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Abstract The Kelvin-Helmholtz (KH) instability can transport mass, momentum, magnetic flux, and
energy between the magnetosheath and magnetosphere, which plays an important role in the solar-wind-
magnetosphere coupling process for different planets. Meanwhile, strong density and magnetic field asymmetry
are often present between the magnetosheath (MSH) and magnetosphere (MSP), which could affect the
transport processes driven by the KH instability. Our magnetohydrodynamics simulation shows that the KH
growth rate is insensitive to the density ratio between the MSP and the MSH in the compressible regime, which
is different than the prediction from linear incompressible theory. When the interplanetary magnetic field (IMF)
is parallel to the planet's magnetic field, the nonlinear KH instability can drive a double mid-latitude
reconnection (DMLR) process. The total double reconnected flux depends on the KH wavelength and the
strength of the lower magnetic field. When the IMF is anti-parallel to the planet's magnetic field, the nonlinear
interaction between magnetic reconnection and the KH instability leads to fast reconnection (i.e., close to
Petschek reconnection even without including kinetic physics). However, the peak value of the reconnection
rate still follows the asymmetric reconnection scaling laws. We also demonstrate that the DMLR process driven
by the KH instability mixes the plasma from different regions and consequently generates different types of
velocity distribution functions. We show that the counter-streaming beams can be simply generated via the
change of the flux tube connection and do not require parallel electric fields.

1. Introduction

The Kelvin-Helmholtz (KH) instability is driven by a large sheared flow (Chandrasekhar, 1961), which is an
important physical mechanism for the viscous-like interaction between the Earth's magnetosphere (MSP) and the
solar wind (SW) (Axford, 1964; Axford & Hines, 1961). There are lots of in-situ observation events during both
north- and southward interplanetary magnetic field (IMF) conditions at low-latitudes (Blasl et al., 2022; Eriksson,
Lavraud, et al., 2016; Henry et al., 2017; Hwang et al., 2011; Kavosi et al., 2023; Li et al., 2013, 2016, 2023; Rice
et al., 2022; Wilder et al., 2023; Yan et al., 2014, 2022), as well as at high latitudes with IMF mostly along the
dawn or dusk direction (Hwang et al., 2012; Ma et al., 2016; Nykyri et al., 2021). Kavosi and Raeder (2015) shows
that for Earth's magnetopause, KH waves occur about 19% of the time. About 35% were for near northward IMF,
about 20% for radial or quasi-radial IMF, and only about 10% for southward IMF. It has also been shown that the
KH instability can occur at Mercury (Paral & Rankin, 2013), Venus (Dang et al., 2022; Pope et al., 2009; Walker
etal., 2011), Mars (Poh et al., 2021), Jupiter (B. Zhang et al., 2018; Ma et al., 2022; Desroche et al., 2012), and
Saturn (Desroche et al., 2013; Ma et al., 2015; Masters et al., 2012), as well as in the solar corona (Foullon
et al., 2011, 2013; Nykyri & Foullon, 2013; Ofman & Thompson, 2011).

Assuming an infinitely thin sheared flow boundary, Chandrasekhar (1961) demonstrated that the KH growth rate,
7, for an incompressible magnetohydrodynamics (MHD) system is given by

y =@l —u)- kP - a(uy; k)’ —auo k) (1)

where the subscripts 1 and 2 represent the value on each side of the sheared flow boundary layer, a; = p;/(p, + p»),
p is the mass density, u is the bulk velocity, u, = B/4/ugp is the Alfvén velocity, B is the magnetic field, y, is the
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vacuum permeability, k is KH wave-vector. Equation 1 reveals that a large flow shear can increase the KH growth
rate and the magnetic field in the KH wave-vector direction can stabilize the KH instability. Equation 1 also
indicates that a large density ratio between the magnetosheath (MSH) and the magnetosphere can reduce the KH
growth rate.

It is important to notice that for heliophysical objects there is often a large density asymmetry or magnetic field
asymmetry across the sheared flow layer. For instance, the typical Earth's magnetosheath number density is about
10 times larger than the magnetospheric number density, while the magnetosheath and magnetospheric magnetic
fields are comparable (Ma et al., 2020). However, if a plasmaspheric plume reaches the magnetopause, the
magnetospheric number density will be comparable to or even larger than the magnetosheath number density
(Walsh et al., 2015). The typical number density ratio across Venus' ionopause boundary is about 100 to 1,000,
while there is no or weak magnetic field in Venus' ionosphere (Mostl et al., 2011). For Mars and Saturn, the
magnetosheath number density is about 10 times greater than the magnetospheric number density. However, the
ion population in the magnetosphere is much heavier than the proton, which leads to the mass densities being
comparable across the sheared flow layer (Delamere et al., 2013; Poh et al., 2021). These large density or
magnetic field asymmetries (and consequently temperature asymmetry) affect the growth of the KH waves as
well as the secondary instabilities (e.g., magnetic reconnection).

At the Earth's magnetopause during the northward IMF condition, the large vortices driven by the nonlinear KH
instability can drag low-latitude magnetosheath magnetic field lines in the sun-ward direction and low-latitude
magnetospheric magnetic field lines in the tail-ward direction, reminiscent of a “candy wrapper.” This process
can generate strong anti-parallel magnetic field components at mid-latitude and consequently trigger a pair of
mid-latitude reconnection sites, which is often referred to as double-mid-latitude-reconnection (DMLR)
(Eriksson et al., 2021; Faganello et al., 2012; Otto, 2006). The net effect of this DMLR process exchanges the
low-latitude magnetosheath and magnetospheric flux tubes, which provides a net mass transport from the
magnetosheath into the magnetosphere (Ma et al., 2017). It is expected that such a scenario can also occur at
Venus' ionopause boundary layer as the ion escape mechanism. The presence of heavy ions with a weak
magnetic field on the ionospheric side is likely to increase the mass transport rate. However, strong density
asymmetry is likely to reduce the KH growth rate and the weak magnetic field is expected to limit plausibly
exchangeable magnetic flux. Thus, it is interesting to explore the influence of large density and magnetic field
asymmetry on the mass transport rate. Meanwhile, the DMLR at the Earth's magnetopause also indicates the
mixing of plasma with different temperatures, which is expected to generate different types of velocity dis-
tribution functions (VDFs).

In the case of strong magnetic asymmetry, the DMLR process can generate magnetic bottle structures. Both
bottle-body (i.e., the weaker magnetic field region) and bottle-neck (i.e., the stronger magnetic field region) for
newly reconnected magnetic field lines can be present in the vicinity of the equatorial plane. It is, therefore,
interesting to examine whether charged particles can be trapped or accelerated in this structure. Previous sim-
ulations and observations have shown that particles can be effectively accelerated in magnetic bottle structures
created by magnetic reconnection at high latitudes (diamagnetic cavities) (Burkholder et al., 2020; Kavosi
et al., 2018; Nykyri et al., 2012, 2019).

At the Earth's magnetopause during the southward IMF condition, both the KH instability and magnetic
reconnection can operate simultaneously (Ma et al., 2014a, 2014b). A fast reconnection rate (i.e., Petschek
reconnection rate) can be achieved even without including kinetic physics due to the fast expansion of the x-line.
However, the total open flux is limited, since the KH instability diffuses the large-scale current sheet. A strong
magnetic field asymmetry is expected to decrease the reconnection rate due to the lower magnetic field strength at
one side which lowers the Alfvén speed. Thus, it is interesting to explore whether the asymmetric reconnection
rate influenced by the KH instability can still reach the Petschek reconnection rate.

In this paper, we will mainly use numerical MHD simulations as well as test particle simulations to explore
the influence of density asymmetry and magnetic asymmetry on KH instability. Section 2 will roughly de-
scribe the numerical methods used in this study, the main simulation results will be presented in Sections 3 and
4. We will discuss the application of these results in Section 5. The main results will be summarized in
Section 6.

MA ET AL.

