fujimoto and Terasawa [1995]. Fujimoto and Terasawa [1995] found73

that the plasma mixing was reduced, however, for increasing relative density (and relative74

magnetic field strength) between the magnetosheath and magnetosphere.75

Recently, ideal MHD and full-particle simulations carried out by Matsumoto and76

Hoshino [2004] and Matsumoto and Hoshino [2006] showed that the KH vortices are77

rapidly broken down by the growth of secondary KH and Rayleigh Taylor (RT) instabili-78

ties within the vortex structure. This break-down causes strong turbulence in the system,79

and plasma mixing subsequently increases. In our recent hybrid simulation results [Cowee80

et al., 2009, hereafter referred to as paper 1], we also found this effect to be particularly81

important in enhancing plasma transport from KHI. Transport by KHI also occurs as a82

result of reconnection of strongly twisted magnetic fields in KHI vortices even when the83

IMF is nearly northward [Nykyri and Otto, 2001, 2004]; however, as we show later this84

process does not occur in our simulations.85

Miura [1995] carried out the first MHD simulations of KHI which included a magnetic86

shear across the magnetopause. He found that northward IMF (i.e. no magnetic shear)87

was the most unstable condition, and the growth rate decreased for off-northward angles.88

For southward IMF the growth rate was positive but the magnetopause only undulated89

and did not form recognizable KH waves or vortices due to the magnetic tension forces.90

Since then, more MHD simulations of KHI have included magnetic shear angles within91
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30◦ of northward [Takagi et al., 2006; Keller and Lysak , 1999], but kinetic simulations92

have not yet considered this condition.93

KH vortices have been identified in spacecraft observations from their particular periodic94

signatures in flow velocity, magnetic field, density, and temperature. For example, in the95

Hasegawa et al. [2004] report on Cluster observations of the KH-unstable magnetopause96

during northward IMF conditions, the plasma flow vectors exhibited an anti-clockwise97

rotation around the vortex center as is expected for the instability at the dusk side of the98

magnetopause. Correlated with the flow vectors were periodic variations in density and99

temperature associated with the high density, cold solar wind and the low density, hot100

magnetospheric plasma. Additionally, both cold solar wind and hot magnetospheric ions101

were found to co-exist in the same regions on the magnetospheric side of the magnetopause.102

The magnetic field variations in the high and low density regions were found to have the103

correct polarity for KH vortices (based on MHD simulations). Hasegawa et al. [2004]104

concluded that this was a rolled-up vortex in which plasma mixing was occurring, but105

since they did not find the magnetic stresses or D-shaped ion distributions associated with106

reconnection, they did not believe that process was playing a role in the plasma mixing.107

Other observations of KH vortices, however, have found evidence for reconnection within108

the vortices [Nykyri et al., 2006; Nishino et al., 2007].109

Rolled-up vortices have also been identified using the single-spacecraft method proposed110

by Hasegawa et al. [2006]. This technique, based on the MHD simulations of Takagi et al.111

[2006], looks for the low density fast tailward flows produced by the vortex motion. Such112

flows occur within a rolled-up KH vortex because the low density solar wind plasma113

must rotate faster than the high density magnetospheric plasma so that force balance is114
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maintained in the radial direction. Using Cluster and Geotail data, Hasegawa et al. [2006]115

showed that the lowest density flows associated with KH vortices had tailward velocities116

greater than their initial magnetosheath velocities. Similar results from Double Star data117

were found by Taylor et al. [2008] during which evidence for phase space plasma mixing118

was found in the ion data [Taylor and Lavraud , 2008].119

Paper 1 describes two-dimensional hybrid simulations of the KHI carried out for condi-120

tions with uniform magnetic field across the simulation box (i.e. no magnetic shear across121

magnetopause) perpendicular to the shear flow velocity (most unstable configuration)122

with a density jump between the magnetosheath and magnetosphere up to a factor 10.123

