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The problem setup & assumptions
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We assume

• non-relativistic incompressible two-component

plasma that is composed of p+ and e−;

• isotropic p+ and e− pressure

• η is constant and small, large Lundquist number;

• neglect viscosity;

• 2-dimensional geometry, ∂/∂z ≡ 0;

• geometric symmetries of the layer;

• quasi-stationarity, ∂/∂t ≈ 0:

• quadrupole Bz;

• for simplicity of presentation,

assume up ≪ ue or j ≫ neV.
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Equations

• Equations of the motion of the e− and p+:

nme[∂tu
e + (ue∇)ue] =−∇Pe − ne(E + ue×B) + neηj,

nmp[∂tu
p + (up∇)up] =−∇Pp + ne(E + up×B) − neηj.

• Express ue and up in terms of j and V:

up = V and ue = V − 1

ne
j ≈ − 1

ne
j because me ≪ mp.

• Obtain generalized Ohm’s law from the equation of e− motion

neE = neηj + j×B−∇Pe + ned2
e∂tj − d2

e(j∇)j.

• Obtain momentum equation from the equation of p+ motion

nmp [∂tV + (V∇)V] = −∇P + j × B − d2
e(j∇)j.

• Maxwell equations
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Equations (continue)
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Ampere’s Law z-component (at O-point):

jo = (jz)o ≈ Bext

δ
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Equations (continue)
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x-component of the momentum equation (force balance across the layer):

(∂2
yyP )o ≈ (∂2

yyB2
y/2)ext = −2B2

ext/L
2 < 0

y-component of the momentum equation

(acceleration along the layer):

at the O-point, calculate ∂/∂y of

nmp(V∇)Vy = −∂yP + jzBx − jxBz − d2
e(j∇)jy
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Equations (continue)

2δ

Bx

Bz

2∆

By

Vx

Y

O

X

Faraday’s Law x- and y-components:

(∇× E)x = ∂yEz = −∂Bx/∂t ≈ 0,

(∇× E)y = −∂xEz = −∂By/∂t ≈ 0,

⇒ Ez ≈ constant in space
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Equations (continue)
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Ohm’s Law z-component:

neEz = neηjz + jxBy − jyBx − d2
e(j∇)jz

= constant

• O-point:

Ez = ηjo

• Ez ≈ const across the layer:

∂2

∂x2
Ez ≈ 0 at the point O

• Ez ≈ const along the layer:

∂2

∂y2
Ez ≈ 0 at the point O
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Equations (continue)
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Faraday’s Law z-component:

∂xEy − ∂yEx = −∂Bz/∂t ≈ 0

at the O-point, calculate ∂2/∂x∂y of

∂xEy − ∂yEx ≈ 0
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Equations (summary)
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Ampere’s Law (z-): 1 equation

Momentum Equation (y-): 1 equation

Faraday’s and Ohm’s Laws (x-, y-, z-): 3 equations

5 unknowns: jo, δ, (∂yVy)o, (∂yBx)o and (∂2
xyBz)o

Find reconnection rate: Ez = ηjo

Introduce VA =
Bext√

ρ
, S =

LVA

η
, dp =

mp

e
√

ρ
, de =

me

e
√

ρ
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Solution

SPδ dp= 22
SPδ =2 dde p SPδ =2 dde p

3 −1

Ez

e   inertia:

zE  =dp/L

zE  =L /S d d3 2
e p

2

zE  =

zE  =L/Sde

m  /mp e

S

Hall:

S−P: 1/S1/2

+Hall e  :

1

e− acceleration: d2
ejy∂yjy = −neEy − ∂yPe + neηjy + joBx.

p+ acceleration: nmpVy∂yVy = −∂yP + jzBx − d2
ejy∂yjy.
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Summary

• The central result is that when electron inertia is included, there are two

branches of solutions for the reconnection rate – one slow and one fast.

• The slow rate is slow sub-Alfvenic, Eslow
z ≪ VABext (assuming S ≫ 1

and dp ≪ L). The slow reconnection regime may correspond to “quiet”

periods of gradual accumulation of magnetic energy in an (astro)physical

system.

• The fast rate can be comparable to the Alfvenic rate VABext if η is

enhanced over Spitzer value by kinetic effects in the plasma. The fast

reconnection regime can correspond to a rapid release of the

accumulated magnetic energy.


