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Abstract.  Two-dimensional hybrid (kinetic ions, massless fluid electrons)
simulations of the Kelvin Helmholtz Instability (KHI) for a magnetopause
configuration with a varying density jump and magnetic shear across the bound-
ary are carried out to examine how the transport of magnetosheath plasma

into the magnetosphere is affected by these conditions. Low magnetic shear
conditions where the magnetosheath magnetic field is within 30° of north-

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

for plasma transport only for northward or near-northward interplanetary
magnetic field orientations. The simulations show that coherent vortices can
grow for these near-northward angles, and that they are sometimes more co-
herent than for pure northward conditions because the turbulence which breaks-
down these vortices is reduced when there are magnetic tension forces. With
increasing magnetic shear angle and increasing density jump, the growth rate

is reduced, and the vortices do not grow to as large of size which reduces the
plasma transport. By tracking the individual particle motions diffusion co-
efficients can be obtained for the system, where the diffusion is not classi-

cal in nature but instead has a time dependence resulting from both the in-
creasingly large-scale vortex motion and the small-scale turbulence gener-

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

on the order of 10° m?/s could possibly be generated by KHI on the flanks

of the magnetosphere.
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1. Introduction

It is not well understood how the low latitude boundary layer (LLBL) is populated
during northward IMF conditions when reconnection at the dayside magnetopause is
not favored. The primary candidate mechanisms for this plasma entry are thought to
be double high-latitude reconnection, diffusion resulting from plasma waves and drift
instabilities, and the Kelvin-Helmholtz instability [see review in Scholer and Treumann,
1997; Phan et al., 2005]. Evidence for double high-latitude reconnection has been seen by
spacecraft and ground-based observations [e.g., Lavraud et al., 2006; Imber et al., 2007;
Marcucci et al., 2008] and analysis of the waves at the magnetopause suggests that they
may be only marginally capable of the necessary diffusivities for populating the LLBL
le.g., Scholer and Treumann, 1997]. The role of Kelvin-Helmholtz instability (KHI) was
initially expected to be minor because KHI was thought to be a surface wave phenomena
that was not widely unstable and was not capable of fast or efficient plasma transport
le.g., Azford, 1964], but recent simulation work and observations indicate that KHI may
be more important than initially thought. This manuscript focuses on the KHI as a
plasma transport mechanism for northward IMF.

MHD and Hall-MHD simulations have shown that the instability is indeed unstable
for a range of conditions at the magnetopause and that the instability grows beyond
the surface wave to form rolled-up vortices which can engulf magnetosheath plasmas and
transport them inside the magnetosphere as the vortex breaks down through reconnection
or other process [e.g., Huba, 1994; Min et al., 1997; Nykyri and Otto, 2001; Nakamura and

Fujimoto, 2005; Nykyri and Otto, 2004]. Spacecraft have themselves seen evidence of
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KH waves and rolled-up vortices on the flanks of the magnetosphere [e.g., Ogilvie and
Fitzenreiter, 1989; Chen et al., 1993; Fairfield et al., 2000; Hasegawa et al., 2004, 2006;
Taylor et al., 2008], however observations have not been able to quantify the degree of
plasma mixing that is occurring. In order to better understand how effective KHI may
be at transporting plasma across the boundary, we carry out hybrid simulations with
kinetic ions and massless fluid electrons, so that we may track the individual particle
motions. Although both MHD computations and hybrid simulations well represent the
growth of the instability, only hybrid simulations follow individual particle motions and
permit quantification of the plasma mixing.

Some of the first hybrid simulations (kinetic ion, fluid electron) of KHI at the mag-
netopause for northward IMF conditions were carried out by Terasawa et al. [1992] and
Thomas and Winske [1993]. Terasawa et al. [1992] simulated one wavelength of the dom-
inant KH mode for varying velocity shear layer width in a uniform density plasma and
found that plasma mixing occurred on a timescale faster than the roll-up time of the
vortex, which is the mixing time predicted by MHD theory. By calculating the number
of simulation cells containing a mix of magnetosheath and magnetosphere plasmas, they

“t2” dependence. As the vortex

determined that the plasma mixing increased with a
grows, the individual particles become efficiently mixed within the vortex structure over
spatial scales larger than a Larmor radius, which is the mixing layer thickness predicted
by MHD theory. Thomas and Winske [1993] used a larger simulation box to model the
growth of several vortices and found that in this case the mixing does not follow a t?