In this manuscript we continue the work described in paper 1 but we include a magnetic124

shear across the boundary and increase the shear velocity jump, to include more realistic125

conditions. The paper is organized as follows: section 2 describes the methods used in126

the paper; section 3 describes the simulation results which include the simulated growth127

of vortices (section 3.1), what a hypothetical spacecraft would see if it flew through the128

center of the simulation box (section 3.2), and the diffusion of magnetosheath plasma into129

the magnetosphere (section 3.3); section 4 summarizes the results.130

2. Methodology

For our KH-unstable magnetopause configuration, the boundary sits in the middle of131

the simulation box with the magnetosheath plasma on the left (−x) and the magneto-132

sphere plasma on the right (+x). The conditions in the magnetosheath (“s”) are ns = 5133

protons/cc, Bs = 20 nT, and Tis = Tes = 10 eV (β = 0.05, ρL = 23 km). The condi-134

tions in the magnetosphere (“m”) are varied depending on the density jump across the135

magnetopause boundary: equal to 1/4, or 1/10 the density in the magnetosheath. For136
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uniform density, the magnetosphere conditions are nm = 5 protons/cc, Bm = 20 nT, and137

Tim = Tem = 10 eV (β = 0.05, ρL = 23 km). For a density jump of 4, the magnetosphere138

conditions are nm = 1.25 protons/cc, Bm = 20 nT, Tim = Tem = 40 eV (β = 0.05, ρL = 46139

km). For a density jump of 10, the magnetosphere conditions are nm = 0.5 protons/cc,140

Bm = 20 nT, Tim = Tem = 100 eV (β = 0.05, ρL = 72 km). On the magnetosphere side,141

the magnetic field points northward (+z), while on the magnetosheath side, it points at142

an angle θs = 0◦, 15◦, or 30◦ away from northward in the y-z plane. The velocity shear143

jump, Vs, is equal to 1 vA calculated on the high density side (vA = 195 km/s), and the144

shear layer half-thickness, a, is 1 c/ωpi calculated on the high density side (c/ωpi = 102145

km). These conditions are meant to be generally representative of the KH-unstable mag-146

netopause conditions and not specifically to any particular spacecraft observations. We147

start with thin shear layers and let small vortices grow and coalesce in time to larger148

structures.149

In this study we use a two-dimensional hybrid code, the basic equations of which are150

given in Appendix A. In the calculations we assume a small, constant resistivity (η =151

10−4) and a scalar electron pressure. With such a model, it has been previously shown152

that magnetic reconnection does not occur unless either a model for the electron pressure153

tensor [Hesse et al., 1995] or an enhanced localized resistivity [Kuznetsova et al., 1996] is154

added to break the frozen-in condition in the electric field equation (A8).155

The system size is 120 c/ωpi with 512 grid cells in x direction and 120 c/ωpi with 512156

grid cells in the y direction, where x is normal to the initial magnetopause boundary and157

y is parallel to it. The boundary conditions are periodic in the y direction and reflective158

in the x direction. We chose this simulation box size so that multiple wavelengths of the159
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dominant mode could grow and the interaction can proceed for a long time (i.e., Ωit ∼ 600)160

before the reflective boundaries became an issue. All simulations use 100 superparticles161

per cell and a timestep of 0.05Ω−1
i .162

3. Results and Discussion

3.1. Vortex Formation

We carried out a set of nine simulations for each of the combinations of density jump163

ns/nm = 1, 4, and 10 and magnetic shear angle θs = 0◦, 15◦, and 30◦. Figures 1-3164

show the magnetosheath densities in the nine simulations at Ωit = 150 and 600. Figure165

1, which shows the uniform density simulations, shows that the KHI is unstable for all166

magnetic shear angles tested, growing from small fluctuations (Figure 1 top panels) to167

rolled-up vortices which coalesce to eventually form one large vortex structure limited by168

the simulation box size (Figure 1 bottom panels). The size of the initial vortices are ∼15-169

