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Uusing a combination of hybrid & fully kinetic 
simulations to study magnetopause reconnection

Hybrid (2560)3 cells   ~  1012 ions

Bow Shock

magnetotail

Magnetopause

Hybrid offers good description of:

•  Collisionless shocks
•  Ion kinetic & FLR effects 
•  Ion temperature anisotropy 
•  Structure of ion-scale layer

Electrons are massless fluid - 
missing kinetic physics which is 
essential for magnetic reconnection 

Influence of electron physics is the 
main science goal MMS mission  

Will launch in 2014 and orbit will be 
optimum to study magnetopause 
during first 1.5 years



High Resolution 3D Hybrid Simulation - (2560)3 cells

|B|ne |V|

Fully kinetic
simulations
possible in

smaller region
100di ∼ RE

Solar Wind



Formation & stability of electron layers are the 
major focus of our fully kinetic simulations

 Magnetic islands            flux ropes in 3D

 Electron temperature anisotropy

 Lower-hybrid drift instability

 Kelvin-Helmholtz driven vortices

    Daughton et al, Nature Physics ,2011

Critical role in layer formation  
Accurate fluid closure                 Ohia et al, PRL,2012

Anomalous dissipation            Roytershteyn et al, PRL, 2012
Can broaden layers and suppress secondary tearing

Reconnecting shear-driven turbulence             Karimabadi et al, 2012
Combination of magnetic & velocity shear            Nakamura et al, 2012
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Fig. 1. Diffusion of magnetic field lines through the MBL. (a) All magnetic surfaces within the MBL are 
destructed. The stochastic wandering of magnetic field lines through the layer results in magnetic 
percolation. Bold solid curve - the magnetic field line penetrating from the magnetosphere to the 
magnetosheath. (b) A region with stable magnetic surfaces exists within the MBL. The stochastic wandering 
of magnetic field lines does not result in percolation if the width of this region is larger than b~o. The 

topological connection of magnetic field lines on both sides of the MBL is absent. 

the entire MBL. Taking into account the stochastic nature of the process, this 

terminology seems to be even more appropriate for the phenomena under discussion 

than the sometimes misleading use of such words as 'merging' or 'reconnection'. As will 

be shown in Appendix 2 (see also Biscamp, 1977; Swartz and Hazeltine, 1984; Galeev 

et al., 1985) the growth of magnetic islands saturates rather quickly at a finite island 

width W*. So, if even a very narrow region (but wider than W*) with stable magnetic 

surfaces exists within the plasma layer it cannot be overlapped by nearby growing 

magnetic islands and thus it appears to be impenetrable for the diffusing field lines. One 

can come to the conclusion that the necessary condition for magnetic percolation to 

occur through the MBL will be the destruction of almost all magnetic surfaces within 

it. Figure l(a) schematically shows the stochastic diffusion of magnetic field lines 

through the destructed MBL. The process of magnetic field stochastic wandering will 

be interrupted if a region (even a thin region) with the smooth, well-defined magnetic 

surfaces exists within the MBL. This case is shown in Figure l(b) where there is no 

topological connection of magnetic field lines on both sides of MBL, and so 

reconnection (in a global or macroscopic sense) is absent (despite the possible observa- 
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Galeev, 1986
Does it really work this way?

mi = me Yes
mi � me No

Standard Harris Sheet J×B = ∇P

However - similar picture arises 
from secondary instabilities

Force-Free Current Sheets J×B = 0

         Yi-Hsin Liu, posterWorks for arbitrary Yes mi/me

Tearing       Flux Ropes      Turbulence?



Range of parameters in 3D simulations

Shear  
Angle

Byo

Bxo
= 0.3, 0.5, 1.0

Symmetric  - Open BC

Lx × Ly × Lz = 70di × 70di × 35di

2048× 2048× 1024 cells
1012 particles

z

x

−y
Byo

Bxo

mi/me = 100

Asymmetric - Periodic BC

φ = 146◦, 127◦, 90◦

Lx × Ly × Lz = 85di × 85di × 35di

3072× 3072× 1024 cells

2× 1012 particles

Byo

Bxo
= 0.3, 1

nbot

ntop
= 8



Primary Flux Ropes

Generated by tearing instability within 
ion-scale current layers



Byo = 0.3Bxo

Byo = 0.5Bxo
Byo = Bxo

Byo = 0.3Bxo Asymmetric



After the onset, reconnection gives rise to 
extended electron-scale current sheets 

Why are these so much longer in 
kinetic simulations than in two-fluid?

