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[Birn et al. 2001]

Big difference of 
reconnected flux

2001 : GEM reconnection challenge

Two major conclusions
1/ The Hall term is necessary for fast reconnection

2/ The reconnection rate does not depend on the dissipation mechanism
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Monofluid, frozen

Electron acceleration/heating

Friday, May 25, 12



Monofluid, frozen
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Monofluid, frozen

“Two-Species” box

Strong current on the separatrix region
(first reconnected field line)

Friday, May 25, 12



Monofluid, frozen

Friday, May 25, 12



Monofluid, frozen

Friday, May 25, 12
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Monofluid, frozen

Electrons drag the field line : out-of-plane rotation
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Monofluid, frozen

Electrons drag the field line : out-of-plane rotation
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Monofluid, frozen

Quadrupolar pattern of the out-of-plane B
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Monofluid, frozen

Hall electric field
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Monofluid, frozen

Ion heating : maintain pressure balance and open outflow
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What physics in the simulations?

ModelOhm’s law Scales
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The Diffusion Region in Collisionless Magnetic Reconnection

Fig. 4 Reduced distribution
F(vy, vz). The distribution
exhibits a small but significant
nongyrotropy about the magnetic
field direction green arrow,
which is revealed by comparing
to the white ellipse. The arrows
indicate regions of enhanced
electron flux

Fig. 5 Parallel electric field
(color), magnetic field lines
(white), poloidal electron bulk
flow (vectors), and particle
collection box

Fig. 6 Illustration of the
generation mechanism on the
asymmetry in F(vy, vz).
Particles with gyrocenters below
(in z) the dissipation region have
experienced, on average, more
acceleration in the negative y
direction than particles with
higher gyrocenters. The result is
a nongyrotropy of the type shown
in Fig. 4

The present analysis suggests that reconnection operates by means of an effective inertia
process, which is generated by the transient acceleration of particles that cross the electron
diffusion region. Statistically, particles that have experienced more acceleration tend to leave
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What they are in fully kinetic systems

Collisionless mixing of particle 
with different dynamical origin

Non-gyrotropic 
distributions

“unmagnetized” 
trajectories

[Hesse 2011]
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Fundamentally important to understand reconnection
but does not affect its global rate
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Hybrid simulations (without physical dissipation) are fast
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Hybrid simulations (without physical dissipation) are fast

Antiparallel symmetric config.
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Hybrid simulations (without physical dissipation) are fast

The electron current sheet collapses to the grid scale length

Friday, May 25, 12



Hybrid simulations (without physical dissipation) are fast

its length stays microscopic
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Hybrid simulations (without physical dissipation) are fast

Hall zone : ion decoupling region
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Hybrid simulations (without physical dissipation) are fast
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Hybrid simulations (without physical dissipation) are fast

Reconnection appears fast and steady
Although no physical dissipation length scale is resolved

“Numerical dissipation” seems sufficient
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Hybrid simulations (without physical dissipation) are fast
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Hybrid simulations (without physical dissipation) are fast

Decrease of the upstream magnetic energy
Rate
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Hybrid simulations (without physical dissipation) are fast

Decrease of the upstream magnetic energy

Rate consistent with literature
Reconnection is steady

Rate

t/⌦�1
ci

[Shay et al PRL 2007]
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Asymmetric reconnection is more general
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Result : 
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Result : 

High field and 
small density

Weak field and 
large density
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Result : 

Tangential 
current layer
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Result : 

Initial perturbation
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Result : 

Tracks the X point
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Result : 

Edges of the electron current sheet
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The (electron) current sheet is elongating...

What did we see ?
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The (electron) current sheet is elongating...

and breaks into islands...

What did we see ?
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Elongation/breaking oscillations
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The reconnection rate is modulated by the formation of islands

Rate
0.006Le

t/⌦�1
ci

Friday, May 25, 12



(~1) is not sufficiently resolved (                   )

Two possibilities : 

�i dy = 0.15�i
Numerical diffusion leads to a “numerical Sweet-Parker-like regime”

Why is it elongating?
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(~1) is not sufficiently resolved (                   )

Two possibilities : 

�i

Somehow contradicts the paradigm that says that dissipation does not 
matter, unless it dominates over the Hall effect

The Hall effect is sufficiently resolved but the dissipation is too weak.