2 0of 22

QSUDIT suowwo)) 2anear) a[qearidde ayy £q pauIaA03 are s3[ONIR Y 3N JO SA[NI 10J AIRIQIT AUIUQ AJ[IAN UO (SUONIPUOD-PUR-SULID) /WO A[IM" AIeIqI[aul[uo//:sdny) SUONIPUOD pue SWIA], Y1 3RS *[+707/S0/L1] U0 Areiqr autjuQ AS[IA ‘$ETTEOVIETOT/6T01 01/10p/wod Kapim’ Kreiqrjaurjuo-sqndngey/:sdny woiy papeo[umo( ‘€ ‘470 ‘T0¥6691T



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2023JA032234

Table 1

2. Methods

List of Values of Free Parameters for Each Case 2.1. MHD Simulation

P1

P2

B, B, Region 1  Region 2

2D 4/(N + 1)
2.5

N-D
N-M1
N-M2
N-M3
S-Ml
S-M2
S-M3

1
1

4N/(N + 1)

0.25

1.5 0.5 MSH MSP

The MHD KH instability is numerically simulated by solving a full set of
1 MSP MSH normalized resistive MHD equations using a leap-frog scheme in a Cartesian
1 MSH MSP coordinate system (Ma et al., 2014a, 2017, 2019; Nykyri & Otto, 2001; Otto
1 MSH MSP & Fairfield, 2000). All physical quantities are normalized by their normali-
0.5 MSH MSP zation values, which are given by length scale L, = 640 km, number density
ny = 10 cm™, the mass density is p, = m,hy, where m, = 1.67 X 107" kg is

the proton mass, magnetic field magnitude B, = 70 nT, and the normalization
=Il MSP MSH

-0.5 MSP MSH

value of other quantities can be derived from these three quantities. These
parameters are chosen to be close to the MMS KH event observed by

L5 -05 MSP MSH Eriksson, Lavraud, et al. (2016), which is only used for the test particle

simulations. All MHD results do not depend on these normalization values.

For all simulations, the x direction is the normal direction of the unperturbed
sheared flow layer, the y direction is along the sheared flow direction, and the z direction is determined by the
right-hand rule, which is also along the unperturbed magnetic field direction. In this study, we only investigated
the configuration with a magnetic field initially perpendicular to the sheared flow direction (i.e., vy L B). In this
condition, the whole process is symmetric with respect to the plane z = 0 (Ma et al., 2017, 2021; Otto, 1999).
Thus, we only need to simulate the upper-half domain, which is given by [-L,, L,] X [-L,, L,] X [0, L,] along the
X, y, and z-directions, where L, = 25, L,= 10, and L, = 120. The x direction is uniformly resolved by 203 grid
points with the best resolution of 0.1 in the middle of the simulation domain, and the y and z directions are
uniformly resolved by 203 grid points.

The initial steady state is a one-dimensional transition layer with a flow shear. The velocity profile is given by v
(x) = 0.5 tanh(x)e,. The density profile is given by p(x) = 1/2(p; + p,) + 1/2(p, — p,) tanh(x). The magnetic field
B_ profile is given by B_(x) = 1/2(B,, + B,) + 1/2(B,; — B_,) tanh(x). The other components of the magnetic field
and velocity are set to zero. Here subscript 1 and 2 represent the value in Region 1 (i.e., x > 0) and Region 2 (i.e.,
x < 0), respectively. This transition layer maintains the total force balance across the sheared flow layer (i.e., the
sum of the thermal pressure and magnetic pressure is constant, p,,). For all simulation cases, the minimum plasma
beta is always 0.5. The values of p; and B; for each case have been listed in Table 1. Whether Region 1 or Region 2
represents the magnetosheath or magnetosphere is also indicated in Table 1. Notice that for 2-D simulation, the
N=1,5, 10,20, 30, 50, 100. For Case N-M3, the density profile is proportional to the thermal pressure profile so
that the temperature is constant across the sheared flow.

The KH instability is triggered by a velocity perturbation localized in the vicinity of the equatorial plane (i.e.,
z = 0), which is given by v = V®(x, y) X e_f(z). Here, the stream function is ®(x, y) = dv cos(x/l,) cosh_](kyy),
[, =2, k,=n/L,and v = v, /20, and the localization function f(z) is given by f(z) = 0.5{tanh[(z + z,)/D_] — tanh
[(z = zy)/D_1}, z; = 20, and D_ = 3 for 3-D simulations, and f(z) = 1 for 2-D simulations.

The boundary conditions along the y direction are periodic. Along the x direction, the boundaries are closed, in
which v, = 0 and d, = 0 for the rest of the quantities. Notice, that the dimension along x is large enough to ignore
the boundary influence. To maintain the top boundary from the perturbation, an artificial friction term —u(z)
(v — v,) is applied to the right-hand side of the momentum equation in 3-D simulations (Ma et al., 2017). Here, v,
is the unperturbed bulk velocity, which also represents the solar wind or ionosphere speed. The friction term tends
to force the plasma to move at its initial velocity, or equivalently it absorbs perturbations, maintaining the initial
boundary layer away from the equatorial plane. Therefore, the friction coefficient is given by v(z) = 0.5{2 — tanh
[(z+z,)/D,] + tanh[(z — z,)/D, ]}, z, = 30, and D, = 3, which has been switched on only near the top and bottom
boundaries (Ma et al., 2017, 2021). In this study, we applied a large dimension along the z-direction to fully damp
the Alfvén wave before it reaches the top boundary during the simulation interval.

In the 3-D MHD simulation, one can always trace a magnetic field line from any given point to the top boundaries
at any given time. Notice, that the top boundaries in this simulation represent the unperturbed region, the magnetic
field line is considered to connect to Region 1 (2) if the location of the magnetic field line's footprint on the top
boundary is in Region 1 (2). Since the whole simulation is symmetric with respect to the equatorial plane, we refer
to the magnetic field line with the top on the magnetosheath (magnetospheric) side as magnetosheath
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(magnetospheric) field lines. A magnetic field line with one end connecting to the magnetosheath side and the
other end connecting to the magnetospheric side is referred to as an open field line. For Cases N-M1, N-M2, and
N-M3, we also trace the 401 X 401 fluid parcels dx/dt = u(x(¢)) in the equatorial plane, uniformly covering area of
[—20, 20] x [—10, 10] from ¢ = 0, which gives a resolution of dx = 0.1, dy = 0.05. Thus, for each fluid parcel, the
magnetic flux associated with this fluid parcel is given by d® = Bydxdy, in which B is the magnetic field in the
location of the fluid parcel at r = 0. For each fluid parcel, we also trace the magnetic field line that goes through
this fluid parcel at each snap-shot (i.e., one Alfvén time). If the footprint of the field line on the top boundary
changes from Region 1 (2) to Region 2 (1), then this field line experiences a double-reconnection process, and the
total double reconnected magnetic flux is the integration of this type of magnetic flux (Ma et al., 2017, 2021).

2.2. Test Particle Simulation

The full set of non-relativistic Lorentz equations are solved using the traditional Boris method (Boris, 1970),
which has been used to investigate high-energy particles in the cusp diamagnetic cavity (Nykyri et al., 2012), and
KH instability (Ma et al., 2019, 2021). Linear interpolation is applied to obtain the magnetic field B and bulk
velocity u at any given time, in which the magnetic field and bulk velocity are from the MHD simulations one
snapshot every Alfvén time. The electric field at the ion's position is given by E = B X u to eliminate the parallel
electric field introduced by the temporal interpolation method. The velocity distribution function for any given
point at any time during the simulation interval can be obtained by temporal forward tracing particles, repre-
senting the evolution of the whole 6-dimensional phase space density from the beginning of the simulation, which
requires a large number of test particles. To investigate the particle velocity distributions for the selected points at
any given time, it is efficient to trace the particle temporally backward and reconstruct the velocity distribution
function with the assumption of Liouville's theory (Birn et al., 1997, 1998). The symmetric treatment of the time
derivative in the Boris method maintains the temporal reversibility of the Lorentz equation. Thus, this code is
suitable for the backward tracing method, which has been cross-validated by comparing the zero-to second-order
moments of velocity distribution functions using the forward tracing and backward tracing methods in a 3-D KH
instability MHD simulation (Ma et al., 2021). To find the ion phase space density f(x, v, t) at the point x with a
velocity v at time ¢, an ion with velocity v is launched from point x and traced backward in time to # = 0 when the
ion was located at X with a velocity of v(zr = 0). Then with the assumption that Liouville's theory is satisfied, the
ion phase space density is estimated based on the shifted Maxwellian distribution, which is given by AX, v) = n
(aT)™3? expl(v —u)%/(2T)], where n, T, u is the number density, temperature, and bulk velocity in point X at
t = 0. In this study, the velocity resolution is 0.08, and the results are convergent when using a higher velocity
resolution. During the test particle simulation, the time step was chosen to fully resolve the gyro-radius motion,
and the results are convergent to smaller time steps.