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

box is large enough to allow are multiple vortices, they coalesce together to form even
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larger vortices until there is one final vortex of the size of the simulation box. Yet even
though the plasma mixing did not follow a t?> dependence, it was still fast because the
coalescence of vortices enhanced the plasma mixing, a result also found by Fujimoto and
Terasawa [1994] and Fujimoto and Terasawa [1995]. Fujimoto and Terasawa [1995] found
that the plasma mixing was reduced, however, for increasing relative density (and relative
magnetic field strength) between the magnetosheath and magnetosphere.

Recently, ideal MHD and full-particle simulations carried out by Matsumoto and
Hoshino [2004] and Matsumoto and Hoshino [2006] showed that the KH vortices are
rapidly broken down by the growth of secondary KH and Rayleigh Taylor (RT) instabili-
ties within the vortex structure. This break-down causes strong turbulence in the system,
and plasma mixing subsequently increases. In our recent hybrid simulation results [Cowee
et al., 2009, hereafter referred to as paper 1], we also found this effect to be particularly
important in enhancing plasma transport from KHI. Transport by KHI also occurs as a
result of reconnection of strongly twisted magnetic fields in KHI vortices even when the
IMF is nearly northward [Nykyri and Otto, 2001, 2004]; however, as we show later this
process does not occur in our simulations.

Miura [1995] carried out the first MHD simulations of KHI which included a magnetic
shear across the magnetopause. He found that northward IMF (i.e. no magnetic shear)
was the most unstable condition, and the growth rate decreased for off-northward angles.
For southward IMF the growth rate was positive but the magnetopause only undulated
and did not form recognizable KH waves or vortices due to the magnetic tension forces.

Since then, more MHD simulations of KHI have included magnetic shear angles within
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30° of northward [Takagi et al., 2006; Keller and Lysak, 1999], but kinetic simulations
have not yet considered this condition.

KH vortices have been identified in spacecraft observations from their particular periodic
signatures in flow velocity, magnetic field, density, and temperature. For example, in the
Hasegawa et al. [2004] report on Cluster observations of the KH-unstable magnetopause
during northward IMF conditions, the plasma flow vectors exhibited an anti-clockwise
rotation around the vortex center as is expected for the instability at the dusk side of the
magnetopause. Correlated with the flow vectors were periodic variations in density and
temperature associated with the high density, cold solar wind and the low density, hot
magnetospheric plasma. Additionally, both cold solar wind and hot magnetospheric ions
were found to co-exist in the same regions on the magnetospheric side of the magnetopause.
The magnetic field variations in the high and low density regions were found to have the
correct polarity for KH vortices (based on MHD simulations). Hasegawa et al. [2004]
concluded that this was a rolled-up vortex in which plasma mixing was occurring, but
since they did not find the magnetic stresses or D-shaped ion distributions associated with
reconnection, they did not believe that process was playing a role in the plasma mixing.
Other observations of KH vortices, however, have found evidence for reconnection within
the vortices [Nykyri et al., 2006; Nishino et al., 2007].

Rolled-up vortices have also been identified using the single-spacecraft method proposed
by Hasegawa et al. [2006]. This technique, based on the MHD simulations of Takagi et al.
[2006], looks for the low density fast tailward flows produced by the vortex motion. Such
flows occur within a rolled-up KH vortex because the low density solar wind plasma

must rotate faster than the high density magnetospheric plasma so that force balance is
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maintained in the radial direction. Using Cluster and Geotail data, Hasegawa et al. [2006]
showed that the lowest density flows associated with KH vortices had tailward velocities
greater than their initial magnetosheath velocities. Similar results from Double Star data
were found by Taylor et al. [2008] during which evidence for phase space plasma mixing
was found in the ion data [Taylor and Lavraud, 2008].

Paper 1 describes two-dimensional hybrid simulations of the KHI carried out for condi-
tions with uniform magnetic field across the simulation box (i.e. no magnetic shear across
magnetopause) perpendicular to the shear flow velocity (most unstable configuration)
with a density jump between the magnetosheath and magnetosphere up to a factor 10.
In this manuscript we continue the work described in paper 1 but we include a magnetic
shear across the boundary and increase the shear velocity jump, to include more realistic
conditions. The paper is organized as follows: section 2 describes the methods used in
the paper; section 3 describes the simulation results which include the simulated growth
of vortices (section 3.1), what a hypothetical spacecraft would see if it flew through the
center of the simulation box (section 3.2), and the diffusion of magnetosheath plasma into