Do the results depend on         ?
mi

me



Anisotropic electron pressure plays crucial role
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Details influenced by guide field



We are mapping out influence of mass ratio

Marginal
Firehose
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Electron layers are unstable in 3D to
secondary tearing instabilities

tΩci = 78

tΩci = 78

2D 

3D Slice
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= 1

see Daughton et al, Nature Physics, 2011

High density separatrix

High density separatrix



Moving slice  
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Move 2D slice 
y = 0 → 70di
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What happens for weaker guide fields?

   Electron layers are spatially located inside 
outflow, rather than directly along separatrices

 Electron layers near marginal firehose

 More secondary flux ropes, but smaller in size

Note:  In all cases, ion flow structure is much 
simpler        easy to identify reconnection jets
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Reconnection drives electron layers 
towards marginal firehose condition
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Influence of Density Asymmetry
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Influence of Density Asymmetry
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favor flux ropes in 3D? 

Unstable to LHDI 



Influence of Density Asymmetry? 

Magnetosphere - Low Density

Magnetosheath - High Density

Flux Ropes

85di

35
d i

|J|

85di × 85di × 35di
10 billion cells

2 trillion particles
By

Bo
= 1

nbot

ntop
= 8

LHDI



Primary
“x-line”

Secondary
Flux Ropes

Kelvin-Helmholz



Kelvin-Helmholtz offers another mechanism to 
create flux ropes, current sheets, & turbulence

Coherent Structures, Intermittent Turbulence and Dissi-

pation in High-Temperature Plasmas

H. Karimabadi
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Turbulence is widespread in astrophysical plasmas and is often driven by gradients in the

flow or magnetic field 1–5 . While large-scale features of the dynamics are described by fluid

theory6, the manner in which energy is transferred and ultimately dissipated at small scales

remains unknown for high-temperature plasmas since particle collisions are often too weak

to provide the dissipation7. One widely invoked idea is wave damping arising from reso-

nant interactions 8, 9. Motivated by observations of large-scale velocity shear in the solar

wind1, 2, 10, here we consider an alternative possibility. Using kinetic simulations that provide

first-principle description of the physics across all scales, we show that the non-linear evolu-

tion of shear-driven vortices rapidly drives a cascade down to kinetic scales. This occurs due

to the formation of intense current sheets that are unstable to tearing and Kelvin-Helmholtz

1



MHD scale vortices generate current sheets, 
flux ropes, reconnection & turbulence 

mi/me = 100

Uo

Uo

B

Uo > VA → KH



∼ 50di

16384 cells = 100di

Fully kinetic 2D simulation of Kelvin-Helmoltz
81

92
ce
ll
s

• Vortex scale

• Kinetic scale layers

• Secondary tearing & KH

• Power law spectra
• Electron heating dominant!

Uo

UoB

mi/me = 100



Figure 1: Generation of secondary tearing instabilities a) Plot of |J | showing the formation of

chains of tearing islands at Ωcit = 287. b) Plot of 1/Bi highlighting the fact that tearing modes

are formed in regions where the in-plane magnetic field is weak. Our linear tearing analysis were

conducted for the two current sheets associated with these two chains of islands. Also shown are

contours of vector potential Az. c) Plot of |J | showing the formation of chains of tearing islands

well into the turbulent phase at Ωcit = 402 and (d) corresponding plot of 1/Bi.

6

Secondary Tearing Instabilities



Figure 2
19

Turbulent Energy Spectra
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Electrons get majority of energy!

Weak in-plane 
field plays 

essential role!



Summary

LA-UR-12-02639

 Electron scale current layers are a key feature in magnetic 

reconnection at the magnetopause

 Layers are unstable to tearing-type instabilities which 

create 3D flux ropes

 May naturally drive turbulence for certain regimes

 Details depend on guide field and profile asymmetry

 Temperature anisotropy is crucial for weak guide fields

 LHDI can rapidly broader layers in low-β regions

 Velocity shear offers another mechanism to generate flux 

ropes, current sheets and turbulence