3. Density Asymmetry
3.1. KH Growth Rate

The linear theory Equation 1 shows that strong density asymmetry decreases the KH growth rate with an
asymptotic behavior y « \/517;; where p; < p,. This is easily understandable since the flow with a small density
has relatively lower energy to change the direction of the flow with heavy mass. In this study, we carried out a
series of 2-D MHD KH instability simulations (i.e., Case 2D-N, N = 1, 5, 10, 20, 30, 50, 100), which maintains
p1 + p> =4 and changes p,/p, from 1 to 100. Figure 1a plots the growth of the KH instability (i.e., range of the
normal velocity, Au, = max(u,) — min(u,) as a function of time) for different density ratios. This shows that the
KH instability's growth is not sensitive to the density ratio. Notice, that the Au, temporal profile always shows a
small dip at the beginning of the simulation, indicating the system needs relaxation of a few Alfvén times, which is
likely because the initial perturbation is not the exact eigenmode. For better visualization, we shift the start time to
the time corresponding to the minimum of Aux, and re-normalize the velocity so that the minimum of Au, is the
same for all cases. Notice, that this operation will not change the growth rate of KH instability. We also estimate
the KH growth rate y by linearly fitting the In(Au,) as a function of time in the linear stage (i.e., 0 < ¢ < 35), which
is ~0.05 for all cases. Figure 1b plots the KH growth rate as a function of density ratio from simulations (black
line) and linear theory (red line). To easily compare the tendency, these two lines are normalized by their value at
polp; = 1, which clearly shows that the KH growth rate does not decrease as the prediction of the linear theory.

MA ET AL.

4 of 22

QSUDIT suowwo)) 2anear) a[qearidde ayy £q pauIaA03 are s3[ONIR Y 3N JO SA[NI 10J AIRIQIT AUIUQ AJ[IAN UO (SUONIPUOD-PUR-SULID) /WO A[IM" AIeIqI[aul[uo//:sdny) SUONIPUOD pue SWIA], Y1 3RS *[+707/S0/L1] U0 Areiqr autjuQ AS[IA ‘$ETTEOVIETOT/6T01 01/10p/wod Kapim’ Kreiqrjaurjuo-sqndngey/:sdny woiy papeo[umo( ‘€ ‘470 ‘T0¥6691T



. Yed N |
MN\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA032234

Q)

Au,

©

Au,

Normalized to the average density

Normalized to the average density

,\
e

=

N

0.8

0.6

0.4

Normalized Growth Rate

a2 —e— Simulation
0 . )
10° 10 10?

p2/p1

D) q Normalized to the minimum density
£08
~
e
£06
9
(@}
3
—p2/p1 =5 = 04
pa/p1 =10 &
p2/p1 =20 5
p2/p1 =30 Z 0.2} ]
—— p2/p1 =50 —e— Simulation
— p2/p1 =100 —— Theory
1 1 1 L 1 1 J 0 L ]
50 100 150 200 250 300 350 100 10! 102
¢ p2/p1

Figure 1. Panel (a) shows the range of the normal velocity Au, as a function of time for different density ratios, and Panel (b) shows the normalized Kelvin-Helmholtz
instability growth rate as a function of density ratio (black dots) and compares with the linear theory value (red line). Panels (c¢) and (d) re-normalize Panels (a) and
(b) based on the minimum density, respectively.

This deviation between numerical simulation and linear theory is due to the compressibility included in the
numerical simulation. For the compressible fluid system, the fastest information propagation speed is the local

fast mode speed (i.e., uy = 4 uj + c2, where u, is the Alfvén speed and the c, is the ion acoustic speed). Flow

shear with a velocity greater than the fast mode speed prevents information of the obstacle from propagating to the
upstream region, which suppresses the growth of the KH instability (Miura, 1984). Thus, the KH growth rate no
longer increases with the increase of flow shear, a maximum growth rate is associated with a value between zero
and the fast mode speed. For asymmetric density conditions, the fast mode speeds, and the associated Mach
numbers, from both sides of the sheared flow layer, are different, which adjusts the KH instability growth rate.

One should also keep in mind, that the conclusion of comparing asymmetric configuration depends on the
“reference point.” For instance, Figures 1c and 1d show the results of re-normalizing the result of Figures 1a and
1b based on the minimum density, respectively. In this normalization, p, always equates to one, and p, varies
from 1 to 100. As such, the growth rate decreases with the increase of p,, which is consistent with what we would
expect as well as the study by Amerstorfer et al. (2010). Notice, that the velocity is normalized to the Alfvén
speed, which is also dependent on the density. Therefore, the re-normalization of the density also affects the value
of the normalized velocity, which leads to a faster decrease in the red line in Figure 1d. However, the growth rate
from numerical simulation still decreases more slowly than the linear theory prediction, which is consistent with
the results based on normalization by the average density (i.e., Figure 1b).

It has been shown that the fastest mode occurs near 4za/L =~ 0.5 ~ 1, where L is the KH wavelength and a is the
half-width of the flow shear (Amerstorfer et al., 2010; Miura & Pritchett, 1982), which yields
L~4r~ 87 =12.6 ~25.2, being close to our simulation domain along the y-direction (i.e., 20). Thus, the growth
rate of our simulation is close to the fastest growth rate. Since the relationship between KH growth rate and the
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Figure 2. Panel (a) shows the ratio of the density on the equatorial plane and top boundary along the same field line. The green
and magenta stars indicate the location of selected fluid parcels, Point A1 and Point B, respectively. Panels (b and c¢) show the
density and the ion parallel velocity distribution function along the black line in Panel (a), respectively.

wavelength has been well studied by Miura and Pritchett (1982); and Amerstorfer et al. (2010). We will not study
the influence of the wavelength in this study. To avoid the change in the growth rate due to different wavelengths,
we fix the KH wavelength (i.e., the simulation domain along the y-direction) for all 2-D and 3-D simulations.

3.2. Particle Mixing With Different Temperatures

Under northward IMF conditions, a magnetospheric magnetic flux tube that has undergone the DMLR process
driven by the 3-D KH vortex, is composed of part of a low-latitude magnetosheath flux tube and two parts of a
high-latitude magnetospheric flux tube in each hemisphere, and vice versa. Thus, the density in this newly
reconnected magnetospheric flux tube at low latitudes is much higher than the density in the same flux tube at high
latitudes. Figure 2a plots the ratio between the density in the equatorial plane, p.q, and density at the top boundary,
Pyp» along the same field line (i.e., py/pcq) On the equatorial plane in the nonlinear stage (i.e., £ = 90) of Case N-D,
in which the dark blue region indicates the double-reconnected magnetospheric magnetic flux and the dark red
region indicates the double-reconnected magnetosheath magnetic flux. Figure 2b is the density profile of the black
line in Figure 2a and (ie., x = —0.46 in the equatorial plane), showing that this line crosses the magnetosheath
region (i.e., high-density region) and magnetospheric region (i.e., low-density region) multiple times. Notice, that
for case N-D, a strong density asymmetry between the magnetosphere and magnetosheath with a uniform
magnetic field across the boundary indicates a strong temperature asymmetry between the magnetosphere and
magnetosheath. Figure 2c¢ is the reconstructed ion parallel velocity (i.e., v,) distribution along the black line by
using backward tracing test particle simulation with an assumption of Liouville's theorem. The narrow band with
a dark red color indicates a cold dense plasma, which indicates the magnetosheath plasma. The broadband with a
light red color indicates a hot tenuous plasma, being the indication of the magnetospheric plasma. The parallel
velocity distribution function also shows a transition layer between the magnetosphere and magnetosheath (e.g.,
near y &~ —3), in which the maximum value decreases about one order of magnitude while the distribution be-
comes broad. The plasma mixing from the magnetosheath and magnetosphere can also be observed near y = —7,
where both the dark red region and broad distribution appear simultaneously. In some points, the parallel velocity
even shows a pair of small dips (i.e., the white area, being located outside of the magnetosheath ion distribution,
and inside of the magnetosphere ion distribution), clearly indicating that there are three populations of the plasma
present in this region. The ions with a parallel speed lower than the white areas are the cold magnetosheath

MA ET AL.