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

2. Methodology

For our KH-unstable magnetopause configuration, the boundary sits in the middle of
the simulation box with the magnetosheath plasma on the left (—z) and the magneto-
sphere plasma on the right (+xz). The conditions in the magnetosheath (“s”) are ny =5
protons/cc, By = 20 nT, and T;s = T., = 10 eV (8 = 0.05, py = 23 km). The condi-
tions in the magnetosphere (“m”) are varied depending on the density jump across the

magnetopause boundary: equal to 1/4, or 1/10 the density in the magnetosheath. For
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uniform density, the magnetosphere conditions are n,, = 5 protons/cc, B, = 20 nT, and
Tim = Temn = 10 €V (5 = 0.05, pr, = 23 km). For a density jump of 4, the magnetosphere
conditions are n,, = 1.25 protons/cc, B,, = 20 n'T, T}, = T,,, = 40 eV (8 = 0.05, pr, = 46
km). For a density jump of 10, the magnetosphere conditions are n,, = 0.5 protons/cc,
B, =20 0T, T}, = T, = 100 eV (5 = 0.05, py, = 72 km). On the magnetosphere side,
the magnetic field points northward (+z), while on the magnetosheath side, it points at
an angle 8, = 0°, 15°, or 30° away from northward in the y-z plane. The velocity shear
jump, Vj, is equal to 1 v, calculated on the high density side (v4 = 195 km/s), and the
shear layer half-thickness, a, is 1 ¢/w,; calculated on the high density side (¢/w,; = 102
km). These conditions are meant to be generally representative of the KH-unstable mag-
netopause conditions and not specifically to any particular spacecraft observations. We
start with thin shear layers and let small vortices grow and coalesce in time to larger
structures.

In this study we use a two-dimensional hybrid code, the basic equations of which are
given in Appendix A. In the calculations we assume a small, constant resistivity (n =
107%) and a scalar electron pressure. With such a model, it has been previously shown
that magnetic reconnection does not occur unless either a model for the electron pressure
tensor [Hesse et al., 1995] or an enhanced localized resistivity [Kuznetsova et al., 1996] is
added to break the frozen-in condition in the electric field equation (AS).

The system size is 120 ¢/w,; with 512 grid cells in z direction and 120 ¢/w,; with 512
grid cells in the y direction, where x is normal to the initial magnetopause boundary and
y is parallel to it. The boundary conditions are periodic in the y direction and reflective

in the z direction. We chose this simulation box size so that multiple wavelengths of the
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dominant mode could grow and the interaction can proceed for a long time (i.e., ;¢ ~ 600)
before the reflective boundaries became an issue. All simulations use 100 superparticles

per cell and a timestep of 0.059;1.

3. Results and Discussion

3.1. Vortex Formation

We carried out a set of nine simulations for each of the combinations of density jump
ns/n, = 1, 4, and 10 and magnetic shear angle 6, = 0°, 15°, and 30°. Figures 1-3
show the magnetosheath densities in the nine simulations at €2;t = 150 and 600. Figure
1, which shows the uniform density simulations, shows that the KHI is unstable for all
magnetic shear angles tested, growing from small fluctuations (Figure 1 top panels) to
rolled-up vortices which coalesce to eventually form one large vortex structure limited by
the simulation box size (Figure 1 bottom panels). The size of the initial vortices are ~15-
20 ¢/wy; consistent with the linear theory prediction that the wavenumber of maximum
growth, k, is ka ~ 0.4 [Miura and Pritchett, 1982]. It is interesting that the structure of
the large vortex at ;t = 600 for the 6, = 0° and 0, = 15° simulations appears equally
large and rolled-up, yet it is much more coherent in the simulation with the magnetic
shear. With an increase in shear angle, the growth rate decreases [Miura, 1995], but
there is little effect here on the size of the vortex. The reduced growth is evident in the
simulation with 65 = 30° in that vortex structure is not as large or as rolled-up as in the
other simulations. The apparent reduction in short-wavelength turbulence in the 6, = 15°
and 30° simulations is an interesting effect which will be discussed later.

Figure 2, which shows the n,/n,, = 4 simulations, shows that the KHI is again unstable

for all magnetic shear angles tested. The fluctuations begin small and coalesce, but the
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vortices are eroded by secondary KH and RT instabilities [Matsumoto and Hoshino, 2004],
forming long and narrow filamentary structures which can break off and contribute to the
turbulent system. At 6y = 0°, the system is very turbulent at ;¢ = 600 compared to
that at 8, = 15° or 0, = 30° which show a more coherent KH structure. The structures
at 0, = 15° and 6, = 30° appear more wave-like than vortex-like in comparison to the
nicely rolled-up structures in Figure 1, but they do still contain plasma on vortical paths
within the structures. The secondary instabilities are active, and are eroding the high-
density (magnetosheath plasma) vortex arm as it rolls into the low-density (magnetosphere
plasma) region.

