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Abstract.

Observations of Mercury’s local plasma environment by MESSENGER have
revealed that the planet hosts a strongly asymmetric magnetosphere as a re-
sult of an off-axis dipolar or quadrupolar internal field and significant finite
Larmor radius effects at the boundary layer between magnetospheric and so-
lar wind plasma environments. One important asymmetry appears in the growth
and evolution of Kelvin-Helmholtz (K-H) waves at the dawn and dusk flanks
of the magnetopause. Linear analysis and global hybrid simulations support
a dusk-dawn asymmetry in the growth rate caused by finite Larmor radius
effects, and indeed K-H waves have been almost exclusively observed at the
dusk magnetopause during northward IMF. Observations of these K-H waves
at sodium gyro-scales invites investigation into the impact of the hot plan-
etary sodium ion population, itself distributed preferentially on the dusk flank,
on the growth of the K-H instability and associated plasma transport. We
present local two-dimensional hybrid simulations of the dusk and dawn bound-
ary layer, with varying magnetospheric sodium ion number density, and ex-
amine the associated changes in the growth rates of the K-H instability, K-

H wave spectra, and cross-boundary particle transport. We show that gyro-
resonance between growing K-H vortices and sodium ion gyration introduces
a strong spectral peak at sodium gyro-scales at the dusk magnetopause, that
an increase in sodium ion number density increases dawn-dusk asymmetry
of K-H growth rates, and that cross-boundary particle transport decreases

with sodium number density at the dawn flank.
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1. Introduction

Fly-bys and the orbital campaign of the MErcury Surface, Space ENvironment, GEo-
chemistry, and Ranging (MESSENGER) spacecraft have revealed that Mercury hosts a
magnetosphere that is in many respects an analogue of the terrestrial system [Zurbuchen
et al., 2008; Slavin et al., 2008]. However, a combination of small system size, low intrin-
sic magnetic field strength and high solar wind density makes the Hermean local plasma
environment an extreme and highly dynamic system [Slavin et al., 2009]. Major asymme-
tries in the system are introduced by effects relating to an off-axis dipolar or quadrupolar
intrinsic field [Anderson et al., 2008|, and ion gyro-scales on the order of the system size.
Hence, Mercury’s plasma environment presents a useful laboratory for the study of kinetic
and time-dependent plasma processes.

The study presented in this paper focuses on the growth and evolution of the Kelvin-
Helmholtz (K-H) instability driven by shear flows at the flanks of Mercury’s magnetopause.
K-H waves have also been observed in several other systems, including Venus [Pope et al.,
2009], Saturn [Masters et al., 2009, 2010; Delamere et al., 2011] and Earth [Chen &
Kivelson, 1993; Chen et al., 1993; Kokubun et al., 1994; Fairfield et al., 2000, 2003, 2007;
Otto & Fairfield, 2000; Farrugia et al., 2000; Hasegawa et al., 2004]. Given the local
plasma parameters, the instability is expected to have a much more significant effect on
the Hermean system than the terrestrial magnetosphere [Sundberg et al., 2010]. The
instability is also expected to play an important role in cross-boundary transport of solar
wind and magnetospheric ions, and structure formation in the magnetotail [Huba, 1996;

Hasegawa et al., 2004; Gingell et al., 2014]. Observations by the MESSENGER spacecraft
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have revealed that Kelvin-Helmholtz waves are found almost exclusively in the dusk flank
of the magnetosphere during northward interplanetary magnetic field (IMF) [Sundberg
et al., 2012; Liljeblad et al., 2014], and are characterised by sawtooth oscillations in
the equatorial components of the magnetic field [Boardsen et al., 2010], which can be
reconstructed to demonstrate the emergence of shear vortices [Sundberg et al., 2011].
The growth of the Kelvin-Helmholtz instability is favoured for conditions which minimise
the field line tension in the streaming direction [Chandrasekhar, 1961], i.e. for northward
IMF (parallel to the planetary field) and southward IMF (antiparallel). However, weak
or no signatures of the instability are present at both flanks during southward IMF. This
can be attributed to disruption of the boundary layer by reconnection at the dayside
[Hwang et al., 2011]. Given the small system size and Mercury’s weak dipole, the dawn-
dusk symmetry breaking can be attributed to gyration of protons and heavier ions of
exospheric origin.