20 c/ωpi consistent with the linear theory prediction that the wavenumber of maximum170

growth, k, is ka ∼ 0.4 [Miura and Pritchett , 1982]. It is interesting that the structure of171

the large vortex at Ωit = 600 for the θs = 0◦ and θs = 15◦ simulations appears equally172

large and rolled-up, yet it is much more coherent in the simulation with the magnetic173

shear. With an increase in shear angle, the growth rate decreases [Miura, 1995], but174

there is little effect here on the size of the vortex. The reduced growth is evident in the175

simulation with θs = 30◦ in that vortex structure is not as large or as rolled-up as in the176

other simulations. The apparent reduction in short-wavelength turbulence in the θs = 15◦177

and 30◦ simulations is an interesting effect which will be discussed later.178

Figure 2, which shows the ns/nm = 4 simulations, shows that the KHI is again unstable179

for all magnetic shear angles tested. The fluctuations begin small and coalesce, but the180
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vortices are eroded by secondary KH and RT instabilities [Matsumoto and Hoshino, 2004],181

forming long and narrow filamentary structures which can break off and contribute to the182

turbulent system. At θs = 0◦, the system is very turbulent at Ωit = 600 compared to183

that at θs = 15◦ or θs = 30◦ which show a more coherent KH structure. The structures184

at θs = 15◦ and θs = 30◦ appear more wave-like than vortex-like in comparison to the185

nicely rolled-up structures in Figure 1, but they do still contain plasma on vortical paths186

within the structures. The secondary instabilities are active, and are eroding the high-187

density (magnetosheath plasma) vortex arm as it rolls into the low-density (magnetosphere188

plasma) region.189

Figure 3, which shows the ns/nm = 10 simulations, shows that the KHI grows for the190

magnetic shear simulations with θs = 0◦ and 15◦. At θs = 30◦, the magnetic tension forces191

are too high for this non-uniform density simulation to show even a slight undulation of192

the boundary. We see again that the KH structure at Ωit = 600 is more coherent at193

θs = 15◦ than θs = 0◦, and there is much less turbulence present. The KH structure is194

wave-like as the vortex structure is eroded by secondary instabilities.195

An interesting result here is that the simulations with low magnetic shear show a more196

coherent KH structure at later times than do the simulations for purely northward IMF. In197

the pure northward case, there is more small-scale turbulence which acts to break-down198

the vortex structures over time. The effect is particularly enhanced when the density199

jump between the magnetosheath and magnetosphere is increased because the growth200

of secondary instabilities is enhanced. With the introduction of magnetic shear there is201

a magnetic tension force from the nonzero By which prevents a more turbulent system202

from forming. In the non-uniform density simulations, the vortex structure is no longer203
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rapidly broken down by the turbulence as the growth rates of the secondary instabilities204

are reduced [Matsumoto and Hoshino, 2004]. Small-scale turbulence which disrupts the205

vortex structure is also seen, as has been found in Hall-MHD simulations of KHI when206

there is a density jump [Huba, 1994; Nykyri and Otto, 2004]. Comparison of hybrid and207

fluid simulations for the Rayleigh-Taylor instability on ion gyroradius scales shows that208

short wavelength fluctuations are better defined in fluid calculations while particle noise209

in hybrid calculations tends to obscure small-scale features [Huba and Winske, 1998]. To210

verify that it is the presence of magnetic shear and not just the reduced growth rate of211

the primary KH-unstable mode which yielded a less turbulent system, we ran simulations212

with an increased velocity shear up to 2 vA (not shown). With the larger growth rate213

from the larger velocity shear, larger vortex structures were generated for the θs = 15◦214

and θs = 30◦ simulations, but they did not show the turbulent break-down exhibited in215

the θs = 0◦ simulations. Additionally, at these higher shear velocities, the ns/nm = 10216

simulation with θs = 30◦ can generate KH waves (not shown).217

3.2. Hypothetical Spacecraft Observations

The coherent structure of the nonuniform density simulations with magnetic shear could218

explain why observations such as those discussed in the Introduction demonstrate clearly219

periodic structure at the magnetopause which is being attributed to the KHI. If the vortex220

structure were always rapidly broken down by turbulence then it would be very difficult221

to identify and would not exhibit a regular periodicity. Figures 4 - 6 show simulated222

quantities in the grid cells along the y direction in the middle of the simulation box at223

Ωit = 150 for the s with ns/nm = 1, 4 and 10 with θs = 15◦. Periodic structure is224

particularly evident in the uniform density simulation, becoming less regular with the225
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ns/nm = 4 simulation, and irregular with the ns/nm = 10 simulation, though it still226

exhibits the weak signatures of vortex motion in the fluctuating magnetic field and bulk227

velocity.228

For the uniform density simulations, the periodic structure for the θs = 0◦ simulation229

at Ωit = 150 (not shown) is very similar to that shown in Figure 4; compared to the230