Figure 3, which shows the n,/n,, = 10 simulations, shows that the KHI grows for the
magnetic shear simulations with 65 = 0° and 15°. At 6, = 30°, the magnetic tension forces
are too high for this non-uniform density simulation to show even a slight undulation of
the boundary. We see again that the KH structure at €2;t = 600 is more coherent at
0, = 15° than 0, = 0°, and there is much less turbulence present. The KH structure is
wave-like as the vortex structure is eroded by secondary instabilities.

An interesting result here is that the simulations with low magnetic shear show a more
coherent KH structure at later times than do the simulations for purely northward IMF'. In
the pure northward case, there is more small-scale turbulence which acts to break-down
the vortex structures over time. The effect is particularly enhanced when the density
jump between the magnetosheath and magnetosphere is increased because the growth
of secondary instabilities is enhanced. With the introduction of magnetic shear there is
a magnetic tension force from the nonzero B, which prevents a more turbulent system

from forming. In the non-uniform density simulations, the vortex structure is no longer
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rapidly broken down by the turbulence as the growth rates of the secondary instabilities
are reduced [Matsumoto and Hoshino, 2004]. Small-scale turbulence which disrupts the
vortex structure is also seen, as has been found in Hall-MHD simulations of KHI when
there is a density jump [Huba, 1994; Nykyri and Otto, 2004]. Comparison of hybrid and
fluid simulations for the Rayleigh-Taylor instability on ion gyroradius scales shows that
short wavelength fluctuations are better defined in fluid calculations while particle noise
in hybrid calculations tends to obscure small-scale features [Huba and Winske, 1998]. To
verify that it is the presence of magnetic shear and not just the reduced growth rate of
the primary KH-unstable mode which yielded a less turbulent system, we ran simulations
with an increased velocity shear up to 2 v (not shown). With the larger growth rate
from the larger velocity shear, larger vortex structures were generated for the 6, = 15°
and 6, = 30° simulations, but they did not show the turbulent break-down exhibited in
the 0, = 0° simulations. Additionally, at these higher shear velocities, the ng/n,, = 10

simulation with 65 = 30° can generate KH waves (not shown).

3.2. Hypothetical Spacecraft Observations

The coherent structure of the nonuniform density simulations with magnetic shear could
explain why observations such as those discussed in the Introduction demonstrate clearly
periodic structure at the magnetopause which is being attributed to the KHI. If the vortex
structure were always rapidly broken down by turbulence then it would be very difficult
to identify and would not exhibit a regular periodicity. Figures 4 - 6 show simulated
quantities in the grid cells along the y direction in the middle of the simulation box at
Ot = 150 for the s with ng/n,, = 1, 4 and 10 with 6, = 15°. Periodic structure is

particularly evident in the uniform density simulation, becoming less regular with the
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ns/Ny, = 4 simulation, and irregular with the ny/n, = 10 simulation, though it still
exhibits the weak signatures of vortex motion in the fluctuating magnetic field and bulk
velocity.

For the uniform density simulations, the periodic structure for the 8, = 0° simulation
at ;t = 150 (not shown) is very similar to that shown in Figure 4; compared to the
0s = 30° simulation at €;t = 150 (not shown), the structure is again regularly periodic,
but the velocity and magnetic field perturbations are much smaller in the x direction. For
the ng/n,, = 4 simulations, the periodic structure for the 5 = 0° simulation at ;t = 150
(not shown) is less regularly periodic than that shown in Figure 5, which is not surprising
given the enhanced turbulence in the former simulation. In the 6, = 30° simulation at
Q;t = 150 KHI is not well developed so we consider the simulated quantities at ;¢ = 300
instead (not shown), which show an irregular periodic structure with weak signatures of
vortex motion. For the n,/n,, = 10 simulations, the periodic structure for the 6, = 0°
simulation at ;t = 150 (not shown) is irregular just as in Figure 6, though signatures of
vortex motion can be identified.

The periodic structure exhibits signatures in agreement with the observations, showing
alternating periods of high density, low temperature plasma (magnetosheath) and low
density, high temperature plasma (magnetosphere) correlated with the perturbations in
the magnetic field and bulk plasma flow. From the temperature variations, we see that
plasma from the two sides is simply being mixed and is not being heating by the instability.

