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Flux-Freezing in NOT Violated in Turbulence, but Becomes Intrinsically Stochastic

(r2)(teYjrms /A

2/l

10! —= standard
~~~~~~~ -- N= 512 T —10{ — v't./L,=0.2716 d
- -, oS L
b o S sreami M= 1024, = — U't./Ly = 0.6667
...... 9 % \'4\“'\ s INDRIDOAS = 2 /Ly
o, 0 7‘*«{'\'\ N Yo — N = 4096 [ 15 — u't./L,=1.053 i
g < e ‘W ..'\f(' e £ — ) )
L o L east squares fit
% 10~ = o - —20 I I L ! ! L
& P 0 1 2 3 4 5 6 7

(e Py (0)'/2)3

Nature, 23 May 2013

! L !
0.0 0.2 0.4 0.6 08 1.0

Richardson dispersion of field-lines underlies the Lazarian-Vishniac 1999 theory (LV99).

Reconnection in the sense of violation of standard magnetic-flux conservation (J. M. Greene,

1993) occurs everywhere in a turbulent flow, not (only) at intense current sheets!



Large-Scale Turbulent Reconnection Involves Coherent Transport of Magnetic Flux
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Note [ 2E-dx = [ 8|B;|dA— ¢ sign(B,)E-dx,
time evolution 4+ transport thru boundaries

(Kowal et al., 2009)

Figure 4. Schematic three-dimensional visualization of the reconnection rate
evaluation. A, and A_ areas are defined by the sign of the B,-component.

The dominant “reconnection” electric field is motional field E = —uXxB induced by outflow
of already-reconnected field lines

Challenge: The width of turbulent reconnection zone A = L,M2 min{(Ly/L;)*/?, (L;/Ly)*/?}
predicted by LV99 can be much smaller than L; and L, for My = urms/va < 1.



Coarse-Grained MHD can Account for Fast Reconnection without Microscale Physics

The turbulent electric field B = — [ (uxB), — W,xBy] is of order 6u(€)sb(£). Note that
E, "™ =1, ~ 18B(£) /¢ < EV® for t5u(f) >n,  Ep- ~ 8:(86(£))2/¢ < B for £ 6,

Consider the turbulent loop-voltage

Dy (C,t) = j{ Ezurb(x,t)-dx

Cy(1)

with ﬁg(t) advected by the coarse-grained velocity u,. Turbulent voltage is independent of
the filtering scale ¢ (inside the inertial range) if and only if at least one of the following holds
(Eyink & Aluie, 2006):

(i) Either u or B (or both) diverge to infinity at a point on the loop C(t)

(ii) A joint tangential discontinuity of u and B (current and vortex sheet) intersects the
loop C(t) in a set of finite length.

(iii) The material curve C(t) is a fractal with infinite length.

(iii) is inapplicable in 2D, but it is expected in 3D. (iii) implies that small-scale turbulent
reconnection can occur with vanishing micro-scale electric fields.

In GS95 and other theories ignoring intermittency
Ezurb ~ (€€J_)2/3, EOhm — 77j ~ (?78)1/2