6 of 22

QSUDIT suowwo)) 2anear) a[qearidde ayy £q pauIaA03 are s3[ONIR Y 3N JO SA[NI 10J AIRIQIT AUIUQ AJ[IAN UO (SUONIPUOD-PUR-SULID) /WO A[IM" AIeIqI[aul[uo//:sdny) SUONIPUOD pue SWIA], Y1 3RS *[+707/S0/L1] U0 Areiqr autjuQ AS[IA ‘$ETTEOVIETOT/6T01 01/10p/wod Kapim’ Kreiqrjaurjuo-sqndngey/:sdny woiy papeo[umo( ‘€ ‘470 ‘T0¥6691T



A7 |
MN\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA032234

A logo /13, v,0) at £ =90 for Point Al B) . Xatt=0

Up U

©) Zatt=0 D) p [up(t = 90)| — |vp(t = 0)]

po 1.5
40 ! \ 1

-2
-40 % g -1
-60 -4 -1.5
-4 -2 0 2 4 -4 -2 0 2 4
Up Up

Figure 3. Panel (a) shows the velocity distribution in the phase space v,v,-plane at ¢ = 90 for Point A1 in Figure 2a. Panels
(b) and (c) show the X and Z components of the particles' original location for Point A1, respectively. Panel (d) shows the
change of the parallel velocity magnitude for Point Al.

population, while the ions with a parallel speed higher than the white areas are the hot magnetospheric population
from the high latitudes on each hemisphere, and the pair of dips indicate the magnetospheric ions with a lower
parallel speed have not yet reached these points.

Figure 3a plots the velocity distribution in the phase space v,v,-plane for Point A1 on the equatorial plane at r = 90
(i.e., green star in Figure 2a and black dashed lines in Figures 2b and 2c), showing a cold population in the center
with two distinct ion beams that propagate both parallel and anti-parallel to the local magnetic field. Here, v, is the
unit vector along the direction of B X u. This distribution of two counter-streaming ion beams appears to be
similar to the observational results during the 8 September 2015 MMS KH instability event (Eriksson, Lavraud,
etal., 2016; Eriksson, Wilder, et al., 2016). Figures 3b and 3c plot the x and z coordinates of the location of the test
particles at 7 = O (i.e., the original location of the ion), respectively, showing that the cold population is from the
low-latitude magnetosheath and the two counter-streaming ion beams come from the high-latitude magneto-
spheric region of both hemispheres, which is consistent with the scenario of the DMLR process (Eriksson
et al., 2021). Figure 3d compares the parallel velocity at t = 0 and at ¢ = 90, indicating that these two counter-
streaming beams have not been strongly accelerated. This result suggests that the formation of the counter-
streaming beams can be simply due to the mixing of the plasma with different temperatures via the change of
the flux tube connection, even without involving the acceleration by the reconnection parallel electric field.

Figure 4 illustrates the evolution of the magnetic field line that goes through the fluid parcel Point A1l in the xz
plane in Panel (a) and a 3-D perspective in Panel (b). Here the fluid parcel trajectory is obtained through the
backward tracing of Point A1 from ¢ = 90 by numerically solving dx/dt = u(x(#)). This selected magnetic field line
has a high density and a footprint at the top boundary on the magnetosheath side at # = 85, which is a typical
magnetosheath field line. However, this field line has a high density (i.e., p > p, here p,, is the density in x = 0 at
t = 0) at low latitudes (i.e., Iz < 7) and low density at high latitudes (i.e., Izl > 7) with a footprint at the top
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Figure 4. The evolution of the magnetic field line that goes through the fluid parcel Point (a) Panel (a) shows the magnetic
field lines at # = 85, 86, and 90, in the xz-plane, and Panel (b) shows the same magnetic field lines in a 3-D perspective and the
density in the equatorial plane. The green and cyan stars indicate the location of Points A1 and A2, respectively. The brown-
to-black line in the equatorial plane is the trajectory of the fluid parcel Point (a) The blue-to-yellow color bar represents the
density, while the brown-to-black color bar indicates the time.

boundary on the magnetosheath size at + = 86, indicating the change of flux connection due to a magnetic
reconnection site near around z = 7. Recall, that Figure 3a shows the parallel speed of the magnetospheric
population is greater than about 1.45, and reconnection occurs about dt = 4 earlier than the “observational time,”
which means the slowest magnetospheric ion travels about dL = 6 from the reconnection site to the “observation
point”, being close to the distance between the Point A1 and the reconnection site. Notice, that this reconnection
site is very close to the equatorial plane because it is generated by the secondary KH instability, which can be
observed in Figure 2a. At t = 90, the magnetic field line has a similar pattern as the magnetic field line at t = 86,
however, the density at high latitude becomes lower and the footprint at the top boundary connects to the further
magnetospheric direction (e.g., negative x direction), indicating that it could have experienced another recon-
nection process. However, this second reconnection process occurs between two magnetospheric magnetic field
lines. This also gives us a hint that a clear distribution of two counter-streaming ion beams with a cold thermal
population could be easier observed in a small separation of double reconnection sites since a large separation of
reconnection sites requires a longer travel time from one reconnection site to the middle of the two reconnection
sites. During this interval, the ongoing reconnecting process will continuously change the flux connection, which
brings a different component of the ion population and further modifies the particle distribution.

One should keep in mind, that the detailed ion velocity distribution functions could be somewhat sensitive to the
experience of magnetic flux and the observational location and time. Figure 5 shows two examples, which are
close to Point A1l but with different ion velocity distribution functions. Figure 5a shows the ion velocity distri-
bution in the phase space v,v,-plane for Point A2, which is along the same magnetic field line as Point A1 but
away from the equatorial plane, being close to the reconnection site in the North Hemisphere. Thus, the high-
latitude ions with an anti-parallel velocity in the North Hemisphere can easily reach Point A2, appearing to
connect with the cold magnetosheath population. However, ions from the South Hemisphere require a relatively
higher parallel speed to reach Point A2, which appears a small distinguished distribution with a low density.
Figure 5b shows a ring/shell ion distribution in the phase space v,v,-plane for Point B, which is also close to the
magnetosheath and magnetosphere boundary. The formation of this distribution is due to the change of flux tube
connection via the DMLR process as well as finite gyroradius motion near the equatorial panel. All these different
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Figure 5. Panels (a and b) show the velocity distribution in the phase space v,v,-plane for Point A2 (see Figure 4a) and Point B (see Figure 2a) at t = 90. The dashed black
contour indicates that the x coordinates of the location of the test particles at # = 0 equator to zero, (i.e., the separation of magnetosheath and magnetosphere population).

types of non-Maxwellian distributions indicate temperature anisotropy, which consequently can trigger different
types of secondary instability. These secondary processes will eventually dissipate the free energy and form a new
Maxwellian distribution.

4. Magnetic Asymmetry
4.1. Reconnected Flux

Figure 6a plots the range of the u, as a function of time for different magnetic fields (i.e., CASE N-M1, N-M2, N-
M3, S-M1, S-M2, and S-M3). For better visualization, we shift the start time to the time corresponding to the
minimum of Au, and re-normalize the velocity so that the minimum of Au, is the same for all cases. Figure 6a
shows that the growth rate is identical for all six cases, which is consistent with linear theory. There are several
spikes in the nonlinear stage in some cases, which is due to the smaller-scale secondary instabilities (e.g.,
magnetic reconnection, and secondary KH instability). This panel demonstrates that the KH growth rate under
southward IMF conditions is the same as the KH growth rate under northward IMF conditions if other conditions
are the same. However, for southward IMF conditions, the width of the initial flow shear can be modified by the
growth of magnetic reconnection. Therefore, with the interaction between the KH instability and magnetic
reconnection, the observational signature of KH instability can hardly be recognized under southward IMF
conditions, which does not mean that the KH instability prefers northward IMF conditions. The identical growth
rates also indicate the sizes of the KH vortex in the nonlinear stage are mostly the same.