θs = 30◦ simulation at Ωit = 150 (not shown), the structure is again regularly periodic,231

but the velocity and magnetic field perturbations are much smaller in the x direction. For232

the ns/nm = 4 simulations, the periodic structure for the θs = 0◦ simulation at Ωit = 150233

(not shown) is less regularly periodic than that shown in Figure 5, which is not surprising234

given the enhanced turbulence in the former simulation. In the θs = 30◦ simulation at235

Ωit = 150 KHI is not well developed so we consider the simulated quantities at Ωit = 300236

instead (not shown), which show an irregular periodic structure with weak signatures of237

vortex motion. For the ns/nm = 10 simulations, the periodic structure for the θs = 0◦238

simulation at Ωit = 150 (not shown) is irregular just as in Figure 6, though signatures of239

vortex motion can be identified.240

The periodic structure exhibits signatures in agreement with the observations, showing241

alternating periods of high density, low temperature plasma (magnetosheath) and low242

density, high temperature plasma (magnetosphere) correlated with the perturbations in243

the magnetic field and bulk plasma flow. From the temperature variations, we see that244

plasma from the two sides is simply being mixed and is not being heating by the instability.245

We also find that the vortices show the low-density fast tailward flows that Hasegawa246

et al. [2006] indicate as a means of identifying rolled-up vortices from single-spacecraft247

observations. As shown in figure 7, these structures are more defined for θs = 0◦ (light248
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gray) than at θs = 15◦ (dark gray), in agreement with the MHD simulations of Takagi249

et al. [2006]. As the shear angle is increased, the low density flows are not accelerated to250

as high of tailward velocity as when there is no magnetic shear. Indeed for the θ = 30◦251

cases, low-density flows faster than the initial shear velocity jump are not generated at252

all and so are not shown in the figure. Yet the lack of observed low-density, high tailward253

flows associated with KH vortices [i.e., Lavraud et al., 2009] does not conclusively prove254

that a vortex is not rolled-up or that plasma mixing is not occurring. Since the flows are255

formed because of a difference in plasma density across the magnetopause, the uniform256

density simulations do not generate them even though the vortices are clearly rolled-up257

(see Figure 1). If the density jump is more than 1 but less than 4 it is also possible258

that such flows might not be generated, although we have not tested this hypothesis. We259

note also that these low-density fast tailward flows were obtained in our simulation for260

vortex structures which rolled up and yielded significant plasma mixing (see next section)261

through means other than reconnection.262

3.3. Plasma Transport

To examine plasma transport we calculate the diffusion coefficients in the manner of263

paper 1. We consider a fundamental treatment of diffusion which involves tracking the264

particle motion in the direction normal to the magnetopause and then finding the mean265

square displacement of the particles, < ∆x2 >, over time. The diffusion coefficient, S, is266

then defined as267

S =< ∆x2 > /t . (1)
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Note that since B0 is northward on the magnetosphere side, the direction perpendicular268

to the magnetopause boundary is also perpendicular to B0. On the magnetosheath side,269

diffusion in the plane perpendicular to B0 would involve calculation in a spatial z direction270

that does not exist in our two-dimensional simulation. We therefore consider S to relate271

to the direction strictly perpendicular to the magnetopause. For this calculation, we track272

particles in the region 15 c/ωpi < x < 105 c/ωpi which includes the interaction region but273

is away from the reflective boundaries.274

Figure 8 shows the calculated mean-square displacement since Ωit = 0 and the corre-275

sponding diffusion coefficients at several times during the various simulations. As was276

demonstrated in paper 1, the diffusion coefficients increase in magnitude over time, re-277

sembling what [Treumann, 1997] referred to as “super-diffusion”. This is certainly not278

diffusion in the classical sense, as the motion of particles and their transport perpendicu-279

lar to the magnetopause is a function not only of the small-scale turbulence generated by280

the instabilities but also the large-scale vortex motion. The inseparability of these large281

and small-scale dynamic effects necessitates that the diffusion coefficient include both.282

