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

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!
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Figure 10. Topology and strength of the velocity field (left panel) and magnetic field (middle panel) in the presence of fully developed turbulence at time t = 12. In
the right panel we show distribution of the absolute value of current density | !J | overlapped with the magnetic vectors. The images show the XY -cut (upper row) and
X-Z-cut (lower row) of the domain at the midplane of the computational box. Turbulence is injected with power Pinj = 1 at scale kinj = 8. Magnetic field reversals
observed are due to magnetic reconnection rather than driving of turbulence, which is sub-Alfvénic.

Figure 11. Topology and strength of the velocity field (left panel) and the magnetic field (middle panel) during the Sweet–Parker reconnection at t = 7. The strength
is calculated from the components of V and B perpendicular to the normal vector of the X-Y plane. In the right panel we show the absolute value of current density
| !j | overlapped with the magnetic vectors. The images show the XY -cut through the domain at Z = 0 at time t = 7 for a model with B0z = 0.1, ηu = 10−3, ηa = 0.0,
and the resolution 256 × 512 × 256.
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Figure 4. Schematic three-dimensional visualization of the reconnection rate
evaluation. A+ and A− areas are defined by the sign of the Bx-component.

discontinuities resulting from the presence of the magnetic
field. As we will show in Section 5.1, the numerical resistivity
in the models calculated with the HLLD scheme has a value
of about 6.1 × 10−4. The convergence studies signify that the
same models calculated using the HLL scheme with the same
resolution reveal a higher numerical resistivity of the order of
8.7 × 10−4, which is over 40% larger than ηnum in the HLLD
scheme for the same grid size ∆x ≈ 0.004. For models with
lower resolution where the grid size ∆x ≈ 0.008, we obtained
values of the numerical resistivity ηhlld

num ≈ 6.6×10−4 and ηhll
num ≈

1.12×10−3 for the HLLD and HLL schemes, respectively. Here,
the difference of numerical resistivity between both resolutions
for the HLLD solver is insignificant, justifying the convergence
of the solution, while the HLL scheme behaves rather poorly
showing an increase of numerical dissipation by over 75% with
respect to the model with smaller grid size. Thus all our models
presented here were calculated using the HLLD scheme if not
indicated otherwise.

4. RECONNECTION RATE MEASURE

We measure the reconnection rate by averaging the inflow
velocity Vin divided by the Alfvén speed VA over the inflow
boundaries, i.e.,

〈Vin/VA〉 = 1
2
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where S defines the area of the XZ inflow boundaries. Since we
have two XZ boundaries, located at y = ymin and y = ymax, we
need to take half of the resulting integral. This measure works
well for laminar reconnection, when the system is perfectly
stable and where the time derivative of the magnetic flux is zero.
In the presence of turbulence, however, this time derivative can
fluctuate or the turbulence in the center of the box could affect
the flow of the plasma. In this way, we would get a flow of
magnetic flux without the presence of reconnection. In order to
include all effects contributing to the change of magnetic flux,
we define a new more general measure of the reconnection rate.

We start by considering a conserved quantity; the magnetic
flux Φ. First, we consider the flux contained within a plane
inside the simulation volume (see Figure 4). If x̂ is the direction
of the reconnecting field, then we start by considering the time
derivative of the net flux of Bx. It is

∂tΦ = −
∮

E · d l =
∮

(v × B − η j ) · d l. (10)

This equation is not exactly satisfied in our simulations unless
we allow for numerical resistivity. This discrepancy can be used
to derive an independent measure of the effective resistivity of
the code, which is roughly consistent with value derived from
the speed of laminar reconnection. Now we split the area of
integration into two pieces, A+ and A−, defined by the sign of
Bx (see Figure 4). Instead of adding two areas we subtract them,
i.e.,

∂tΦ+ − ∂tΦ− = ∂t

∫
|Bx |dA, (11)

which we can write explicitly in terms of line integrals around
A+ and A−

∂t

∫
|Bx |dA =

∮
E · d l+ −

∮
E · d l−

=
∮

sign(Bx)E · d l +
∫

2E · d l iface, (12)

where l iface is the line separating A+ and A− (see Figure 4). The
last term describes the mutual annihilation of positive and neg-
ative Bx along the line separating them and, by definition, this
is the reconnection rate. Note that this includes the motion of
already reconnected flux lines through the plane of integration.
Rather than try to calculate it numerically, we define the inter-
face term as −2Vrec|Bx,∞|Lz, where |Bx,∞| is the asymptotic
absolute value of Bx, and Lz is the width of the box. We can then
calculate the other terms which do not involve trying to find the
interface and the parallel component of the electric field. The
end result, which is the new measure of reconnection rate, is

Vrec = 1
2|Bx,∞|Lz

[∮
sign(Bx)E · d l − ∂t

∫
|Bx |dA

]
. (13)

The electric field v × B − η j can be further divided into an
advection term v × Bxx̂, a shear term v ×

(
Byŷ + Bzẑ

)
, and a

resistive term −η j . With this in mind the line integral can be
rewritten as

∮
sign (Bx) E · d l =

∮
|Bx |

(
v⊥ × x̂

)
· d l

+
∮

sign (Bx) vx

(
x̂ × B⊥

)
· d l −

∮
η j · d l. (14)

This new reconnection measure contains the time derivative
of the absolute value of Bx, and a number of boundary terms,
such as advection of Bx across the boundary and the boundary
integral of the resistive term η j . The additional terms include
all processes contributing the time change of |Bx |. In particular,
they can have nonzero values.

5. RESULTS

In this section we describe the results obtained from our
three-dimensional simulations of magnetic reconnection in the
presence of turbulence. First, we investigate Sweet–Parker
reconnection, the stage before we inject turbulence. A full
understanding of this stage is required in order to perform further
analysis of reconnection in the presence of turbulence.

5.1. Sweet–Parker Reconnection

As we described in Section 3.2, Sweet–Parker reconnection
develops in our models as a result of an initial vector potential

reconnection rate=
∫
iface

2E·dx, the rate of an-
nihilation of reversed field-component

Note
∫
iface

2E·dx =
∫

∂t|Bx|dA−
∮

sign(Bx)E·dx,

time evolution + transport thru boundaries

(Kowal et al., 2009)

The dominant “reconnection” electric field is motional field E = −u×B induced by outflow
of already-reconnected field lines

Challenge: The width of turbulent reconnection zone ∆ = LxM2
A min{(Lx/Li)1/2, (Li/Lx)1/2}

predicted by LV99 can be much smaller than Li and Lx for MA = urms/vA < 1.



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

The turbulent electric field Eturb
` = −

[
(u×B)` − u`×B`

]
is of order δu(`)δb(`). Note that

E
Ohm
` = η` ∼ ηδB(`)/`� Eturb

` for `δu(`)� η, E
Hall
` ∼ δi(δb(`))2/`� Eturb

` for `� δi

Consider the turbulent loop-voltage

Φ`(C, t) =

∮

C`(t)

Eturb
` (x, t)·dx

with C`(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

Eturb
` ∼ (ε`⊥)2/3, EOhm = ηj ∼ (ηε)1/2