For northward IMF conditions, the DMLR process exchanges a part of the magnetosheath flux tube with a part of
the magnetospheric flux tube at low latitudes. Thus, the double-reconnected magnetic flux in the magnetosphere
must equate to the double-reconnected magnetic flux in the magnetosheath. This means that if the magnetospheric
magnetic field is weaker than the magnetosheath magnetic field, more area on the magnetospheric side must be
involved to participate in the exchange process driven by the KH instability. The red lines in Figure 6b represent
the double-reconnected flux for different magnetic fields under northward IMF conditions. The symmetric case
(i.e., By, : B, =1:1) serves as the reference case, which has a total double-reconnected flux of 60. Reducing the
magnetospheric magnetic field to 0.5 (i.e., By, : B, = 1 : 0.5) decreases the total double-reconnected flux to about
35, which is close to half of the value in the symmetric case. This indicates that the area associated with the
double-reconnection process in the magnetosheath remains the same, while the area associated with the double-
reconnection process in the magnetosphere reduces to about half of its value in the symmetric case. Increasing the
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Figure 6. Panel (a) shows the range of the u, as a function of time for different magnetic fields, and Panel (b) shows the reconnected flux for different magnetic fields.
Panel (c) shows the reconnection rate for southward interplanetary magnetic field conditions, and Panel (d) re-normalizes the values in Panel (c) based on the

asymmetric reconnection rate.

magnetosheath magnetic field to 1.5 (i.e., By, : B, = 1.5 : 0.5) does not change the total double-reconnected flux,
suggesting no more area in the magnetosphere can participate in the DRLM process. Notice, that the area
associated with the double-reconnection process is also proportional to the size of KH instability, being deter-
mined by the growth of the KH instability, which is identical in these three cases. Thus, one can conclude that the
total double-reconnected flux is determined by the magnetic field with the weaker strength and the growth of the
KH instability. Furthermore, the net transport mass through the DRLM process is only dependent on the growth of
the KH instability.

For southward IMF conditions, the KH instability and magnetic reconnection can operate simultaneously. In this
case, magnetic reconnection occurs at low latitudes, connecting the magnetosheath magnetic field line with the
magnetospheric magnetic field, which generates a significant amount of open flux (Ma et al., 2014a, 2014b). The
blue lines in Figure 6b represent the open flux, ®,, for different magnetic fields under southward IMF conditions,
showing different case saturates at different total open flux at the end of the simulation, regardless of the identical
KH growth rate for all those cases. The saturation of the open flux is because the initial current layer is widened by
the KH instability as a macro-scale diffuse process (Ma et al., 2014b). However, the value of the total open flux is
not simply dependent on the KH growth rate. It has been shown that the KHI can generate multiple thin layers in
the nonlinear stage, these multiple thin current layers can trigger patchy reconnection (Ma et al., 2014a). In this
situation, a magnetic field line can experience multiple reconnection sites, and whether it is an open or closed field
line can be changed rapidly, which is the cause of strong fluctuations in reconnection rate.

Figure 6¢ plots the reconnected rate (d®,./df)/L for the blue lines in Figure 6b. Here, the derivative of open flux
with respect to time (d®, /dr), is normalized by the dimension along the y direction (i.e., L = 2L,) to compare with
the reconnection rate based on 2-D geometry. The symmetric case (i.e., By, : B, = 1 : —1) serves as the reference
case, which has a maximum reconnection rate of about 0.12, being close to the Petschek reconnection rate. In this
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case, reconnection is switched on at the beginning of the nonlinear stage, which is the time when the current layer
is thin enough to trigger magnetic reconnection. This moment is somehow determined by the detailed dynamics of
the KH instability. As a comparison, the asymmetric case with a weaker magnetosheath magnetic field but the
same initial current density (i.e., B, : B,, = 1.5 : —0.5) triggers magnetic reconnection about 20 Alfvén time later,
with a lower maximum value. The other asymmetric case with a smaller initial current density (i.e., By, : B, =1:
—0.5) has only a slightly later reconnection onset time and a lower reconnection rate. Theoretical studies of
reconnection have demonstrated that the asymmetric reconnection rate without being influenced by the flow shear
is proportional to E, = (3132)3/ 2/(B, + B,) (Cassak & Shay, 2007). The blues lines in Figure 6d represent the
reconnection rate in Figure 6¢ normalized by E,, showing an almost identical maximum normalized reconnection
rate for all three cases, which suggests that the scaling for typical asymmetric reconnection conditions also applies
to magnetic reconnection interacting with the KH instability. This is likely because reconnection is a local process
with respect to the KH instability. Although, strong flow shear exists in the system, which eventually tears the
open flux along the flow direction (La Belle-Hamer et al., 1995). The reconnection electron diffusion region
(EDR) is about a few electron inertial scales since the frozen-in condition is broken in the electron inertial scales.
The plasma momentum is mainly carried by ions, thus the width of ion flow shear is limited by the kinetic
processes on the ion inertial scale (e.g., finite gyroradius effect). Therefore, the total flow jump across the
reconnection EDR region can be negligible. Thus, the scaling analysis that ignores the flow shear can still be
applicable for reconnection interacting with the KH instability. This result also indicates that the fast reconnection
rate during the interaction between the KH instability and magnetic reconnection is mostly due to the fast
expansion of the X-line.

It is interesting to notice that magnetic reconnection starts earlier in N-M2 and N-M3 than in S-M2 and S-M3. The
onset condition of magnetic reconnection is a sufficient thin current layer (or equivalently, strong anti-parallel
magnetic field components). However, the mechanisms of generating anti-parallel magnetic field components
by the KH instability under southward and northward are different. For northward IMF, reconnection occurs
between the magnetic field B, components, and the twist of the magnetic field generates the magnetic field B,
component through the low latitude vortex. The exact time to form a mid-latitude thin current layer likely depends
on the dynamics of the KH instability and the local resistive model, which is hard to predict. For southward IMF,
there is a pre-existed anti-parallel magnetic field component, which is the magnetic field B, component. However,
the KH instability can modulate the width of the current sheet and consequently control the onset time of magnetic
reconnection as well as the length of the X-line. Thus, the reconnection onset time under southward and northward
IMF conditions cannot be compared directly.

4.2. The Magnetic Bottle Structure in the DMLR Process

If the magnetosheath magnetic field strength is greater than the magnetospheric magnetic field, the newly
reconnected magnetic field line via the DMLR process connects magnetic fields with different magnitudes,
forming a magnetic bottle structure, in which the bottle body is near the equator plane for the newly reconnected
magnetosheath magnetic field line, and the bottleneck is near the equator plane for the newly reconnected
magnetospheric magnetic field line. Figure 7a shows the ratio of the magnetic field on the equatorial plane B, and
top boundary By, along the same field line in the equatorial plane at # = 115 for Case N-M, in which the red and
blue regions indicate the magnetic bottle body and bottleneck structures, respectively. The two brown-to-black
lines are the trajectories of the selected fluid parcels, Point C and Point D. The evolution of the magnitude of
the magnetic field B along the magnetic field line that goes through fluid parcels Point C and Point D are presented
in Figures 7b and 7c, in which the horizontal axis represents the time, the vertical axis represents the z-coordinate
of the magnetic field line, and the color index represents the magnitude of the magnetic field. These two panels
show that both magnetic field lines experienced the double reconnection process at about r = 85 with a recon-
nection site at a distance of about Az = 60 away from the equatorial plane. The ratio between the magnitude of the
magnetic field in the bottle body and the bottleneck is about 1.2—-1.7.

