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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, 0/0t = 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 Vi=DBcyi/+/p is Alfven velocity, p=m,n=const;
S = L¢;+Va/n is Lundquist number;

o dy=c/wpp,=./My/e\/n and do=c/wpe=+/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|0yu® + (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 = ;




2-fluid reconnection 4

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. — VuBy + VyB, + (ju By — jyBu)/ne
+ d2[V,0,5. + ViyByjs + 202 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 = FE.(x~d,y=0) = E,(x~A,y=0)

e /., = const along the layer:

Oyy L, = 0 at point O; © ®

njo — Ez(af:O,y%L)
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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: j,, 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:

Bea: . .
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

SSLiy/d = d~AZd,

\/7Bea:t 1
.0 ~ ) Ez ~ —V exr
/ Lefct \/§ 4 !
5 -~ Leazt
VS
L~ Lefct
2
L
szt
VA
(ayvy)o — L t7 Vy ~ VA
Bewt SBextd
(OyBz)o = (OuyB:)o ~
\/_Leazt ’ Lgazt
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Solution: Hall '

Solution for 1S4 < d,/de, Hall reconnection regime

S~ L2xt/d2
Leazt > L > deLe:ct
d,
b, ~ Ay
* L
5 A dpL
Lea:t7
~ o Lea:t
T
VA
(ayvy)o — T)
d,Best
0yB.)o b
( Yy ) LextL

Note: B, =~ (0yyB.)o0 L ~

Le:ctBea:t
d,L

Jo &

—VaBert (S. W. H. Cowley, 1985)

A~ d,
Vy ~ VA
Bea:tLea:t
aa; Bz o
~ Beazt
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‘ Solution: e-inertia '

Solution for d,/d. <7 < d? o/ d?, e-inertia regime

- Bea:t
jO ~ de
Leazt d
F, = Sd. ViBoyt = IVABQH (Zocco et al., 2008)
Sd.d
LzL L § ~ d,, A= d,
ext
d, d;
P < _P
d, ~7 T @
Lea:tVA VA
(OyVy)o = Sd25 (OyVy)z>s = T
L2 B t B tL t
P Bg: extPex N Bz P extliex
(O Ba)o & 5203603229 ’ (Ory B-) Sd2d,
Note: R (OpyB2)o0 L = Begt, Vy(y~Legt) = Va,

U,Z ~ VAe — Bea:t/\/ nmMme
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‘ Summary I

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

mn [0V + (VV)V] +d2(jV)j = ~VP +jx B

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

\E, .
i A Sweet-Parker: E, =1/S"
\ Hall:  dy/L oS E;SA/L el
R e—inertia: E,=L./Sd.
} >
1 5,=d, S

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

e Need to account for anisotropy of the electron pressure tensor.
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END
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‘ Equations: details I

In equations spatial derivatives are assumed to be taken with respect to all

indices listed after coma signs, for example, B, , = 0,B, and B, 4, = 03, B..

y VAdezaxy j X B/ne Bewt Bga:t
= ~ : en = : nm, = :
! BextVy,y V x B deA p Vj
. : . . VALezL‘t
jo=Bey,  Jy==Bew  Jew=—Jyy=Beay, 1="7
B? . 5
V2 VyVyy +dciyiyy = Py + 728
A
ij Vy,y + deBz,a:y ~ 1.2 T ]och,y
L*j,
Vo~ Vill+ BT<Bm,y>L

ext
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LethA : LethA . 2 . [ VAdpja:
o — Ez — z V:U B —d Z,T 1 —
) o ( cJzx) LB
LethA . LethA . 2 . [ VAdpjy
—FE. = L+ Vo(B, +d%i.) |1 — 2A%)y
s/ g J= T VulBetdejzy) | 1= 50
LethA . 2 . VAdpja: x
— 2, T — |4 B —d Z, LT 1 : 1 —
9G Jz, oy ( oJzwn) [ + BeatVy.y
LextVa VAd ja:,x
1 — —= bt jojz, + Ba:, (]z,a:a: + jz, ) —
( d}Q) Bemtvy,y [ vy Yy vy } Sdp
2d? B+ Loyt Beyt 232
dsz e ex V BZ . ex ex Bz N ext
Z,TY deA Yy LY + Sdp ) y L2

d? Vadpja
d]% Bemtvx
d? Vadpjy
d2 BV,

)|
)|

)|
)

(14
(14

d? Vadpje «
dz% Bea:tvy,y

dg VAdpja:,m

B2 BeyiVy,

(Bz,myacm + Bz,myyy

+ JoBg y
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]z,:c:c ~ 52 y
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B2, d2 252 1%
crty2 (14 232 ) &~ =2 4 5 B, V2 ~V2|1 ° (B,
Vj Y,y ( + d]297 ) 1.2 + Yo out A + ngt< ,y>L
LextVAjg . ( dzjg) [ ~ ( dz ~)] ~ VAdeZ ry
~ Vyydo | 1+ I+4(1—-=9]], A= ’
Sngt i ng;t d]% Be:ctvy,y
LethAjo dzjo ~ dz ~
spe (B e )Pt
p
d? B? Loyt B2 .V,
1 _ ex .OBm ext — exr ext"VyY,y ~
(1= &7) [omens ) = 5
Lea:tVA : Lea:tVA . 9 . [ VAdpja: d2 VAdpjm
o =F, = = Vo(By —dlj.») |1 — 1 L
S J S J ( Y Iz, ) Bea:tva: * d]% Bextvx
Lea:tVA : Lea:tVA . 2 . [ VAdpjy d2 VAdpjy
o= E, = + Vy(By +d2.,) |1 — A%y (44 e
S J S i y( i / 7y) i Bextvy " d]% Be:ctvy
B ~ Bgl‘t 1_|_d2]g ~ B _dgjO ] 2B§xt ~ ng;t 1+d2]g
0 S 1, 2, ) Y P Bt m T (g