We also find that the vortices show the low-density fast tailward flows that Hasegawa
et al. [2006] indicate as a means of identifying rolled-up vortices from single-spacecraft

observations. As shown in figure 7, these structures are more defined for 6, = 0° (light
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gray) than at 65 = 15° (dark gray), in agreement with the MHD simulations of Takagi
et al. [2006]. As the shear angle is increased, the low density flows are not accelerated to
as high of tailward velocity as when there is no magnetic shear. Indeed for the 8 = 30°
cases, low-density flows faster than the initial shear velocity jump are not generated at
all and so are not shown in the figure. Yet the lack of observed low-density, high tailward
flows associated with KH vortices [i.e., Lavraud et al., 2009] does not conclusively prove
that a vortex is not rolled-up or that plasma mixing is not occurring. Since the flows are
formed because of a difference in plasma density across the magnetopause, the uniform
density simulations do not generate them even though the vortices are clearly rolled-up
(see Figure 1). If the density jump is more than 1 but less than 4 it is also possible
that such flows might not be generated, although we have not tested this hypothesis. We
note also that these low-density fast tailward flows were obtained in our simulation for
vortex structures which rolled up and yielded significant plasma mixing (see next section)

through means other than reconnection.

3.3. Plasma Transport

To examine plasma transport we calculate the diffusion coefficients in the manner of
paper 1. We consider a fundamental treatment of diffusion which involves tracking the
particle motion in the direction normal to the magnetopause and then finding the mean
square displacement of the particles, < Axz? >, over time. The diffusion coefficient, S, is

then defined as

S=<Az?> /t. (1)
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Note that since By is northward on the magnetosphere side, the direction perpendicular
to the magnetopause boundary is also perpendicular to By. On the magnetosheath side,
diffusion in the plane perpendicular to By would involve calculation in a spatial z direction
that does not exist in our two-dimensional simulation. We therefore consider S to relate
to the direction strictly perpendicular to the magnetopause. For this calculation, we track
particles in the region 15 ¢/w,; < o < 105 ¢/w,; which includes the interaction region but
is away from the reflective boundaries.

Figure 8 shows the calculated mean-square displacement since 2, = 0 and the corre-
sponding diffusion coefficients at several times during the various simulations. As was
demonstrated in paper 1, the diffusion coefficients increase in magnitude over time, re-
sembling what [Treumann, 1997] referred to as “super-diffusion”. This is certainly not
diffusion in the classical sense, as the motion of particles and their transport perpendicu-
lar to the magnetopause is a function not only of the small-scale turbulence generated by
the instabilities but also the large-scale vortex motion. The inseparability of these large
and small-scale dynamic effects necessitates that the diffusion coefficient include both.
We refer to our diffusion coefficient as S rather than D to avoid misinterpretation of the
result as a typical diffusion coefficient that is time-independent.

For the uniform density simulations, the 6, = 15° simulation shows a larger < Ax? >
than the 6, = 0° simulation because the final vortex in the 6, = 15° simulation forms
a more coherent large-scale structure; the 6; = 30° simulation exhibits a much smaller
diffusion coefficient because the size of the instability is reduced. For the non-uniform

o

density simulations, < Axz? > is largest for 6§, = 0° where there is the most small-scale

turbulence. As the magnetic shear angle is increased < Axz? > over time is also reduced. In
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these simulations, where enhanced turbulence from the secondary instabilities is possible,
the more coherent vortex structures for low magnetic shear angles are not as important in
enhancing particle transport as the turbulent break-down of the vortices. We note that by
Q;t = 600, the diffusion coefficients for some of the simulations do appear to be leveling
out, which is likely the result of the interaction region in these simulations reaching the
edges of the simulation box.

Diffusion coefficients have been estimated in previous hybrid simulation work by Tera-
sawa et al. [1992], Fujimoto and Terasawa [1994] and Thomas and Winske [1993] by
finding analytic solutions to an assumed diffusion equation for the system and then solv-
ing them using the various derived mixing quantities obtained at late times during the
simulation. Because these studies all assumed that diffusion of plasma by KHI is ef-
fectively described by a diffusion coefficient which is independent of time, we need to
compare their diffusion coefficients with our diffusion coefficients obtained at particular
times during the simulations. In the simulations of Terasawa et al. [1992] and Fujimoto
and Terasawa [1994], they each carried out a simulation with velocity shear jump and
shear layer half-width similar to ours, however they used a much smaller simulation box.
Because the KHI vortices will ultimately grow to fill the simulation box, the box size
is fundamental limiting parameter on the plasma transport. In the small-box case, the
mixing reaches an asymptotic value over time as the single vortex completely fills the
simulation box, is confined by the boundaries, and eventually fully mixes the plasma
within the box. Thus we expect their diffusion coefficients to generally agree with ours
at times up until the vortices have grown to the size of their simulation boxes. After this

time, the vortices in our larger simulation box can continue to grow and we can obtain
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larger diffusion coefficients than they did. In the simulations carried out by Thomas and
Winske [1993], they used a larger simulation box, but considered a smaller velocity shear
jump and shear layer half-width than we did. Thus we expect their diffusion coefficients
should be smaller than ours, because their instability has a lower growth rate and smaller
wavelength KH mode at maximum growth.