It is well established that ion gyration has an important effect on the growth rate
of the Kelvin-Helmholtz instability at ion-scale shear boundaries[Nagano, 1979; Thomas
& Winske, 1991, 1993; Thomas, 1995; Huba, 1996]. However, the nature of the effect is
strongly dependent on the initial conditions and plasma beta [Huba, 1996]. Early analytic
results suggested that the co-rotating boundary, at which the background magnetic field
and vorticity at the shear layer are parallel, would have a faster growth rate for Kelvin-
Helmholtz waves than the counter-rotating boundary, at which the background magnetic
field and vorticity are antiparallel [Nagano, 1979]. However, more recent numerical re-
sults suggest that widening of the co-rotating boundary (required by the kinetic equilib-

rium) leads to a faster growth rate at the counter-rotating boundary than the co-rotating
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boundary [Nakamura et al., 2010]. Global hybrid simulations of Mercury’s magnetosphere
[Travnicek et al., 2009; Paral & Rankin, 2013] and observations by MESSENGER [Sund-
berg et al., 2012] appear to support the latter result: the growth of Kelvin-Helmholtz
instability is faster on the counter-rotating, dusk flank during northward IMF.

A spectral analysis of Kelvin-Helmholtz waves at the dusk flank of the magnetopause has
revealed an apparent bias towards the growth of K-H vortices at scales associated with the
gyration of a hot sodium ion population [Gershman et al., 2015], created by ionisation of
exospheric neutrals at the dayside, sub-solar region [Zurbuchen et al., 2008, 2011; Raines
et al., 2011; Gershman et al., 2014]. This suggests that the gyration of sodium ions plays
an important role in the evolution of the K-H instability, despite its relatively low number
density.

For the first time, we investigate the effect of the hot sodium ion population on the
growth of the K-H instability at the flanks of Mercury’s magnetotail by means of local,
two-dimensional hybrid simulations. We find that gyro-resonance between sodium ions
and growing Kelvin-Helmholtz vortices produces strong peaks in K-H wave spectra at
sodium gyro-scales at the dusk, counter-rotating shear boundary, and suppresses growth
of the instability at the dawn, co-rotating shear boundary. We use test particle sim-
ulations to investigate the gyro-resonance mechanism, which we suggest is due to the
combined current of petal-like orbits of trapped counter-rotating sodium ions. We also
present measurements of cross-boundary transport and mixing coefficients for the sodium
ion and proton populations, which are relevant to investigations of magnetospheric ion

distributions and exospheric loss.
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2. Simulations

We investigate the evolution of ion scale shear boundaries by means of simulations utiliz-
ing a hybrid model, which combines a kinetic, particle-in-cell treatment of ion species with
a charge-neutralising, massless and adiabatic electron fluid [Matthews, 1994]. Maxwell’s
equations are solved under the low-frequency Darwin limit, neglecting collisions and with
zero resistivity. The simulations presented in this paper are two-dimensional in configu-
ration space, with 3 vector components for fields and velocities (e.g. B, ,..(z,y,t)), and
periodic boundary conditions in both x- and y-dimensions.

Simulations are initialised with two parallel velocity shear boundaries separating a high
density solar wind proton population and a lower density magnetospheric proton and
sodium ion populations. The number densities ns(z) for each species are initialised as

follows:

oy = & (255 s (255)] .

