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‘The problem setup & assumptions'

Assumptions:

e non-relativistic incompressible p™ and e~ plasma;
e isotropic p' and e~ pressure, also neglect viscosity;
e resistivity 7 is constant & small (large Lundquist);
e a thin layer, 2-dimensional geometry 0/0z = 0;

e geometric symmetries of the layer, quadrupole B.;
e quasi-stationarity, 9/0t = 0.

Notations:

e we use physical units in which ¢ =1 and 47 = 1;
e 20 and 2L are thicknesses and length of e~ layer;
e 2A and 2L.,; are thicknesses & length of p™ layer;

® B, is upstream field (B, at y=0 and x~A);
o Vu=DBecyi/+/p is Alfven velocity, p=m,n=const;
© S = L¢ywtVa/n is Lundquist number;

o dy=c/wp,=/Mp/e\/n and d.=c/wp.=+/Mc/e\/n

are the proton and electron inertial lengths.
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‘ Equations I

Equations of the motion of the e~ and p™:
nme|0ru® + (u®V)u®| =—-VP, — ne(E + u®xB) 4 nenj,
nmy,|0yuP + (uPV)uP| =—-VP, + ne(E + u” xB) — nenj.

Express u® and u? in terms of electric current j = ne(u? —u®) and

center-of-mass velocity V = (mpu? +m.u®)/p, also use m, < my:

u’ =V + (me/my)j/ne and u® =V —j/ne.

Obtain generalized Ohm’s law from the equation of e~ motion
E=-VxB+nj+jxB/ne— (1/ne) [VP. — (d?/d)VP,] —
+dZ [0+ (VV)j+ (GV)V — (1/ne)(3V)]].

Obtain momentum equation from the equation of p™ motion

nmy, [0V + (VV)V] +d2(jV)j = -VP+jxB, P=P.+ P,

Maxwell equations:

VxB=j, -9B=VxE, V-B=0.
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Equations (continue) I

Ampere’s Law z-component (at O-point):

. . Befct
Jo = (Jz)o = ;
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Equations (continue) I

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

(OyyP)o = (Oyy By /2)ext = —2B¢,,/L?

ext

y-component of the momentum equation

(acceleration along the layer):

at the O-point, calculate 0/0y of
iy, (VV)Vy + d2(3V)jy = —0y P + j. By — ju B-
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Equations (continue) I

Faraday’s Law x- and y-components:
(VxE), =0,E, =-0B,/0t =0,
(VxE),=—-0,F,=-0B,/0t =0,

= FE, = constant in space
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Equations (continue) I

Ohm’s Law z-component:
E. = nj. — VoBy + V,By + (juBy — jyBx)/ne
+d2[VoOujs + VyOyje + ju0: Ve + 5,0, Vs
— (J20uj> + jyOyj-)/ne| = constant.

e O-point: E, =nj,

e [/, = const across the layer:

O..F. =0 at point O;

njo = F.(x~d,y=0) = E,(x~A,y=0)

e F/, = const along the layer:

Oyy L, = 0 at point O; © ® !

njo — Ez(xzoay%lj)
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Equations (continue) I

Faraday’s Law z-component:
Oz By —0yE, = —0B,/0t =0

at the O-point, calculate 0°/9xdy of
0, B, — O, Ey =0
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Equations (summary) I

Ampere’s Law (z-): 1 equation
Momentum Equation (y-): 1 equation

Faraday’s and Ohm’s Laws (x-, y-, z-): 6 equations

7 unknowns: jo, 6, A, L, (0,Vy)o, (0yBz)o, (0zyB2)o
(equations partly replicate each other)

Find the unknowns and reconnection rate FE, = nj,
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Solution '

Convenient physical parameters:

BGZE . .
Va = : is Alfven velocity
nm,
VaLey . .
S = At is Lundquist number
n

Convenient dimensionless parameter:

Vady(0zyB2)o _ (j X B)./ne
Bext(ﬁyVy)o (—V X B)z

gl
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Solution: Sweet—Parker'

Solution for 4 S 1, Sweet-Parker reconnection regime

S < Lﬁxt/df) =N

\/7 Bext

Jo &

o~ A 2 d,

.
.
A3
.
.
4\

/2/ I/ZA

1
Ez ~ ﬁVA ext
Vy ~ VA
SBegctd

1 Sy=d, S
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Solution: Hall ' \E,

.
.
.
.
LS
4\

Solution for 1S4 < d,/de, Hall reconnection regime 2/
S~ L2xt/d2
deLe:ct . Le:ctBegct
Lot 2 L2 , o R
L~ d, / d,L
d
E, ~ fpVABm (S. W. H. Cowley, 1985)
d,L
§ ~ L A~ d
Lewt 7 P
~ Le:ct
T
v
(ayvy)o — TAa Vy ~ VA
d Be:ct BextLext
a Baj o D ’ aﬂ? BZ 0]
( Yy ) Legth ( Yy ) dpL2

Note: B, & (0yyB.)o0 L ~ Beyt
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‘ Solution: e-inertia' tE,
Solution for d,/d. S 7 < df) /d?, e-inertia regime miy /> A\
j N Be:ct \ .....
o de | )
Leazt d I1 6Sl,l=dp S
E, ~ Beyt ~ 2 . ,
Sd. VaBeyt 7 VaBeyt (Zocco et al., 2008)
Sd.d
L~ T, pa 0 = de, A~ dp
ext
dy d?
P < _P
d, ~7 T
LextVA VA
(ayvy)o - Sd25 7 (ayvy):c>5 ~ T
L2 Be:ct Beathext
((9 BSI?)O ~ cot 9 (aa: Bz)o
’ S%d.d2 ! Sd2d,

Note: Bz ~ (&Csz)o 0L ~ Be:cty Vy(waext) ~ VA7
U/Z ~ VAe — Bext/\/ nme
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‘ Summary I

e ¢~ inertia term d?(jV)j ~ m.n(u®V)u® enters the momentum equation:

m,n [0V + (VV)V] +d>(jV)j = ~-VP +j x B

e There are slow Sweet-Parker and fast e-inertia-dominated regimes:

\E, .
1111142/mle/2 A Sweet—Parker: E,=1/S"”
\ Hall: d,/L<E,<d}/Leyde
L - - e—inertia: E,=L.,/Sd,
i >
1 dp=d, S

e http://arxiv.org/abs/0904.0660

e Need to account for anisotropy of the electron pressure tensor.




