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Heavy Ions at the Magnetopause 

•  Heavy ions can dominate the mass content 
as much as 30% of the time on the dusk 
flank!! 

SUN 

6 

12 

18 

MLT 

How do heavy ions affect plasma transport? 
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viscous processes. Figure 5 summarizes the structure and dynamics of the jovian magnetosphere

suggested by Delamere and Bagenal [2010].

Figure 5: Composite sketch of the structure

of the jovian magnetosphere derived by De-

lamere and Bagenal [2010] which combines

the following elements: (1) average radial

outflow based on mass conservation, (2) tail-

ward outflow beyond the x-line due to solar

wind-induced stresses, and (3) viscous inter-

actions at the magnetopause boundary. Mo-

mentum input from the solar wind is assumed

to drive tailward flows along the dawn flank,

consistent with the Axford and Hines [1961]

convection pattern, though this convection

pattern must be superposed with corotational

flows.

We note that the KH mode is destabilized for

super Alfvénic flows. The Alfvén velocity in the

magnetosheath and magnetospheric plasma sheet

is ∼ 10s km/s [Young et al., 2004; Dougherty

et al., 2004] while the shear flows (especially on

the dawn flank) are 100s km/s. Along Jupiter’s

dawn flank the strong bendback means that the

magnetic fields tend to be aligned with plasma flow

and the k vector of the KH mode. However, near

the magnetopause boundary, the magnetic field in

the so-called “cushion region” is largely directed

southward (i.e. large z component perpendicular

to the KH k vector). We note, however, that even

for the case of k⊥ = 0, the boundary is KH un-

stable for shear velocities exceeding ∼125 km/s.

We based this calculation on typical values from

Cassini magnetometer (MAG) and plasma (CAPS)

observations reported by Nichols et al. [2007] (i.e.

nsw = 0.1 cm
−3

, nms = 1.0 cm
−3

, Bsw = 0.3 nT, and

Bms = 1.5 nT where the subscript sw refers to the

solar wind). The shear flows are minimized on the

dusk flank and it is possible the KH is stabilized

along portions of the post noon sector. We will ex-

plore Jupiter’s viscous interaction with the solar

wind, motivated in part by the highly KH unsta-

ble conditions that exist in Jupiter’s outer magne-

tospheric regions.

2.5 Saturn’s magnetosphere
The interaction of the solar wind with Saturn’s

magnetosphere contains features that have of-

ten been considered “Earth-like” or “Jupiter-like”.

Understanding the possible unique characteris-

tics of Saturn’s magnetosphere with the Cassini

spacecraft underscores the opportunity for com-

parative magnetospheric studies.

Saturn is similar to Jupiter in size, rotation rate, and internal sources of plasma, but also dif-

ferent, most notably, with a weaker magnetic field (30× smaller than Jupiter). Enceladus is the

source of 100s to 1000s kg/s of neutral material in Saturn’s inner magnetosphere [Hansen et al.,

2006; Tokar et al., 2006; Burger et al., 2007; Saur et al., 2008]. Sittler et al. [2008] estimates

that roughly 100 kg/s of plasma is transported radially outward via a centrifugally-driven flux tube

interchange instability [Hill et al., 2005]. We might expect Saturn’s magnetosphere to behave in
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•  Iogenic Source of Corotating 
Heavy Ions Transported 
Radially Outward 

•  Dawn-Dusk Flow Asymmetry 

•  Strong Shears at the 
Magnetopause Boundary 

•    



Mechanisms for Magnetopause Transport 
Reconnection 

Li et al., 2005 Johnson and Cheng, 1997 

Kinetic Alfven 
Waves 

Lyon et al., 2007 

Kelvin-Helmholtz 
Instability  

Song and Russell, 1992  Lee et al., 1994 
Johnson and Cheng, 1997 

Otto and Fairfield,  2000 



Heavy Ions and Reconnection 

Reduction of reconnection rate  
(VA is reduced) 
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Proton-electron-heavy ion fluid simulation  

Shay and Swizdak, 2004 



Implications for Reconnection 
•  For configurations with  

IMF By 

•  flux transfer in steady state 
may be favored on the 
dawn flank (where there is 
less oxygen) and could lead 
to enhanced mass, 
momentum transfer on the 
dawn flank consistent with 
observations 

•  Single cusp reconnection 
could be favored  

A 
da

w
n 

du
sk

 

sun 
? 