Figure 8a shows the square-like velocity distribution in the phase space v,v,-plane at ¢ = 115 for Point C, being
consistent with the Double Star 1 observational results (see, Figure 2f by Taylor and Lavraud (2008)). Figures 8b
and 8c show the X and Z components of the particles' original location, respectively. The black lines indicate the

boundary of the loss cone, based on the pitch angle a = arcsiny/1/1.5 with an assumption of an average B,,,,/
B,.in = 1.5. Figure 8b shows that ions with a low parallel velocity still remain in the loss cone because there is not
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Figure 7. Panel (a) shows the ratio of the magnetic field on the equatorial plane and top boundary along the same field line at
t = 115 for Case N-M. The brown-to-black lines in the equatorial plane are the trajectories of the selected fluid parcels, Point
C and Point (d) Panels (b and c) present the evolution of magnitude of the magnetic field along the magnetic field line that
goes through fluid parcels Point C and Point D, respectively.

enough time for these particles to leave the loss cone. Here, the separation between the magnetosheath and the
magnetospheric population is about v, = 2. Notice, that double reconnection occurred at about ¢ = 85, (i.e.,
At = 30 earlier than the observational time). This yields a reconnection site about Az = v;,At = 60 away from the
observational point, being consistent with Figure 7b. Figure 8c further confirms that the trapped population
mostly comes from the low-latitude regions. The trapped ions from high latitudes have high field-aligned speeds,
which have been reflected by the mirror point. Notice, that the Fermi acceleration between two approaching
mirror points is a common mechanism to increase the parallel speed. Figure 8d plots the change in the parallel
speed, illustrating that the reflected trapped ions indeed increase the parallel speed. However, one should keep in
mind, that the Fermi acceleration mechanism is not expected to be efficient for the thermal ion population in the
magnetic bottle structure generated by the DMLR process via the KH instability for two reasons. First, the typical
thermal ion bouncing time between the two mirror points is comparable to the KH growth time. Therefore, the
thermal ions can hardly bounce multiple times before the change of the magnetic bottle structure due to the
collapse of the KH vortex. In contrast, electrons or energetic ions may be accelerated more efficiently in the
magnetic bottle structure. However, a detailed analysis is out of the scope of this paper, but it has been discussed
by Leroy et al. (2019). Second, once the thermal ions have been trapped in the magnetic bottle, the magnetic bottle
size merely decreases unless the magnetic field line experiences a secondary KH instability. Thus, the ions can
hardly be further accelerated after the first reflection.

Figure 9a plots the velocity distribution in the phase space v,v,-plane at t = 115 for Point D, showing three ion
components. Figures 9b and 9c represent the particles' original location's X and Z components, respectively. The
black lines correspond to the boundary of the “loss cone” with the assumption of B,,./B;, = 1.2. Figure 9b
shows the separation between the magnetosheath and the magnetospheric population is mainly along the lv,| = 2,
which corresponds to the lowest speed that the magnetospheric ions reach Point D, being the same as Point C.
Figure 9c also indicates the existence of reflected ions in the “trapped” region. These ions are likely trapped by the
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Figure 8. Panel (a) shows the velocity distribution in the phase space v,v,-plane at ¢ = 115 for Point (c) Panels (b and c) show
the X and Z components of the particles' original location, respectively. The black lines indicate the boundary of the loss cone.
Panel (d) shows the change of the parallel velocity magnitude.

strong magnetic field near the mid-latitude, which is generated by the twisting of the magnetic field line due to the
localized KH vortex before the DMLR process (see yellow region in Figure 7¢). Notice, after the DMLR process,
the “trapped” magnetosheath ions have no barrier to leave the low-latitude region, while the high-latitude
magnetospheric ions are still trapped at the high latitudes. This structure allows the free mixing of ions in the
loss cone region and dilutes the low-latitude magnetosheath population in the trapped region, forming anisotropic
temperature and eventually triggering secondary instability. The net effect would help to mix the ions from both
sides and increase the local specific entropy (Johnson & Wing, 2009; Johnson et al., 2014). Figure 9d shows no
prominent parallel accelerating process except for the bouncing motion of the trapped ions.

5. Discussion
5.1. Transport Rate in Different Planets

Our simulation results demonstrate that the total double reconnected flux, @, is based on the KH wavelength, L,
and the lower magnitude of the magnetic field, B,,, for a KH wave under the ideal case when IMF is parallel to the
planet's magnetic field, which can be formally written as ®, = aL’B,,. Here, a < 1 represents the width associated
with the double reconnected flux (e.g., in our simulation a = 0.15), which is determined by the growth of the KH
mode. In the following estimation, we always assume that the KH mode operates at its highest growth rate, which
is close to our simulation cases. Thus, we set a« = 0.15. Here, the “ideal” means that the sheared flow is
perpendicular to the magnetic field in the equatorial plane, which should be considered as the upper limit of our
following estimation (Ma et al., 2017). Assuming the double reconnection site is about one wavelength away from
the equatorial plane (Ma et al., 2014a), the mass loss from the planet is about M, = meSPOcL3 and the loading mass
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Figure 9. Panel (a) shows the velocity distribution in the phase space v,v,-plane at t = 115 for Point (d) Panels (b and c) show
the X and Z components of the particles' original location, respectively. The black lines indicate the boundary of the loss cone.
Panel (d) shows the change of the parallel velocity magnitude.

to the planet is about M, = 2p,,, L for a KH wave. Notice, that the exchanged mass only depends on the volume
being exchanged, and the density in the exchanged volume.

One can estimate the lifetime of the KH wave based on the advection time. The advection time is the duration that
the KH wave moves from the subsolar point to the terminator flank region. It can be estimated by 7, = L,/u,
where L, is the distance from the original of the KH instability to the place where the KH instability decays, and u;,
= (Pmspitmsp T Pmsh¥msh) (Pmsp + Pmsn) 1 the advection speed of the KH wave. Thus, the average double
reconnection rate is ®,/7,;, and the mass loading rate and loss rate are M;/r and M, /r for a single KH wave,
respectively.

One can also estimate the lifetime of the KH wave based on the growth time 7, = 7~ '. Our simulation shows that
the double reconnection process saturates about 3z, after the KH wave becomes nonlinear (see Figures 1 and 6),
and the duration between the linear stage to the nonlinear stage is about log(AV/Vy)z,, where AV is the total
velocity jump between magnetosheath and magnetosphere, and Vj, is the initial velocity perturbation, which is
assumed to be 20 km s~ for all planets. Thus, the time interval for KH from the initial perturbation to the
saturation is about 7, = [log(AV/V,) + 3]z,.

If the KH wave is mainly moving tailward, the advection time 7, is similar to the saturation time z,. However, the
KH wave can also be roughly stationary due to the momentum balance between sunward co-rotational magne-
tospheric flow and tailward magnetosheath flow (e.g., dawnside of the giant magnetosphere) or due to the heavy
ion in the magnetosphere (e.g., Venus). In this case, the KH instability can decay before it moves from the up-
stream region to the downstream region, where it has been observed. Therefore, the downstream KH instability is
likely to be locally generated, and the whole region where KH can be observed should be considered as the KH
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Table 2 active region. Thus, the average double reconnection rate is (L,/L)®,/z,, and
Summary of the Plasma Properties for Different Planets the mass loading rate and loss rate are (L,/L)M; /7 and (L,/L)M /7 for the KH
ome Tupiter Sarum | Active region, respectively.
Solar Wind Conditions The KH growth rate for each planet is estimated based on our 2-D simulation
Velocity (km s~') 300 350 378 400 result, showing a normalized KH growth rate y, = 0.05 in our. simulation
- parameter. We further assume that the y « KAV, where k = 2z/L is the wave-
Magpetic field (nT) 12 4 0.2 &= vector, and AV is the total velocity jump between magnetosheath and
Cross-section length (Rp) & 40 200 120 magnetosphere or ionosphere. The sum of the magnetospheric and magne-
Magnetosheath tosheath number density is equal to 4n, For heavy species, the number
Density (cm™) 40 10 1 0.1 density needs to be multiplied by u = m;/m,,, where m; is the weight of the
T (67) 20 100 188 200 h.eavy ion. The sum of the 1.nagnet0spht.3r1.c. and magnetosheath magnetic
Velocity (km &1 00 210 35 200 fields equals 2B,,. The half-width of the initial flow shear a equates to the
elocity (km s length scale LO = 3L, where L, is the maximum value of the ion gyroradius
Magpetic field (nT) 43 16 4 5 and ion inertial length on the magnetosheath side and magnetospheric or
Ton gyroradius (km) 9.5 64 350 289 ionospheric side.
Lonlireiel Eeyin (o) = 72 22 720 The typical values of the upstream solar wind, magnetosheath, and magne-
Magnetosphere/Ionosphere tosphere or ionosphere parameters for Venus, Earth, Jupiter, and Saturn have
Species o* H* o*, s* H,0* been listed in Table 2, the detailed reference sources for these values are
Density (cm ™) 59%x10° 05 001 ~ 1 0.01 discussed in the appendix. The KH properties and associated transport
Temperature (eV) 0.25 1000 188 ~ 18.800 200 quantities fo.r each planf.:t are listed in Table 3. The progra.m for calculating
] B these values is available in our data package (Ma, 2023), which allows readers
Corroational speed (km s™) 0 0 200 100 to validate and compare with other planets, as well as improve the estimation
Magnetic field (nT) 5~20 16 4 5 based on the new data.
I dius (k 26 ~10 201 350 ~ 3502 289 . . .