We refer to our diffusion coefficient as S rather than D to avoid misinterpretation of the283

result as a typical diffusion coefficient that is time-independent.284

For the uniform density simulations, the θs = 15◦ simulation shows a larger < ∆x2 >285

than the θs = 0◦ simulation because the final vortex in the θs = 15◦ simulation forms286

a more coherent large-scale structure; the θs = 30◦ simulation exhibits a much smaller287

diffusion coefficient because the size of the instability is reduced. For the non-uniform288

density simulations, < ∆x2 > is largest for θs = 0◦ where there is the most small-scale289

turbulence. As the magnetic shear angle is increased < ∆x2 > over time is also reduced. In290
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these simulations, where enhanced turbulence from the secondary instabilities is possible,291

the more coherent vortex structures for low magnetic shear angles are not as important in292

enhancing particle transport as the turbulent break-down of the vortices. We note that by293

Ωit = 600, the diffusion coefficients for some of the simulations do appear to be leveling294

out, which is likely the result of the interaction region in these simulations reaching the295

edges of the simulation box.296

Diffusion coefficients have been estimated in previous hybrid simulation work by Tera-297

sawa et al. [1992], Fujimoto and Terasawa [1994] and Thomas and Winske [1993] by298

finding analytic solutions to an assumed diffusion equation for the system and then solv-299

ing them using the various derived mixing quantities obtained at late times during the300

simulation. Because these studies all assumed that diffusion of plasma by KHI is ef-301

fectively described by a diffusion coefficient which is independent of time, we need to302

compare their diffusion coefficients with our diffusion coefficients obtained at particular303

times during the simulations. In the simulations of Terasawa et al. [1992] and Fujimoto304

and Terasawa [1994], they each carried out a simulation with velocity shear jump and305

shear layer half-width similar to ours, however they used a much smaller simulation box.306

Because the KHI vortices will ultimately grow to fill the simulation box, the box size307

is fundamental limiting parameter on the plasma transport. In the small-box case, the308

mixing reaches an asymptotic value over time as the single vortex completely fills the309

simulation box, is confined by the boundaries, and eventually fully mixes the plasma310

within the box. Thus we expect their diffusion coefficients to generally agree with ours311

at times up until the vortices have grown to the size of their simulation boxes. After this312

time, the vortices in our larger simulation box can continue to grow and we can obtain313
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larger diffusion coefficients than they did. In the simulations carried out by Thomas and314

Winske [1993], they used a larger simulation box, but considered a smaller velocity shear315

jump and shear layer half-width than we did. Thus we expect their diffusion coefficients316

should be smaller than ours, because their instability has a lower growth rate and smaller317

wavelength KH mode at maximum growth.318

Terasawa et al. [1992] assumed a constant diffusion coefficient from a fit to the area319

covered by “mixed” simulation cells (i.e. cells with at least a quarter of their density320

from each of magnetosheath and magnetosphere particles) over time, and determined321

D = 0.21, 0.33 and 0.49(c/ωpi)
2Ωi for simulations with a = 1, 1.5, and 2 c/ωpi. In terms322

of comparison to our normalized diffusion coefficients, note that since a is equal to 1 c/ωpi323

the values in the Figure 8 can be thought of as normalized to the ion inertial length instead324

of the velocity shear layer half-width. In this case, the diffusion coefficient from Terasawa325

et al. [1992] for a uniform density simulation with θs = 0◦, shear layer half-width of 1 c/ωpi326

and velocity shear jump of 1 vA is in agreement with our simulation results obtained around327

Ωit = 300. They obtained their diffusion coefficient from a fit to their simulated mixing328

at Ωit > 200, when the single dominant mode vortex they were simulating had filled the329

simulation box and the mixing area had reached an asymptotic state. Similarly, Fujimoto330

and Terasawa [1994] used the area of the mixing layer calculated from the number of331

mixed simulation cells at late times during the simulation run to get a diffusion coefficient332

of D = 0.24(c/ωpi)
2Ωi. This value from their uniform density simulation with θs = 0◦,333

shear layer half-width of 2 c/ωpi and shear velocity jump of 1 vA is also within the range334

we simulated for times just after Ωit = 300.335
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Thomas and Winske [1993] determined diffusion coefficients from the rate of change of336

the mixing layer width, δZ, which was a proportional to the number of particles crossing337

the midplane of the simulation over time. They determined the value of D to be at most338

