Magnetic field lines and
their reconnection

Dana Longcope
Montana State University



Reconnection: the magnetosphere
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Reconnection: solar corona
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Reconnection: the heliosphere
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Reconnection: Parallel wires in vacuum
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* Good conductor: E=0
* Good moving conductor: E+v B =0




* Mag. Energy >> plasma energy (p<<1)
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* Min. magnetic energy




Magnetic field discontinuity: %ﬁf
tangential discontinuity

Magnetic equilibrium
n . O
Hd =V xB=2B (x,0-)d(y)z JxBoc(VxB)széy5|B|2=O

Minimum magnetic energy state



net current

wire separation



Work done on wires
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Good vs. Fair conductance

1 J =V xB=2B(x,0-)5()2

Can E=0when J = oo?



Ohm's law
Q: What makes a conductor "good"? (E=0)

(e.g. copper or gold? a plasma?)

A: electrons move to eliminate E
Q: What might limit "goodness"? (E#0)

A: electrons cannot respond eff{J=en (v.—v )

momentum eq. of electron fluid drag
dav, { l |
MM, = ~V-P —en E—en,v, xB+mn,v,(v.—Vv,)
electron inertia Hallterm 1/0 =71,
l_l_\ |
d 1 t '
E+v, xB=—reDe V. p 4~ JxBjledy

e dt en en en,
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Generalized Ohm's law

What's really important?

m, dv ] t 1
E=—vVvxB-——F-——V-P+—JxB+nJd
e dt en, en,
\_Y_I \ ] | ] | J \ J
T v v v
(i) (ii) (iii) (iv) (V)
W) __ vB _lvy — Rm — Importance of
V) nBlul 7, , term depends
D _ vB _ :[ | ] on length scale
(i) myvB/ue’n,)’ /,uoezn clo, of solution
) __ vB _ ( ] ~  On large scales
(iv) B*/uen) B/,uoen c/w plasma is ideal
i B (J (Ij conductor*
(i)  p,/en,l k T/eB €s/\P - * except where B=0




How large is “large"?

Earth’s Solar
magnetotail corona

External
scale

Collisionless
skin depth

ion skin
depth
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E+v B=0



Good vs. Fair conductance

Solution develops smaller
scale spontaneously




Good vs. Fair conductance

External E







Work done on wires
Build current, //

store energy
N= =/
release energy 1 |

E,20

A
0.5

separate wires slowly
AW = I[Cﬁ dt =— _[Icscf{—(tﬂdt = — _[Icsdw Spontaneous & irreversible



Total
reconnection
time

M, << 1 :Slow reconnection
M, ~ 1 : Fast reconnection



Mass conservation: \_//

V,A = v, 0 %/////

Aspect ratio
M, =—= — =~ — of diffusion
V4 4 A A region




Classic Ohm's law

1 1
E+ViXB:_Ve_ %)e_l_ %B_I_ne‘]
dt en, en

Ideal region E_=~v B, |

n advection
vV, ~ —65 balances Rm = VithO ~1
Ho diffusion Te
Vv, L L
M, == L
”I%B Vi VO plv, 0 0
iffusion ~ ~—e L
d E ~ 17, J M :é from mass
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Collisionless reconnection

E+v. xB=-m, /I(’+—J><B47'{

A~0~ C/(D from Hall term
M = é from mass
Ai A conservation

60 Drake et al. 2008 90 100
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external field?
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ﬁ How does small region affect ﬁ

It creates bent field lines...
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... what next?



RZSPO nse to bend Lin & Lee 1994

Riemann problem for 1D current sheet (CS)

t=0

FMRW SMS hot& SMS FMRW

CS dense
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Q: Will resistivity always result in slow
(Sweet-Parker) reconnection?

A: Yes, if n is uniform in space...
But not, when n(x) is locally enhanced*

Biskamp & Scwartz 2001

*as by micro-instability



Q: Is slowly reconnecting sheet stable?
A: No. Subject to resistive instability: tearing mode

B e s re— - - EE—— =
s . — Tu=63X105"
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Bhattacharjee et al. 2009 (vertical scale is expanded)

* Solution becomes time-dependant
* Smaller diffusion region(s) develop w/ larger 6/A ~ M,



Q: what triggers reconnection in the CS?
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Bold new world: 3d

Null point (@ origin) = NE
B(0,0,0)=0 = Bxyz=|2 = Z||y|+ =—
B. B, B, . ds Z
V-B=0=Tr(M,)=) 4 o~ “3°° “
M

—_—

det(M) < O: “positive” null point
2 pos. e-values (fan surface)
1 neg. e-value (spines)

fan = separatrix /

det(M) > 0: “negative” null point
(reverse all arrows)

fan

spine












Fans & Null-Null Lines
ya #;\ N spine




MOl 2004—02—-2BT01:39:03.0427
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separatrix between new & old
positive flux
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PHOTOSPHERE

A Real Example [
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The separator
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Reconnec‘rlon observed

< Heatlng 5 x 1026 ergfsec
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Summary

* Plasma behaves as "perfect conductor”
on large™ scales

 Perfect conduction leads to spontaneous

developmenT Of small scales - sows seeds of
its own violation

* Non-ideal response: reconnection
attempts to eliminate small scales

* In space, all scales are large