Terasawa et al. [1992] assumed a constant diffusion coefficient from a fit to the area
covered by “mixed” simulation cells (i.e. cells with at least a quarter of their density
from each of magnetosheath and magnetosphere particles) over time, and determined
D =0.21, 0.33 and 0.49(c/w,;)*€; for simulations with a = 1, 1.5, and 2 ¢/w,;. In terms
of comparison to our normalized diffusion coefficients, note that since a is equal to 1 ¢/wy;
the values in the Figure 8 can be thought of as normalized to the ion inertial length instead
of the velocity shear layer half-width. In this case, the diffusion coefficient from Terasawa
et al. [1992] for a uniform density simulation with 65 = 0°, shear layer half-width of 1 ¢/w,,
and velocity shear jump of 1 v4 is in agreement with our simulation results obtained around
Q;t = 300. They obtained their diffusion coefficient from a fit to their simulated mixing
at €2;t > 200, when the single dominant mode vortex they were simulating had filled the
simulation box and the mixing area had reached an asymptotic state. Similarly, Fujimoto
and Terasawa [1994] used the area of the mixing layer calculated from the number of
mixed simulation cells at late times during the simulation run to get a diffusion coefficient
of D = 0.24(c/w,;)*Q;. This value from their uniform density simulation with 65 = 0°,
shear layer half-width of 2 ¢/w,; and shear velocity jump of 1 v, is also within the range

we simulated for times just after ;¢ = 300.
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Thomas and Winske [1993] determined diffusion coefficients from the rate of change of
the mixing layer width, 67, which was a proportional to the number of particles crossing
the midplane of the simulation over time. They determined the value of D to be at most
0.03Vpa where Vp is the velocity shear jump (Vj in our simulations). Translated into units
normalized by the ion inertial length and gyrofrequency, D =~ 0.007(c/w,;)*Q;. This value
from their uniform density simulation with 6, = 0°, shear layer half-width of 0.75 ¢/w,;
and velocity shear jump of 0.33 v, is low compared to our diffusion coefficients probably
because of the smaller size and growth rate of the instability and as well as the differences
in the techniques employed to compute the diffusion coefficients.

Fujimoto and Terasawa [1995] also carried out simulations of KHI growth for a range
of non-uniform densities across the magnetopause and velocity shear layer half-widths.
They found that the plasma mixing was reduced when the density jump across the mag-
netopause was increased, in agreement with our results, but they did not calculate diffusion
coefficients for the various cases so we cannot provide a comparison.

From these results, we can consider the important issue of whether or not KHI could
be a dominant mechanism in the transport of solar wind plasma into the magnetosphere
for northward IMF conditions. Because of the magnetospheric magnetic field orientation
and the draping of the solar wind magnetic field, reconnection would be expected to
be the dominant LLBL population mechanism for conditions except those of northward
IMF [Scholer and Treumann, 1997]. The canonical diffusivity required for populating
the LLBL is 10° m?/s [Sonnerup, 1980] which may or may not be achievable through
viscous processes on the flanks. The focus has been on plasma waves and drift instabilities

driven by density gradients scattering particles in the transition layer, however diffusivities
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calculated from only the very highest observed wave amplitudes come close to being large
enough [e.g., Treumann et al., 1991; Vaivads et al., 2004].

To compare our normalized simulation results to real-world values, we convert the dif-
fusion coefficients in Figure 8 using shear layer half width a = 102 km and gyrofrequency
Q; = 0.3047 Hz. We calculate that a diffusion coefficient of 10® m?/s is equivalent to
S = 0.03a%Q; (dotted line) and 10° m?/s is equivalent to S = 0.32a*Q; (dot-dash line).
Values greater than 10° m?/s are obtained during the simulations for n,/n,, = 1 with
0s = 0° and 05 = 15° between 2;t = 350 — 400 and the simulation with n,/n,, = 4 with
0, = 0° around €2;t = 450. This suggests that plasma transport of the order necessary
to populate the LLBL could be achieved under certain conditions via KHI; however, we
reiterate that our diffusion coefficients are time-dependent and should not be used as
if they were classical diffusion coefficients. This result is not without caveats, namely
that our system is not a true representation of the global picture. Our simulation is not
fully three-dimensional and we do not include truly realistic magnetopause conditions in
a large non-periodic-boundary system stretching from nose to tail. Also importantly, our
simulation does not model electrons kinetically which is important in truly quantifying
the plasma transport and in modeling reconnection on fundamental scales. Additionally,
we do not model inhomogeneities in the magnetosphere such as plasma gradients from
the plasma sheet and lobes which would ultimately limit the sizes of the vortices. Nev-
ertheless, it is an interesting result that we can generate local, time-dependent diffusion

coefficients of the order 10 m?/s in our simple system.