on gyroradius (km) Table 3 shows that the Earth and Juptier's KH wavelength is relatively longer

Ton Inertial Length (km) 12 322 911 ~9109 9661

compared to the local kinetic scale, while Venus and Saturn have a relatively
shorter KH wavelength, which is likely due to the heavy ion species. For

Earth, the advection time is comparable to the saturation time, which is consistent with our assumption. For

Venus, the advection time is much longer than the saturation time due to the dense ionosphere, suggesting the KH

;‘;r[r)llmesy of the Kelvin-Helmholtz Instability Properties and Associated Transport Quantities for Different Planets
Jupiter Saturn

Venus Earth Dawn Dusk All Dawn Dusk  All
Wavelength (R,) 0.4 10 20 10
2ka 0.54 0.19 0.25 0.62
Advection Distance (R, 1 50 132 50
Advection Speed (km s™") 0.08 200 168 ~ 276 209 ~ 331 7 136
Advection Time (h) 22 044" 9~ 15 8 ~ 13" 113 6"
saturation time (h) 002" 045 447 13 3 7.4
Reconnected Flux (MWb) 0.09 19 7740 1170 8910 1272 254 1526
Reconnection Potential (kV) 1.3 12 484 27 ~ 42 510 ~ 526 115 12 127
Solar Wind Potential (kV) 87 357 1057 1398
Particle Loading Rate (log,os™") 25 27 30 28 30 27 26 27
Mass Loading Rate (kg s™") 0.02 1.6 566 31 ~49 597 ~ 615 4.5 0.5 5
Particle loss rate (Iog,,s ") 27 26 28 ~ 30 27 ~ 28 28 ~ 30 26 25 26
Mass loss rate (kg s™") 50 0.08 91 ~ 9050 8 ~ 497 98 ~ 9550 8 0.8 8.8
Internal Loading Rate (kg s™") 0 0 260 ~ 1400 12 ~ 250

Note. T indicate which lifetime of the Kelvin-Helmholtz wave is used to calculate the transport rate.
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vortex is mostly stationary. For the giant magnetospheres, the advection times are much longer than the saturation
times on the dawn sides and are comparable to the saturation times on the dusk sides.

For Earth, the double-reconnection potential is about 12 kV, which is close to the upper limit of viscous
contribution to the convection pattern estimated by Milan (2004). As a comparison, we also calculate the solar
wind potential U = Bu L., where B, is the solar wind magnetic field, u, is the solar wind speed, and L. is the
length of the cross-section at the terminator flank region. For Earth and Venus, the double-reconnection rate is less
than 5% of solar wind potential, while it is close to 50% of the solar wind potential in Jupiter, indicating the
viscous-like interaction plays an important role in the solar-wind-magnetosphere coupling in Jupiter. For Saturn,
the double-reconnection potential is about 10% of the solar wind potential, indicating that Saturn is an inter-
mediate state between the Earth and Jupiter.

The plasma loading rate in the Earth is about 1 X 10?’s™", being consistent with the previous estimation (Ma
etal., 2017). Table 3 confirms that the KH instability is a major ion escaping mechanism for Venus. Nevertheless,
we also notice that the estimation of the loss rate for Venus is higher than the other studies (e.g., Lammer
et al. (2006); Dang et al. (2022)), which could be due to the overestimation of the ionospheric density. A lower
ionospheric density due to a higher boundary between the ionosphere and magnetosheath can largely reduce the
loss rate by one to two orders of magnitude. One should keep in mind, that this estimation is based on the
assumption that the magnetic field is not fully vanishing in the ionosphere. If the magnetic field drops at a
relatively higher altitude, then the oxygen-loss rate will decrease. Both giant magnetospheres mainly lose their
heavy ions on the dawn side, where the flow shear is large. The plasma loss rate for Saturn is comparable to its
internal plasma source, indicating that the vicious-like interaction may be as important as the Vasyliunas (1984)
cycle for Saturn's magnetospheric dynamic. Although typically the plasma loss rate for Jupiter is much smaller
than its internal source, it is roughly proportional to the magnetospheric density. Thus, for a dense magnetospheric
boundary due to the radial outward transport process driven by the internal interchange instability (Schok
et al., 2023), the plasma loss rate can be even higher than the internal loading rate.

5.2. Expansion of X-Line

Our simulations show that the KH instability can lead to a high reconnection rate when IMF is anti-parallel to the
planet's magnetic field. However, the peak reconnection rate is proportional to E, = (B,B,)”*/(B, + B,)
(Cassak & Shay, 2007), indicating that the high reconnection rate is mainly achieved by fast expansion of the X-
line. This is because reconnection is a local process with respect to the KH instability. On the length scale of the
magnetic reconnection site, the flow shear is negligible. Notice, that a current sheet with a strong asymmetric
magnetic field is also equivalent to a large plasma beta gradient, which can suppress the magnetic reconnection
rate due to the kinetic effect (Swisdak et al., 2003). This effect cannot be simulated by using the MHD model.
However, based on our analysis, it is presumable that such an effect should still apply to magnetic reconnection
modified by the nonlinear KH instability. Nevertheless, this hypothesis should be validated by using hybrid or full
kinetic simulations in the future.

The X-line expansion speed is important to understand the solar-wind-magnetosphere coupling from a global
perspective, see detailed discussion by Walsh et al. (2018) and Zou et al. (2018, 2019). The local MHD simu-
lations suggested that the X-line expansion speed can be highly modified by the growth of the KH instability
under southward IMF conditions. Thus, measuring the X-line expansion speed from the ground observation may
require a high spatial resolution of several hundred kilometers mapped to the equatorial magnetopause and a high
temporal resolution of a few seconds. Meanwhile, in-situ measurement of the X-line expansion speed requires
two separate groups of measurement to provide the displacement (i.e., about a few hundred kilometers) and delay
time. To further separate the temporal variation from the spatial variation, each group of measurements requires at
least a 2-point measurement with a separation of tens of kilometers. This type of satellite separation is not
designed by any of the current missions, thus a white paper has been proposed to provide the possibility for such a
measurement (Hwang et al., 2023).

It is also important to notice that both magnetic reconnection and KH instability are important mechanisms
for the generation of field-aligned currents (FACs) (Ma & Otto, 2013; Johnson & Wing, 2015; Johnson
et al., 2021; Wing & Johnson, 2015), which eventually affects the auroral signature. However, a quantitative
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understanding of how the nonlinear interaction between the KH instability and reconnection affects the FACs
is still an open question.

5.3. Particle Distributions

In this study, we use MHD with test particle simulations to demonstrate that two counter-streaming ion beams,
ring/shell ion velocity distribution, and square-like velocity distribution, that have been observed in the KH event,
can be generated by mixing the plasma through the DMLR process. In our study, we did not find a significant
parallel ion acceleration process for two reasons. First, the test particle simulation does not include the parallel
electric field from the MHD simulation, since the size of the parallel electric field is exaggerated by the MHD
simulation. Second, the thermal ion species cannot be efficiently accelerated through the Fermi acceleration
mechanism, since the bouncing time between two magnetic mirror points is comparable to the KH growth/
advection speed. Thus, by the time the satellite can clearly identify the KH structure (i.e., before the KH vortex
becomes turbulent), thermal ions may only have bounced one or two times between the magnetic mirror points.
Furthermore, the overall size of the magnetic bottle structure generated by the DMLR process does not reduce
significantly during the growth of the KH instability, which consequently, cannot provide energy to accelerate the
thermal ions in the parallel direction. Nevertheless, the presence of secondary processes (e.g., KH instability and
Rayleigh-Taylor instability (Matsumoto & Hoshino, 2004, 2006; Matsumoto & Seki, 2010; Yan et al., 2022,
2023)) can generate a smaller magnetic bottle structure which provides a second acceleration process and allows
more bounce times between the mirror points.