nsp (€)= g T'(x) (2)
nxa(@) = np"T(x) (3)
Newp(7) = mg " (1=T(x)), (4)

for boundary layers of width L at x = g and x = x1, with the magnetospheric populations
dominating for xy < x < z1, and the solar wind population dominating for x < xy and
x > x;. Each population s is initialised with shear velocity U, = (0, us, 0) relative to
the simulation frame, and thermal velocity v5,. The parameters n{ determine the relative

densities of each species. The magnetic field is initialised as uniform and perpendicular
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to the grid, B = (0,0, By), such that we can neglect the effects of changing magnetic
topology via reconnection. Using futher simulations including a small, uniform in-plane
field component B, = 0.05B,, we have verified that the main results concerning K-H
growth and spectral properties are unchanged from the perpendicular field cases. The
conclusions drawn from this study relating to the search for a mechanism for sodium
gyro-resonance are therefore unaffected by the additional physical processes introduced
by this geometry. The parameters By, nj and vj), are chosen such that the boundary layer
is initialised in MHD pressure balance. We note that low amplitude magnetoacoustic
waves propagate from the boundary at ¢ = 0 as a result of the deviation from full kinetic
equilibrium [Henri et al., 2013; Cerri et al., 2013]. Simulations are normalised such that the
reference background number density ng = 1, By = 1, and spatial scales are given in units
of the proton inertial length d, = v4/Q, for va = By/,/fiom,ng, and time scales are given
in units of the inverse proton gyrofrequency tq = Q! = (eBy/m,) ! respectively. Ion
thermal velocities are initialised as vy © /va = 0.4, vy " Jva = 1.2, and v} ¥ /ua = 0.2. The
sets of relative densities and electron temperatures used for simulations presented in this
paper are given in Table 1. For these simulations, the shear velocity of the magnetospheric
populations is given by tms, = una = 0, and the shear velocity of the solar wind population
is given by sy, = —0.02v04.

The simulations are conducted using a Cartesian grid with 256 cells in z and y, with
resolution Az,y = 0.5d,. We make use of 1500 computational particles per cell per
species to sufficiently sample the distribution function in the tail regions of velocity space.
A diagram of the simulation geometry is shown in Figure 1. Each simulation includes

two shear boundaries centred at zyp = 64d, and x; = 192d,, as necessitated by our use

DRAFT June 10, 2015, 11:58am DRAFT



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

of doubly periodic boundary conditions. The simulation grid is large enough that there
is no significant transport of plasma across the boundary at x = 0 within the timescales
discussed in this paper. That is, the vortices generated by the K-H instability at the
dusk shear boundary do not interact with those at the dawn boundary. We note that
for the initial conditions and parameters discussed in this section, the shear boundary at
xo = 64d, has vorticity anti-parallel to the background magnetic field and associated ion
gyration, and is termed the “counter-rotating” boundary. At z; = 192d,, the vorticity is
parallel to the background magnetic field, and is termed the “co-rotating” boundary. For
northward IMF, the counter-rotating boundary corresponds to the dusk flank of Mercury’s
magnetosphere, and the co-rotating boundary corresponds to the dawn flank.

The simulation geometry described above constitutes a localised treatment of the mag-
netospheric boundary layers. In contrast to a full global simulation, we are therefore
neglecting the effects of magnetic curvature, interactions with the planetary surface, and
other complex features of the magnetic topology. However, our local approach allows
us to more easily isolate the effect of high energy sodium ions on the evolution of K-H
unstable boundaries, and the mechanism behind the interaction, at high spatio-temporal

resolution.

3. Results

The following sections present an account of the evolutionary features in our simulations.
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3.1. Kelvin-Helmholtz Instability

The time evolution of the number density of solar wind protons is shown for simulations
of varying peak sodium number density n)® in Figure 2. Several important features emerge
from comparison between the simulations shown, including;:

1. Waves associated with the Kelvin-Helmholtz instability are seen to grow at both
shear boundaries at early times, forming characteristic rolled-up vortices clearly visible,

for example, at t = 80tq for n)* = 0.5 in Figure 2.

2. For all simulations, the growth of vortices on the dawn side shear boundary (right
hand boundary) is suppressed compared to the dusk boundary for the same initial condi-
tions. For high sodium ion densities, no coherent vortices form at the dawn, co-rotating

boundary at all, as is perhaps most clear at t = 320tq for n)® = 1 in Figure 2.

3. As the number density of the sodium ion population is increased, the growth rate
of the K-H instability is increased at the dusk side boundary, and decreased at the dawn

side boundary.