4. Summary
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We have carried out two-dimensional hybrid simulations (kinetic ions, massless fluid
electrons) of the KHI for different density jumps and near-northward magnetic shear
angles across the magnetopause, starting with a relatively thin shear layer (~200 km).
For no magnetic shear, the uniform density simulation generates large coherent vortices
while in the non-uniform density simulations the coherent vortices are broken down by
secondary KH and RT instabilities yielding a more turbulent system. For a magnetic
shear angle of #, = 15°, the simulations all show a more coherent vortex structure, as
the turbulence which previously broke-down the instabilities is reduced. For 6y = 30°,
the magnetic tension force stabilizes the ng/n,, = 10 simulation so it does not generate
KH waves, but the ny/n,, = 4 and 1 simulations do. If the shear velocity jump across
the magnetopause is increased then the growth rate of the instability increases and a
ns/n, = 10 simulation can generate waves.

Simulation results show periodic structure in density, temperature, bulk velocity and
magnetic field in general agreement with spacecraft observations. Periods of low and high
density are correlated with period of high and low temperature, as expected for mixing of
cold solar wind and hot magnetosphere plasmas in a vortex structure. Also in agreement
with observations is the generation of low-density fast tailward flows in the rolled-up
vortices for the non-uniform density simulations.

To examine diffusive plasma transport by KHI, we considered the fundamental defini-
tion of diffusion and calculated the mean-squared displacement of particles, < Az? >,
over time. Results showed that the < Az? > increased nonlinearly with time, and was
higher for the uniform density simulations than the non-uniform density simulations and

decreased with increasing magnetic shear angle. This non-linear increase in the diffu-
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sion coefficient (S =< Az? > /t) implies enhanced diffusion which is more appropriately
considered as “super-diffusion” than classical diffusion [Cowee et al., 2009; Treumann,
1997]. It results from the combined effects of large-scale vortex motion and small-scale
turbulence generated in the break-down of the vortices.

The efficiency of KHI in transporting magnetosheath plasma into the magnetosphere
and populating the LLBL is not well understood, but our results suggest that it could be
a more important mechanism than previously thought. The canonical diffusivity required
to populate the LLBL is 10° m?/s [Sonnerup, 1980]. Transport of this magnitude due to
reconnection of twisted fields from the KHI has been measured in the Hall-MHD simu-
lations [Nykyri and Otto, 2004] and we find that such diffusivities of this magnitude are
obtained in several of our simulations. In the uniform density simulations with 6, = 0° and
15° and in the ng/n,, = 4 simulation with 6, = 0°, the time-dependent diffusion coefficient
around ;¢ = 400 (when the smaller vortices that great out of a thin shear layer have
coalesced into one or two large vortices in the simulation box) reached values equivalent
to 10 m?/s. This result should be treated carefully, since our diffusion coefficients are
not classical diffusion coefficients but are instead time-dependent. Additionally, we note
that the higher diffusivities yielded by the smaller density jump simulations could suggest
that double high-latitude reconnection, which acts to increase the plasma density in the
magnetosphere, plays a role in the growth of KHI [Bouhram et al., 2005; Hasegawa et al.,

2009] and therefore helps facilitate this enhanced plasma transport.

Appendix A: Hybrid Model Equations
The two-dimensional hybrid simulation code treats ions kinetically using standard

particle-in-cell techniques and treats electrons as a massless, charge neutralizing fluid.
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Velocities and electromagnetic fields are maintained in all three directions, while parti-
cle position is determined in two dimensions. A leapfrog scheme is used to advance the
particle positions and velocities in time.

The particle motion is described by the equations of motion:

B
mi% — GE+ 22y g, (A1)
dx
d_tp = Vp7 (A2>

where m; is the ion species mass, g; is the ion species charge, vy, is the particle’s velocity,
Xp is the particle’s position. The term enJ is a resistivity term where e is the proton
charge, 1 is the resistivity, and J is the current. The electromagnetic fields E and B are
determined on the spatial grid and interpolated to the position of the particle. From this
the ion species number density (n;), charge density (¢;n;), flow velocity (V;), and current
(J;) can also be specified on the grid for each species and then collected for all species to
determine the total ion density and current.
Electrons are treated as a massless fluid (m,. = 0) so the electron momentum equation
becomes
dVe