This study does not include the dynamics of the electrons during the KH instability, since the electrons are more
sensitive to the parallel electric field, which is more suitable to be investigated by using hybrid or full kinetic
simulations. For instance, Delamere et al. (2021) show that bidirectional electron beams can be expected from the
parallel electric fields associated with the strong guide field reconnection during the KH instability. Nevertheless,
the electrons have smaller gyro-radii compared to the ions, thus the mechanisms for velocity distribution
generated by the change of the flux connection should still be applicable to the electrons if the majority of the
population does not go through the mid-latitude diffusion region. It is worth noticing that, the KH vortex bends the
magnetosheath magnetic field sunward and the magnetospheric magnetic field tailward, which generates a
northward and a southward current on the dawn side of the north hemisphere and south hemisphere, respectively.
With a northward background magnetic field, this indicates that the DMLR process has a pole-ward parallel
electric field on the dawn side, and an equator-ward parallel electric field on the dusk side. This dawn-dusk
asymmetry may affect the electron dynamics during the KH instability, which should be further examined by
using hybrid or full kinetic simulations.

One should also keep in mind that the mixed ion velocity distribution strongly depends on the initial magneto-
sheath and magnetosphere ion velocity distributions, which could be anisotropic. Such distribution could trigger
kinetic instabilities, and those kinetic instabilities can be the trigger of the KH instability as well as interact with
the KH instability. The detailed process is interesting but is out of the scope of this paper.

6. Summary

Strong density asymmetry and magnetic field asymmetry across sheared flow boundaries are often present at a
planetary magnetopause. Our MHD simulations demonstrate that.

e The KH growth rate in the compressible system is not sensitive to the density asymmetry, which is
different from the prediction by the incompressible linear theory. When IMF is parallel to the planet's
magnetic field, the nonlinear KH instability can generate DMLR.

e The total double-reconnected flux depends on the lower magnitude of the magnetic field for a KH wave
under the ideal case.

e Plasma with different temperature mixing via the DMLR process can form two counter-streaming ion
beams as well as a ring/shell ion velocity distribution, which have been observed to generate kinetic
magnetosonic waves (Eriksson et al., 2021; Moore et al., 2016, 2017).

e The asymmetric magnetic field across the sheared flow can generate the magnetic bottle structure through
the DMLR process driven by the KH instability, in which both the bottle body and the bottleneck part can
exist in the vicinity of the equatorial plane. The ongoing particle-loss processes outside of the loss cone
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mixing with the plasma from the newly reconnected flux tube can form a square-like velocity
distribution.

e When the IMF is anti-parallel to the planet's magnetic field, the nonlinear interaction between magnetic
reconnection and the KH instability leads to a fast reconnection (i.e., close to the Petschek reconnection
even without including kinetic physics). The peak value of the reconnection rate still follows the scaling
of the reconnection rate without including the flow shear, because the size of the reconnection site is
much smaller compared to the width of the sheared flow even during the onset of the KH instability. The
fast reconnection rate is mostly due to the fast expansion of the X-line, which is increased by the growth
of the KH instability.

e We also compared mass transport rate and double reconnection potential driven by the KH instability for
Earth, Saturn, Jupiter, and Venus, showing that KH instability plays an important role in solar-wind-
magnetosphere/ionosphere coupling in these four planets.

Appendix A: The Reference Sources for Table 2

For Earth, the typical solar wind has a density of about 4 cm™ and speed of u, = 350 km s~ with an IMF
B, = 4 nT near 1 AU (Ma et al., 2020). The typical magnetosheath has a density of about 10 cm™ and a tem-
perature of about 100 eV (Ma et al., 2020) and an average bulk velocity close to 0.6u, (Dimmock & Nykyri, 2013)
with a magnetic field strength of about 16 nT (Dimmock & Nykyri, 2013). The magnetopause has a density of
about 0.5 cm™ and a temperature of about 1 keV (Ma et al., 2020) with no bulk velocity, and the magnetic field
strength is close to the magnetosheath magnetic field. It has been shown that the KH wavelength can reach about
10 Earth Radii (i.e., Rg = 6371 km), at S50R; away from the subsolar point (Lin et al., 2014).

For Jupiter, the typical solar wind speed is about 378 km s~* (Thomsen et al., 2019) and the magnetic field is about
0.2nTnear5.2 AU (B. Zhang et al., 2018; Nichols et al., 2017). The magnetosheath has a proton number density of
about 1 cm™ and a temperature of about 188 eV (Ranquist et al., 2019), and the magnetosphere has a heavy ion
(e.g., O" and S*) number density of about 0.01 cm™ (Delamere et al., 2011). The magnetosheath bulk velocity is
about 352 km s™' (Ranquist et al., 2019) tailward, and magnetopause sub-co-rotational flow speed is about
200 km s~' (Delamere et al., 2011). Both magnetosheath and magnetosphere are assumed to have a magnetic field
of about 4 nT, and the magnetospheric temperature is assumed based on the pressure balance. The Jupiter's
magnetopause standoff distance is about 63 Jupiter's Radii (i.e., Ry = 71,492 km) for the compressed state and 92R ;
for the expanded states (Joy, 2002). Recently, the KH instability has been observed 40R ; tailward away from the
terminator flank region by Juno satellite (Montgomery et al., 2023). The KH wavelength is assumed to be about
20R; based on the MHD simulation (Zhang et al., 2018). Nevertheless, Schok et al. (2023) demonstrated that the
magnetopause density can be largely modified by the radial outward transport process driven by the internal

interchange instability, and the number density can reach 1 cm™.

For Saturn, the solar wind velocity is about 400 km s~ (Thomsen et al., 2019) and the magnetic field is about
0.5 nT (Jia et al., 2012) near 9.5 AU. The magnetosheath has a proton number density of about 0.1 cm™ and the
magnetopause has a water group (i.e., H,O™) number density of about 0.01 cm™ (Masters et al., 2010). The ion
temperature is about 200 eV on both magnetospheric and magnetosheath side (Thomsen et al., 2010, 2019). The
magnetosheath bulk velocity is about 200 km s~' (Burkholder et al., 2017) tailward, and magnetopause sub-co-
rotational flow speed is about 100 km s™'. This yields a KH advection speed of 7 km s~ on the dawn side and
136 km s~ on the dusk side. The magnetosheath and magnetopause magnetic fields are about 5 nT. The Saturn's
magnetopause standoff distance is about 20 Saturn's Radii (i.e., Ry = 60,268 km) (Kanani et al., 2010). Cassini
observed that the KH instability exists 30Rg tailward away from the terminator flank region. It is estimated that
the longest KH wavelength is about 10Rg (Masters et al., 2012).

For Venus, the solar wind has a density of about 10 cm~>, and the IMF is about 12 nT (Dang et al., 2022;
Russell et al., 2006). The solar wind speed near 0.7 AU is often estimated as about 400 km s~ (e.g., Dang
et al. (2022)), which is likely based on the report of solar wind speed of 440 km s by Russell et al. (2006).
However, this value could be overestimated due to the sampling during the solar maximum. Here, we estimate
the typical solar wind speed near Venus is about 300 km s™' based on the statistical solar wind speed at 1 AU
(Ma et al., 2020). As an unmagnetized planet, the KH instability is expected to occur at the Venus ionopause.
The altitude of the ionopause varies from 400 km near the subsolar point to 900 km at 90 solar zenith angle
(SZA) (T. Zhang et al., 2008). Global simulations suggested that the KH wavelength L is about 2000-3000 km
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after the terminator flank region with a travel distance of about two Venus Radii (i.e., Ry = 6051.8 km) (Dang
et al., 2022; Terada et al., 2002). Notice, that for @ = 0.15, the width of the KH mode should at least be wider
than alL (i.e., 300450 km near 90 SZA), which is allowable. Assuming the oxygen number density profile
near the terminator flank region is close to its value near 65 SZA, then the ionopause has an oxygen number
density of 7 x 10* cm™ with a temperature about 2.9 x 10° K at about 900 km altitude (Miller et al., 1984).
The ionopause magnetic field varies from about 5 to 20 nT (Zhang et al., 2008). Thus, the oxygen gyroradius
(~6-11 km) and the oxygen inertial length (~6 km) are much smaller than the KH wavelength. Assuming the

magnetosheath properties basically follow the maximum compression rate of 4, the magnetosheath has a

3

proton density of about 40 cm ™, and a magnetic field about 48 nT. We further assume the average

magnetopause speed is about 200 km s™' (i.e., about 60 % of the solar wind speed).

The length of the cross-section at the terminator flank region for each planet is estimated based on their
magnetopause model (Dang et al., 2022; Joy, 2002; Kanani et al., 2010).

Data Availability Statement

The data and visualization tools for all figures presented in this paper are publicly available (Ma, 2024). Some of
the colormaps used in this study are supported by Liu (2023).
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