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Magnetic Shear
Tearing  

Velocity Shear
Kelvin-Helmholtz

Two Key Formation Mechanisms

• Linear mechanism
• Ion or electron scale layers
• Threshold Bz

• Growth rate:

• Inherently non-linear
• KH vortex + reconnection
• Ion or electron layers
• Threshold shear
• Growth rate  
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Highlight new papers that illustrate 
both mechanisms & their coupling

1.  Pure velocity shear 

 

2.  Velocity & magnetic shear 

3.  Force-free current sheets



Pure Velocity Shear
Karimabadi, Roytershteyn, Wan et al, PoP, 2012
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• Vortex scale

• Kinetic scale layers

• Tearing + reconnection

• Power law spectra
• Electron heating dominant

• In-plane B is crucial
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Fully kinetic 2D simulation of Kelvin-Helmoltz
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Tearing instability & reconnection is triggered 
in current sheets with in-plane B reversal
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Electron Heating in Layers

4v2th < Eb < 5v2th
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Electrons get majority of energy!

Weak in-plane 
field plays 

essential role!



Magnetic & Velocity Shear
Nakamura, Daughton, Karimabadi, JGR, 2012
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Two-Dimensional Evolution
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Three-Dimensional Evolution
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Poincaré Recurrence Map 

Good flux surfaces

Good flux surfaces

Chaotic
field lines
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Finite Time Lyapunov Exponent = FTLE
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Mixing rate is enhanced due to 3D 
magnetic field structure

Mixing rate enhanced  > 3x in 3D case
Relevant to the lower latitude

boundary layer in Earth’s magnetopause 



Pure Magnetic Shear:
Force-free Current Sheet

Yi-Hsin Liu, Daughton, Karimabadi, 2012
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• Oblique tearing modes are unstable over a wide range of angles
• The most unstable tearing mode becomes oblique when

Oblique Tearing Growth Rates

bg � 1
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FIG. 1. The structure of reconnection current sheets in a
mi/me = 100 plasma with bg = 2.5 (βe = 0.025) at time
36/Ωci. The system size is Lx ×Ly ×Lz = 40di × 40di × 15di
(periodic in x,y, conductive in z) while L = 0.5di. In panel A,
each plane shows current density overlaid with in-plane ion
streamlines colored in white. Flux ropes are traced by iso-
surface of ne = 1.1 colored with transparent current density.
A sample of magnetic fields associated with flux ropes are
colored in yellow. In panel B, the region near a splitting
X-line is blow up. 3D streamlines of current density from
different current sheet are colored with different oranges.
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FIG. 2. Theoretical growth rates of kL = 0.5 modes depicted
as solid black curves are ready to compare with measurements
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Oblique tearing is the dominant instability
Jprovided that we avoid Buneman instability
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θ ≡ tan−1(ky/kx)

∆� > 0 → θ < tan−1(1/bg)
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FIG. 3. For (A)-(C), bg = 2.5,mi/me = 25, L = 0.5di (βe =
0.025). The electron current density inside 4πL×49.6L×4πL,
4πL× 8L× 4πL and 3.8L× 8L× 4πL boxes (periodic in x,y,
conductive in z) at time 8/Ωci, 16/Ωci and 16/Ωci respectively
are shown. In (D), bg = 2.5,mi/me = 1836, L = 2de (βe =
0.025). The power spectrum of |δB2

z/B
2
0 | at time 0.625/Ωci is

shown on a log scale. The simulation domain 24πL× 24πL×
3πL (periodic in x,y, conductive in z) is large enough for six
kL = 0.5 modes to grow simultaneously from noise. kc(θ)
and θc depicted by black curves enclose the predicted unstable
region for tearing instability.
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Oblique Flux Ropes Dominate

Multiple electron diffusion regions embedded 
within a single ion diffusion region!

Inherently 3D effect which is a consequence of 
oblique tearing modes mi/me = 100



Generalized Ohms Law

ne(E+ ue ×B/c)

−∇ ·Pe

−me∇ · (neueue)

−me
∂
∂t (neue)

=

∇ ·Pe is dominant 
non-ideal term

bg = 4



Summary
  Ion-scale boundary layers often include some combination of 

magnetic and velocity shear
  

  Large-scale magnetic shear will naturally drive reconnection and 
these flows may in turn drive Kelvin-Helmoltz

  Alfvenic velocity shear leads to KH vortices which generates 
current sheets & drives reconnection

  In real 3D applications, both of these mechanisms leads to flux 
ropes, turbulence and heating within these structures

 Spectra in all simulations feature power law in fluctuations with 
break at kinetic scales

 Influence on particle mixing across boundary layers

LA-UR-12-25847