OR

dy = 0.15�i
Numerical diffusion leads to a “numerical Sweet-Parker-like regime”

Why is it elongating?
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If the dissipation is too weak, the field lines can’t reconnect before the hot downstream plasma 
has moved away
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an elongated current sheet is formed

High pressureHigh pressure

If the dissipation is too weak, the field lines can’t reconnect before the hot downstream plasma 
has moved away
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New simulation : increase the resistivity
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Result : 

No more elongation of the electron current sheet
The process is steady and the exhaust open

X

Y

X

Jz Bz

The out-of-plane B indicates that Hall physics is occuring
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New simulation : Change the dissipation mechanism

ym = 50�i

xm = 150�i
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The layer is resolved
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[Hesse 2011]
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Result : 

Still no elongation of the current sheet
More flux seems to have been reconnected

Jz Bz

Stronger out-of-plane B

X

Y

X

Friday, May 25, 12



⌘j ⌫r2j

BzBz

Comparison with full PIC
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⌘j ⌫r2j

BzBz

Comparison with full PIC

Full PIC

Bz
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Rate

Reconnection rate for the resistive and hyperresistive runs

t/⌦�1
ci

How does the rate change with ⌫ ⌘and ?
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How asymmetric systems are initialized ?
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n
T

B2

2µ0
+ nT = cte

Initial condition model

vx

vy

Fluid pressure balance

Maxwellian distribution
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Dense

Tenuous

Initial condition model

Not a steady state
Overall pressure balance is preserved (the current sheet stays in the center of the domain) 

Ion kinetic perturbation due to their gyration around B lines : affects neighboring distributions
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B2

2µ0
+ nT = cte

Unsteady initial condition

Friday, May 25, 12



B2

2µ0
+ nT = cte

Unsteady initial condition
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5.4. Un équilibre asymétrique hybride 149

Figure 5.4: Fonction de distribution à gauche et à droite du centre de la couche de
courant en fonction de E et Pz. La parabole centrale correspondant à E = P 2

z /2 est
représentée sur chaque contour.

Figure 5.5: Profil de densité obtenu en intégrant la fonction de distribution pré-
sentée sur la figure 5.4. La densité totale de particule est représentée, ainsi que la
contribution de chaque population A et B. Chacune de ces population voit sa densité
tendre vers zéro du coté opposé à sa région d’origine.

One different distribution 
on each side !

Shared central 
population

Maxwellian 
boundaries

Local symmetry 
inevitable

Kinetic equilibrium for asymmetric configurations
Choose B profile, asymptotic n1, n2, T1, T2
For simplicity here : assume E=0, Te=0 (all the current carried by ions)

B
x

(y) = tanh(y)

[Belmont et al PoP 2012, Aunai et al. 2012 almost submitted]
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Mixing layer

A solution : 

Moments are not simply monotonic
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Mixing layer

n

A solution : 

Moments are not simply monotonic
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Initialization with the moments of the kinetic solution
But still with local Maxwellian distributions with n, V, full P
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Initialization with the moments of the kinetic solution
But still with local Maxwellian distributions with n, V, full P
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Initialization with the full distribution
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Initialization with the full distribution
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Very few theories of asymmetric kinetic equilibria: never used as an initial 
condition for kinetic simulations

Most (all?) previous theories give uncontrollable B profiles 
New theoretical method to build ion scale steady states in asymmetric configuration
Theory validated by kinetic simulation : simulations of current sheets in asymmetric 
config. can be initialized with a true steady state

Next

Generalize the kinetic equilibrium theory to B rotation, normal E, finite Te.
Test its behavior within a fully kinetic system
Does phenomena like M. reconnection depend on the initial state?

Summary
Hybrid simulations of symmetric reconnection are fast without physical dissipation
The dissipation term seems to play a more important role in asymmetric systems

• How does the rate depend on the resistivity ? 
• On the electron viscosity ? 
• How do hybrid models compare to full PIC ?
• What is the fluid expression of the electron kinetic dissipation in asymmetric 

systems ?
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