4. Increases in the magnetospheric sodium ion density can affect the scales sizes of the
fastest growing modes of the K-H instability, resulting in differences in the size of vortices.
This effect can be clearly seen in comparison of the dusk boundaries at ¢ = 160¢() for

np® = 0 and 0.5.

5. The density enhancements parallel to the y-axis are associated with transient fast
mode waves, as mentioned in Section 2.

We show the dependence of the growth rate of the Kelvin-Helmholtz instability on
sodium ion density at dusk and dawn boundaries in Figure 3. The growth rate of the

K-H instability is higher at the dusk boundary than the dawn boundary for all sodium ion
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densities, which agrees with the MESSENGER results. Importantly, the change in growth
rate due to differences in the initial conditions between simulations, i.e. the sodium ion
density and electron temperature, are shown to have a much smaller effect on the growth
rate of K-H waves than the direction of ion gyration. This dominant change in the
growth rate of the K-H instability with the direction of ion gyration demonstrates that
kinetic effects play an important role in the evolution of magnetospheric shear boundaries.
Indeed, the dependence of the growth rate on ion gyro-radius is well known to have
an important effect based on linear analysis [Nagano, 1979] and simulation data (e.g.
[Thomas & Winske, 1993; Nakamura et al., 2010; Henri et al., 2013]). However, it has
been shown that the growth rate may be enhanced (or suppressed) at either the dusk or
dawn boundary depending on the local plasma beta [Huba, 1996]. Given this variation,
the mechanism which allows ion gyration to enhance or suppress the instability is not yet
clear. Some simulations of kinetic scale boundaries suggest that suppression of K-H at
co-rotating boundaries may be a result of a widening of the boundary layer to achieve
kinetic equilibrium [Nakamura et al., 2010]. Indeed, widening of the boundary layer to
approximately twice the initial width is visible at the dawn boundary at early times.
Importantly, the wider dawn boundary and first K-H waves have scale lengths much less
than the sodium ion gyro-radius, and hence we can expect sodium kinetic effects to be
important to both dawn and dusk shear boundaries.

In Figure 4 we examine the time evolution of the power spectrum of fluctuations in
the motional electric field E,, in order to address this question in the context of the K-H
instability in Mercury’s magnetotail. These electric field fluctuations are associated with

cross-boundary bulk velocities within K-H vortices.
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In support of the observations of the proton number density in Figure 2, we see that
in each case the power in the instability at the dawn, co-rotating boundary is lower than
at the dusk-boundary across all scales. On the dusk boundaries, we can also see the
transfer of power from small to large scales as K-H vortices grow. At early times for
the dusk boundaries, we see an increase in power at proton gyro-scales. At later times,
most importantly, we see even greater increases in power in the instability at modes
with wavelengths of approximately the sodium gyro-radius. These sharp peaks coincide
with periods in the evolution associated with strongly coherent vortices, as seen, for
example, at ¢ = 160tq for n)® = 0.5 in Figure 2. This suggests that a resonance between
sodium ion gyration and the Kelvin-Helmholtz vortices is an important contributor to
the dynamics and evolution of the system, even for low sodium ion densities, strongly
enhancing the asymmetry between the dusk and dawn flanks of the magnetotail. We

examine the mechanism behind this gyro-resonance in the following section.

3.2. Vortex Gyro-resonance

In order to determine the mechanism responsible for the observed resonance between
K-H vortices and sodium ion gyration, we perform test particle simulations representing
the interaction of a low number density ion species (i.e. sodium ions) with fixed electro-
magnetic fields associated with a K-H vortex in the higher number density background
population (i.e. the protons). Hence, we examine only the trajectories and bulk properties
of the sodium ion population in a dominant proton plasma background, and neglect the
self-consistent interaction of ion species to simplify the problem. With fixed, perpendic-

ular magnetic field By, the convective electric field E = —u x B is set up to represent a
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shear boundary with a superimposed vortex of varying radius. The non-zero background

electromagnetic fields are therefore given by:

B, = (-=1)"Bu, (5)
E, = (—=1)™"'r?exp(—r*/R?)sin 0 (6)
+(=1)" M Bgwige (x — 20) /|2 — 20,

E, = (=1)™"'r?exp(—r*/R?) cos 0, (7)

where polar coordinates 7* = (z — x¢)* + (y — yo)* and tan 8 = (y — yo)/(z — x¢) are taken
relative to the centre of the vortex at (zo,y0) = (100d,, 600d,), and the shear boundary
centred at x = zy. Parameter R, determines the radius of the vortex, which is co-rotating
for m = 1 and counter-rotating for m = 0. A total of 10° particles are initialised with
Maxwellian thermal velocity distribution and E x B drift v in a region upstream of the
vortex with x > x¢, of size 3R, + 2pna. in x, and 40pn, in y. This samples a population
of interacting and non-interacting sodium ions on the magnetospheric side of the shear
boundary, represented in Figure 1 by a hatched grey box. These test particles drift towards
the stationary vortex and interact if their trajectories intersect the region for which the
vortex electric field is significant. We track both interacting and non-interacting particle
trajectories in order to better understand the interaction.

The time evolution of the one-dimensional number density n(y) for test particles inter-
acting with a vortex of varying radius and vorticity direction are shown in Figure 5. In
panel (a), which shows results for a counter-rotating vortex with R, = pna, test particles

are seen to drift towards the vortex and, after interaction at approximately ¢t = 0.7tq,
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continue with the same drift velocity. This behaviour manifests as a largely unbroken
diagonal line in (y,t). Results in panel (b), for a counter-rotating vortex with R, = 2pna,
demonstrate that although non-interacting test particles continue to drift with the local
shear velocity, many become trapped within the vortex. This behaviour manifests as a
horizontal bar at the vortex’s centre y = yo. Panels (a) and (b) therefore demonstrate
that test particles become trapped within the counter-rotating vortices provided they are
larger than approximately twice the test particle gyro-radius (i.e. R, > pna). At a co-
rotating boundary of radius R, = 2pna, as seen in panel (c), no test particles become
trapped. Sodium ions are instead deflected around the vortex before continuing to drift
with the local shear velocity. Hence, sodium ions cannot continue to interact with the
vortex for a time longer than ~ 2R, /vy. We note that this behaviour leads to a modula-
tion of particle trajectories in gyro-phase, visible as periodic peaks in the number density
after interaction with the vortex.

The differences in the interaction of test particles with co- and counter-rotating vortices
can be seen clearly in the particle trajectories, shown in Figure 6. For a typical trajectory
for the co-rotating case (shown in blue), we observe a deflection of intersecting test parti-
cles in the outward direction from the vortex centre, leading to an azimuthal drift of test
particles around the vortex. For the counter-rotating case (shown in red), test particles
which intersect with the vortex are accelerated towards the centre of the vortex by the
radial motional electric field, and become trapped in a precessing petal orbit with scale
size equal to the vortex radius. Although the gyration of these particles is in the opposite

direction to the background vorticity, these particles contribute a co-rotating current, as
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shown in Figure 7. This co-rotating current increases the power in the counter-rotating

K-H vortex, leading to the observed gyro-resonance in Figure 4.

3.3. Ion Transport

In this section we examine the effect of sodium ion density on the transport of protons
and sodium ions across the magnetopause. Having calculated the mean-square displace-
ment of a chosen population of ions (Az?), we can characterise the time evolution by

defining a diffusion coefficient D, as follows:

Ds:< s/ (8)

We can then test for a power law increase in mean-square displacement such that (Az?) oc
(Q4t)". For classical diffusion, v = 1 and the diffusion coefficient D is constant. Plots
of the time evolution of the mean square displacement for ions initialised within 10d; of
each boundary are shown in Figure 8. The curves demonstrate hyper-diffusive power laws
~v > 1 apply for both dawn and dusk boundaries in all simulations. With no sodium ion
impurity, the exponent ~ is higher at the dawn flank. However, increasing the sodium ion
density decreases the transport exponent at the dawn flank, but has little effect on the
dusk flank. This implies that the suppression of the growth of K-H vortices at the dawn
flank by the sodium ion population reduces the cross-boundary transport of plasma in
that region.