Heavy Ions and Kelvin-Helmholtz 

Heavy ions increase the K-H growth rate by  
reducing the stabilizing effect of magnetic tension 
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Implications for transport resulting from 
reconnected flux in KH instability 

Before reconnection After reconnection 

Otto, 2007 

Competing Effects 
•  Increased KH growth 
•  Reduction in VA 

Question: 
Does flux transfer 
depend more on the 
interchange of flux 
(vortex size/growth 
rate) or on the 
reduction of VA  
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Implications for transport resulting from 
reconnected flux in KH instability 

•  When vortices form, the 
reconnection rate adjusts 
to reconnect the 
interchanged flux 

B 

ρsphere/ρsheath :   1:3 1:5 

Integrated potential is a 
measure of the 

reconnection rate and is 
roughly the same 
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Small magnetic shear : 10o 



Implications for transport resulting from 
reconnected flux in KH instability 

B 

Growth rate (→ vortex size) 
is larger for heavy ions 

ρsphere 
ρsheath  

1/3 
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Large magnetic shear : 70o 
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Reconnection rate larger for 
heavy ion case because 
much more flux interchange 



Implications of MHD for KH 
•  Reconnection rate is determined more by the line-

tying condition (forcing) rather than the Alfven speed 

•  Effect of Magnetic Shear & Heavy Ions 
–  Small shear →	



•  Not as much stabilization from heavy ions  
•  Not much difference in transport 

–  Large shear → 
•  More stabilization so KH instability is faster for large 

mass density (favoring the dusk flank) 
•  Expect increased rate of flux transfer 
•  More transport and thicker boundary layer 

B 



Hybrid Simulations:  Kelvin-Helmholtz B 

Hybrid Simulations: 
Heavy ions stream through 
vortices and inhibit growth on ion 
inertial scales 

inhibits vortex formation 
reduces mixing on kinetic 
scales 
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Heavy Ions Effects on KH Instability B 
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Wave Power 
Protons Only 

Inverse Cascade: 
m=7m=1 

Inverse Cascade: 
Coalescence 

Forward Cascade: 
m=5 

(Fastest Growing 
Mode) 



Compressional Waves Mode Convert at the 
Alfven Resonance 

Carries Energy  
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•  Ehnahced wave absroption at low freq 
•  Increase parallel electric field (E||~mi) 
•  Reduce threshold for stochastic heating 

of heavy ions 

•  Enhance light ion transport 

Heavy Ion Effects on KAWs C 
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kyxp = kyEy/(BΩ) ~ 1 
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Efficiency of Mode Conversion is Enhanced  
at Low Frequency by  Heavy Ions 

Normalized to fci at resonance 

H+ = 100% 
H+   = 90% 
He+ = 10% 
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At MP~25 mHz 
(Pc3 range) 
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Mass dependence Quasilinear Transport 
qE|| force 

qVD×δB⊥ 

-µ∇δB force 

DHM~2x109m2/s 

>>1 

D>100DHM 

D>100DHM 
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Magnetopause is a Filter of Heavy Ions 
D 

Overall about 40% reduction of He2+ at  
dawn flank and 17% at dusk flank 

Fuselier et al., 1997 



Key Points 

•  Heavy Ions Can Affect Magnetopause Entry 

•  Reconnection (Alfven velocity) 
• Increased transfer of momentum at dawn? 

•  Kelvin-Helmholtz 
• Increased growth rate can lead to larger transport in MHD 
• Heavies stream across vortices due to large inertia 
inhibiting growth and size of vortices in hybrid simulations 
• Heavy ion transport barrier 
• MHD favors dusk, hybrid favors dawn  

•  KAWs  
• More wave absorption 
• Heavy ions heated 
• Light ions transport more efficiently 