0.03VDa where VD is the velocity shear jump (Vs in our simulations). Translated into units339

normalized by the ion inertial length and gyrofrequency, D ' 0.007(c/ωpi)
2Ωi. This value340

from their uniform density simulation with θs = 0◦, shear layer half-width of 0.75 c/ωpi341

and velocity shear jump of 0.33 vA is low compared to our diffusion coefficients probably342

because of the smaller size and growth rate of the instability and as well as the differences343

in the techniques employed to compute the diffusion coefficients.344

Fujimoto and Terasawa [1995] also carried out simulations of KHI growth for a range345

of non-uniform densities across the magnetopause and velocity shear layer half-widths.346

They found that the plasma mixing was reduced when the density jump across the mag-347

netopause was increased, in agreement with our results, but they did not calculate diffusion348

coefficients for the various cases so we cannot provide a comparison.349

From these results, we can consider the important issue of whether or not KHI could350

be a dominant mechanism in the transport of solar wind plasma into the magnetosphere351

for northward IMF conditions. Because of the magnetospheric magnetic field orientation352

and the draping of the solar wind magnetic field, reconnection would be expected to353

be the dominant LLBL population mechanism for conditions except those of northward354

IMF [Scholer and Treumann, 1997]. The canonical diffusivity required for populating355

the LLBL is 109 m2/s [Sonnerup, 1980] which may or may not be achievable through356

viscous processes on the flanks. The focus has been on plasma waves and drift instabilities357

driven by density gradients scattering particles in the transition layer, however diffusivities358
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calculated from only the very highest observed wave amplitudes come close to being large359

enough [e.g., Treumann et al., 1991; Vaivads et al., 2004].360

To compare our normalized simulation results to real-world values, we convert the dif-361

fusion coefficients in Figure 8 using shear layer half width a = 102 km and gyrofrequency362

Ωi = 0.3047 Hz. We calculate that a diffusion coefficient of 108 m2/s is equivalent to363

S = 0.03a2Ωi (dotted line) and 109 m2/s is equivalent to S = 0.32a2Ωi (dot-dash line).364

Values greater than 109 m2/s are obtained during the simulations for ns/nm = 1 with365

θs = 0◦ and θs = 15◦ between Ωit = 350 − 400 and the simulation with ns/nm = 4 with366

θs = 0◦ around Ωit = 450. This suggests that plasma transport of the order necessary367

to populate the LLBL could be achieved under certain conditions via KHI; however, we368

reiterate that our diffusion coefficients are time-dependent and should not be used as369

if they were classical diffusion coefficients. This result is not without caveats, namely370

that our system is not a true representation of the global picture. Our simulation is not371

fully three-dimensional and we do not include truly realistic magnetopause conditions in372

a large non-periodic-boundary system stretching from nose to tail. Also importantly, our373

simulation does not model electrons kinetically which is important in truly quantifying374

the plasma transport and in modeling reconnection on fundamental scales. Additionally,375

we do not model inhomogeneities in the magnetosphere such as plasma gradients from376

the plasma sheet and lobes which would ultimately limit the sizes of the vortices. Nev-377

ertheless, it is an interesting result that we can generate local, time-dependent diffusion378

coefficients of the order 109 m2/s in our simple system.379

4. Summary
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We have carried out two-dimensional hybrid simulations (kinetic ions, massless fluid380

electrons) of the KHI for different density jumps and near-northward magnetic shear381

angles across the magnetopause, starting with a relatively thin shear layer (∼200 km).382

For no magnetic shear, the uniform density simulation generates large coherent vortices383

while in the non-uniform density simulations the coherent vortices are broken down by384

secondary KH and RT instabilities yielding a more turbulent system. For a magnetic385

shear angle of θs = 15◦, the simulations all show a more coherent vortex structure, as386

the turbulence which previously broke-down the instabilities is reduced. For θs = 30◦,387

the magnetic tension force stabilizes the ns/nm = 10 simulation so it does not generate388