Ion transport can also be quantified by considering a “mixing parameter”, M, defined
as the fraction of computational cells in the simulation domain with a given minimum

number density of both magnetospheric and solar wind protons:
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M = Z fi/Ncells> (9)
for a sum over all computational cells ¢, with total cells Ngs. The conditional function
fi for cell 7 is given by:

2 i = 2'%0

fi _ {1, if (nZS,WP > lnzwp) & (nmsp > lnmsp) (10)

0, otherwise.

Plots of the time evolution of the mixing parameter M for the simulations discussed in
this paper are shown in Figure 9. These plots demonstrate that the mixing rate is higher at
the dusk boundary than the dawn boundary for both proton and sodium ion populations.
Additionally, increasing the sodium ion density appears to increase the mixing rate of the
sodium with solar wind protons at both flanks. Together with the results in Figure 8, this
implies that the growth of coherent vortices at the dusk boundary, and the suppression of
the K-H instability at the dawn flank, leads to faster cross-boundary transport and more

efficient mixing at the dusk flank.

4. Conclusions

Our simulations have reproduced the strong dusk-dawn asymmetry in the growth of the
Kelvin-Helmholtz instability observed in both global hybrid simulations [Trévnicek et al.,
2009; Paral & Rankin, 2013] and observational data from the MESSENGER spacecraft
[Liljeblad et al., 2014; Sundberg et al., 2012]. We have further demonstrated that it is
necessary to consider the effect of low density, massive ion species of exospheric origin
if we are to properly model the growth and evolution of plasma instabilities in the local

Hermean plasma environment.
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We have shown that the inclusion of a hot sodium ion population introduces a resonance
between K-H vortices and ion gyration. Our results are consistent with the observations
of Gershman et al. [2015], who report high correlation between K-H wave frequency and
sodium gyro-frequency in the dusk magnetotail. In out simulations, this manifests as a
strong spectral peak in K-H wave power close to sodium gyro-scales, corresponding to
highly coherent, persistent vortices visible at the sodium gyroradius at dusk, counter-
rotating boundaries. In contrast, the inclusion of sodium ions leads to almost complete
suppression of vortex growth at dawn, co-rotating boundaries.

Test particle simulations suggest that the source of the gyro-resonance at dusk bound-
aries is the generation of a co-rotating current formed by the combination of petal-like
orbits of counter-rotating sodium ions trapped in K-H vortices.

An analysis of diffusion power laws and mixing parameters has shown that ion transport
is faster at dusk boundaries than at the dawn flank in the presence of sodium ions, and that
the dusk flank plasma is more highly mixed than at the dawn flank. This suggests that
the growth of gyro-resonant, coherent K-H vortices leads to a more efficient mixing of the
solar wind and magnetospheric populations, and that suppression of the K-H instability
reduces cross-boundary transport.

Although local plasma simulations provide an ideal environment for the study of highly
specific plasma processes, as in this paper, high-resolution global simulations may still be
necessary to determine the importance of sodium ion gyro-resonance to Mercury’s local
plasma environment. For example, a more realistic, three-dimensional geometry will en-
able the assessment of the impact of magnetic reconnection in K-H vortices, which can

accelerate and heat both proton and sodium ion populations. Non-periodic boundary
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conditions representing the interaction of the magnetospheric plasma with the plane-
tary surface may also be necessary to more robustly predict the evolution of the Kelvin-
Helmholtz instability and other boundary layer instabilities. Finally, though the K-H
instability grows self-consistently from grid-scale noise in the simulations presented in
this paper, a more realistic model of a magnetosphere may also include K-H waves ini-
tialised by high amplitude solar wind perturbations and fluctuations in the magnetosheath
dynamic pressure. In such cases, the gyro-resonance mechanism we have discussed can
be expected to operate for perturbations of scale length less than the sodium gyro-radius.
However, suppression of the growth of vortices on the dawn shear boundary may be over-
come with sufficient driving. These considerations will be important to direct comparison
of three-dimensional, global simulations of vortex gyro-resonance at the magnetopause