Ve x B
neme—— = 0= —en (E + YeX B

_V.P R- A
o . )=V -P+enR-J, (A3)

where —e is the electron charge, n. is the electron number density, V, 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 = ¢N;. (A4)
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Electromagnetic fields are solved in the low frequency approximation. With the quasi-
neutrality condition, Ampere’s law becomes

Ar . 4
VszgJ:%WmW—VJ (A5)

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

OB

=7 = —c(V x B), (A6)

and also

V-B=0. (A7)

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

as

_Vi><B_(V><B)><B_V-IP’Jr

c dmn.ec en,

E= R-J. (A8)

Usually P is taken to be a scalar, P = p.1, with p. = n./T. and an adiabatic law is
assumed for the electron temperature T.. R is also usually taken as a scalar, R = nl. E
is then only a function of B, Vj, and n.. B is advanced with a 4th order Runge-Kutta
scheme using a smaller timestep than that for the particle push. Given B and n, advanced
to the next time level, E can be directly evaluated at the next time level if V; is known
at that time. Finding the V; at the new time is the key feature of all hybrid algorithms
[see  Winske et al., 2003, for details]. We use a simple Richardson extrapolation to get

V; from its previously two saved values.
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Figure 1. Magnetosheath density at two times during the simulations with ng/n,, = 1

for 05 = 0° (left), 15° (middle) and 30° (right).

Figure 2. Magnetosheath density at two times during the simulations with ng/n,, =4

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

Figure 3. Magnetosheath density at two times during the simulations with ng/n,, = 10

for 05 = 0° (left), 15° (middle) and 30° (right).

Figure 4. Simulated quantities in the grid cells along the y direction at x = 60c/w,;
at Q;t = 150 for the simulation with ns/n,, = 1 and s = 15°. Shown are the density,

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

Figure 5. Simulated quantities in the grid cells along the y direction at €2;t = 150 for
the simulation with ng/n,, = 4 and 6, = 15°. Shown are the density, parallel temperature,

v(x,y) vectors, B(x,y) vectors, and B,.
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Figure 6. Simulated quantities in the grid cells along the y direction at £2;# = 150 for the
simulation with ng/n,, = 10 and 6, = 15°. Shown are the density, parallel temperature,

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

Figure 7. Simulated bulk v, versus density at €2t = 300 for the simulations with
ns/Nym = 4 (top) and ng/n,, = 10 (bottom) for 6, = 0° (light gray) and 6, = 15° (dark

gray).

Figure 8. (Left) Mean-square displacement and (right) diffusion coefficients for the var-
ious simulations. Diffusion coefficients equivalent to 108 m?/s and 10° m?/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 ng/n,, =1

for 05 = 0° (left), 15° (middle) and 30° (right).
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Figure 2. Magnetosheath density at two times during the simulations with ng/n,, =4

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

DRAFT December 22, 2009, 12:39pm DRAFT



X-32 COWEE ET AL.: HYBRID SIMULATION OF KHI AT MAGNETOPAUSE

B =0° =15 6 =30°
5 5 5

120
Q=150

50 &

y ()

30 [

120
Q=600

& _.

Y (eo,)

60f

30

[

0 30 60 90 120 © 30 60 90 120 0O 30 60 90 120
X (c!mpl) X (cfoom) X (cfcopi)

Figure 3. Magnetosheath density at two times during the simulations with ng/n,, = 10

for 0, = 0° (left), 15° (middle) and 30° (right).
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Figure 4.

at ;t = 150

Simulated quantities in the grid cells along the y direction at x = 60c/w,;

for the simulation with ns/n,, = 1 and 65 = 15°. Shown are the density,

parallel temperature, v(x,y) vectors, B(z,y) vectors, and B,.
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Figure 5. Simulated quantities in the grid cells along the y direction at €2;t = 150 for
the simulation with ng/n,, = 4 and 65 = 15°. Shown are the density, parallel temperature,

v(x,y) vectors, B(x,y) vectors, and B,.
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Qt=150.0, cut along y—axis at x = 60 c/oopi
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Figure 6. Simulated quantities in the grid cells along the y direction at €2;t = 150 for the
simulation with ng/n,, = 10 and 6, = 15°. Shown are the density, parallel temperature,
v(x,y) vectors, B(x,y) vectors, and B,.
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Figure 7. Simulated bulk v, versus density at €2t = 300 for the simulations with
Ns/Nym = 4 (top) and ng/n,, = 10 (bottom) for 6, = 0° (light gray) and 6, = 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 m?/s and 10° m?/s are indicated

by the dotted and dot-dash lines, respectively.
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