KH waves, but the ns/nm = 4 and 1 simulations do. If the shear velocity jump across389

the magnetopause is increased then the growth rate of the instability increases and a390

ns/nm = 10 simulation can generate waves.391

Simulation results show periodic structure in density, temperature, bulk velocity and392

magnetic field in general agreement with spacecraft observations. Periods of low and high393

density are correlated with period of high and low temperature, as expected for mixing of394

cold solar wind and hot magnetosphere plasmas in a vortex structure. Also in agreement395

with observations is the generation of low-density fast tailward flows in the rolled-up396

vortices for the non-uniform density simulations.397

To examine diffusive plasma transport by KHI, we considered the fundamental defini-398

tion of diffusion and calculated the mean-squared displacement of particles, < ∆x2 >,399

over time. Results showed that the < ∆x2 > increased nonlinearly with time, and was400

higher for the uniform density simulations than the non-uniform density simulations and401

decreased with increasing magnetic shear angle. This non-linear increase in the diffu-402
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sion coefficient (S =< ∆x2 > /t) implies enhanced diffusion which is more appropriately403

considered as “super-diffusion” than classical diffusion [Cowee et al., 2009; Treumann,404

1997]. It results from the combined effects of large-scale vortex motion and small-scale405

turbulence generated in the break-down of the vortices.406

The efficiency of KHI in transporting magnetosheath plasma into the magnetosphere407

and populating the LLBL is not well understood, but our results suggest that it could be408

a more important mechanism than previously thought. The canonical diffusivity required409

to populate the LLBL is 109 m2/s [Sonnerup, 1980]. Transport of this magnitude due to410

reconnection of twisted fields from the KHI has been measured in the Hall-MHD simu-411

lations [Nykyri and Otto, 2004] and we find that such diffusivities of this magnitude are412

obtained in several of our simulations. In the uniform density simulations with θs = 0◦ and413

15◦ and in the ns/nm = 4 simulation with θs = 0◦, the time-dependent diffusion coefficient414

around Ωit = 400 (when the smaller vortices that great out of a thin shear layer have415

coalesced into one or two large vortices in the simulation box) reached values equivalent416

to 109 m2/s. This result should be treated carefully, since our diffusion coefficients are417

not classical diffusion coefficients but are instead time-dependent. Additionally, we note418

that the higher diffusivities yielded by the smaller density jump simulations could suggest419

that double high-latitude reconnection, which acts to increase the plasma density in the420

magnetosphere, plays a role in the growth of KHI [Bouhram et al., 2005; Hasegawa et al.,421

2009] and therefore helps facilitate this enhanced plasma transport.422

Appendix A: Hybrid Model Equations

The two-dimensional hybrid simulation code treats ions kinetically using standard423

particle-in-cell techniques and treats electrons as a massless, charge neutralizing fluid.424
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Velocities and electromagnetic fields are maintained in all three directions, while parti-425

cle position is determined in two dimensions. A leapfrog scheme is used to advance the426

particle positions and velocities in time.427

The particle motion is described by the equations of motion:428

mi
dvp

dt
= qi(E +

vp ×B

c
)− eηJ, (A1)

dxp

dt
= vp, (A2)

where mi is the ion species mass, qi is the ion species charge, vp is the particle’s velocity,429

xp is the particle’s position. The term eηJ is a resistivity term where e is the proton430

charge, η is the resistivity, and J is the current. The electromagnetic fields E and B are431

determined on the spatial grid and interpolated to the position of the particle. From this432

the ion species number density (ni), charge density (qini), flow velocity (Vi), and current433

(Ji) can also be specified on the grid for each species and then collected for all species to434

determine the total ion density and current.435

Electrons are treated as a massless fluid (me = 0) so the electron momentum equation

becomes

neme
dVe

dt
= 0 = −ene(E +

Ve ×B

c
)−∇ · P + eneR · J, (A3)

where −e is the electron charge, ne is the electron number density, Ve is the electron

fluid velocity, P is the electron pressure tensor, and R is the resistivity. The plasma is

considered as quasi-neutral, such that

ene = qini. (A4)
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Electromagnetic fields are solved in the low frequency approximation. With the quasi-

neutrality condition, Ampere’s law becomes

∇×B =
4π

c
J =

4π

c
qini(Vi −Ve), (A5)

where Vi is the ion velocity, and Faraday’s law is

∂B

∂t
= −c(∇× E), (A6)

and also

∇ ·B = 0. (A7)