with observational data.
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Figure 1. Diagram of the geometry of the initial conditions used for simulations discussed

in this paper. Shear boundaries separating the solar wind (SW) and magnetopsheric (MS)
populations are shown with coloured circles corresponding to the direction of gyration of co-
rotating (blue) and counter-rotating (red) ions. Dashed circles demonstrate the direction of
bulk flow within vortices generated by the K-H instability at each shear boundary. Note that
the relation between the direction of gyration (coloured circles) and vorticity (dashed circles)
determines which boundary is co-rotating and which is counter-rotating. The hatched grey box
represents the initial position of the test particle population discussed in Section 3.2.

P

Table 1. List of simulation parameters, including peak magnetospheric proton density ny*",

peak solar wind proton density ny"?, peak sodium ion density n)® and dimensionless electron

temperature 7, = 20,.
msp SWp Na
ny t/mg ng C/me ng?/ne Te

1 4 0 0.133
1 4 0.1 0.154
1 4 0.5 0.252
1 4 1 0.430

doi:10.1126/science.1211302
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Figure 2. The time evolution of the number density of solar wind protons, for simulations
with n)® = (0,0.1,0.5,1) left to right. Note that an increase in the number density of sodium
ions in the magnetospheric population leads to a strong as mmetry in the growth of the Kelvm-
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Helmholtz instability between the dusk and dawn shear boundaries. The thermal gyro-radius of

the sodium ion population is represented with a white circle.
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Figure 3. Peak power in the spectrum of K-H waves, from cross-boundary motional electric
field E,, for dusk (red) and dawn (blue) boundaries. For dusk, counter-rotating boundaries, the
growth rate of the K-H instability is both faster, and begins at an earlier time. However, there is

no definitive trend in the change in growth rate caused by sodium ion density at either boundary.
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Figure 4. The time evolution of power spectral density of K-H waves from the field E, at
dusk (top) and dawn (bottom) boundaries, for increasing sodium ion density from left to right.
Two important features emerge: i) increasing sodium ion density causes the suppression of waves
across all scales at dawn boundaries and ii) increasing sodium ion density introduces spectral
features at sodium gyro-scales. The sodium ion gyro-radius is represented with a white dashed

line.
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Figure 5. Histograms showing the time evolution of test particle number density for varying
size and direction of imposed vortex, for a set of test particles initialised in the region 380 <
Yo/d, < 450. Dashed lines represent the centres and radii of the vortices. For counter-rotating
vortices above approximately twice the sodium gyro-radius, we see significant trapping of sodium
ion within the vortex. For all sizes of co-rotating boundaries, sodium ions are deflected rather

than trapped.
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Figure 6. Examples of test particle trajectories for counter-rotating (red) and co-rotating

(blue) vortices, corresponding to dusk and dawn shear boundaries respectively. These trajectories
demonstrate the characteristic petal-shaped orbit of a trapped counter-rotating ion and deflection

of a co-rotating ion.
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Figure 7. Magnitude (colour) and direction (arrows) of the contribution of test particles to
the current for a counter-rotating shear boundary. A sample background ion trajectory is shown

in black. Note that the direction of the total current of the sodium ion population is co-rotating

with the vortex, despite the counter-rotation of the individual particle gyration.
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Figure 8. Mean square ion displacement, (Axz?), for solar wind protons at dusk (red) and dawn
(blue) boundaries with varying sodium ion number density. Although proton transport appears
unaffected by sodium density at the dusk boundary, introduction of sodium at the dawn boundary

is seen the reduce transport. Two dashed black lines represent power laws with exponents v = 2

and v = 1.5.
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Figure 9. Time evolution of the mixing parameters for magnetospheric and solar wind protons
(top), and for sodium ion and solar wind protons (bottom). In both cases, the plasma at the dusk
boundaries are seen to be more highly mixed than their dawn counterparts with the introduction

of a sodium ion population.
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