Substitution of A5 into A3 removes Ve and thus gives the equation for the electric field

as

E = −Vi ×B

c
− (∇×B)×B

4πneec
− ∇ · P

ene

+ R · J. (A8)

Usually P is taken to be a scalar, P = pe1, with pe = neTe and an adiabatic law is436

assumed for the electron temperature Te. R is also usually taken as a scalar, R = η1. E437

is then only a function of B, Vi, and ne. B is advanced with a 4th order Runge-Kutta438

scheme using a smaller timestep than that for the particle push. Given B and ne advanced439

to the next time level, E can be directly evaluated at the next time level if Vi is known440

at that time. Finding the Vi at the new time is the key feature of all hybrid algorithms441

[see Winske et al., 2003, for details]. We use a simple Richardson extrapolation to get442

Vi from its previously two saved values.443
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Figure 1. Magnetosheath density at two times during the simulations with ns/nm = 1

for θs = 0◦ (left), 15◦ (middle) and 30◦ (right).

Figure 2. Magnetosheath density at two times during the simulations with ns/nm = 4

for θs = 0◦ (left), 15◦ (middle) and 30◦ (right).

Figure 3. Magnetosheath density at two times during the simulations with ns/nm = 10

for θs = 0◦ (left), 15◦ (middle) and 30◦ (right).

Figure 4. Simulated quantities in the grid cells along the y direction at x = 60c/ωpi

at Ωit = 150 for the simulation with ns/nm = 1 and θs = 15◦. Shown are the density,

parallel temperature, v(x, y) vectors, B(x, y) vectors, and Bz.

Figure 5. Simulated quantities in the grid cells along the y direction at Ωit = 150 for

the simulation with ns/nm = 4 and θs = 15◦. Shown are the density, parallel temperature,

v(x, y) vectors, B(x, y) vectors, and Bz.
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Figure 6. Simulated quantities in the grid cells along the y direction at Ωit = 150 for the

simulation with ns/nm = 10 and θs = 15◦. Shown are the density, parallel temperature,

v(x, y) vectors, B(x, y) vectors, and Bz.

Figure 7. Simulated bulk vy versus density at Ωit = 300 for the simulations with

ns/nm = 4 (top) and ns/nm = 10 (bottom) for θs = 0◦ (light gray) and θs = 15◦ (dark

gray).

Figure 8. (Left) Mean-square displacement and (right) diffusion coefficients for the var-

ious simulations. Diffusion coefficients equivalent to 108 m2/s and 109 m2/s are indicated

by the dotted and dot-dash lines, respectively.
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Figure 1. Magnetosheath density at two times during the simulations with ns/nm = 1

for θs = 0◦ (left), 15◦ (middle) and 30◦ (right).

Figure 2. Magnetosheath density at two times during the simulations with ns/nm = 4

for θs = 0◦ (left), 15◦ (middle) and 30◦ (right).
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Figure 3. Magnetosheath density at two times during the simulations with ns/nm = 10

for θs = 0◦ (left), 15◦ (middle) and 30◦ (right).
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Figure 4. Simulated quantities in the grid cells along the y direction at x = 60c/ωpi

at Ωit = 150 for the simulation with ns/nm = 1 and θs = 15◦. Shown are the density,

parallel temperature, v(x, y) vectors, B(x, y) vectors, and Bz.
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Figure 5. Simulated quantities in the grid cells along the y direction at Ωit = 150 for

the simulation with ns/nm = 4 and θs = 15◦. Shown are the density, parallel temperature,

v(x, y) vectors, B(x, y) vectors, and Bz.
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Figure 6. Simulated quantities in the grid cells along the y direction at Ωit = 150 for the

simulation with ns/nm = 10 and θs = 15◦. Shown are the density, parallel temperature,

v(x, y) vectors, B(x, y) vectors, and Bz.
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Figure 7. Simulated bulk vy versus density at Ωit = 300 for the simulations with

ns/nm = 4 (top) and ns/nm = 10 (bottom) for θs = 0◦ (light gray) and θs = 15◦ (dark

gray).
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Figure 8. (Left) Mean-square displacement and (right) diffusion coefficients for the var-

ious simulations. Diffusion coefficients equivalent to 108 m2/s and 109 m2/s are indicated

by the dotted and dot-dash lines, respectively.
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