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Introduction

• Simulations + MMS  + lab. exp.

• Validated - reaching maturity

• R~0.1 for thin sheets

• Coupling to MHD scales ?

• 3D  turbulence ?
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Outline

• Kinetic / MHD coupling in 2D reconnection 

• Turbulent reconnection in thin layers   

• Exploratory runs for mesoscale layers
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Coupling between MHD & kinetic scales
remains a difficult unsolved problem

Kaimabadi et al 2011            Stanier et al,;  15, 17,19         Ng et al, 15, 18
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For larger islands - average reconnection rate 
decreases more rapidly in kinetic than fluid

Key Physics   ➜  Flux pileup + ion anisotropy, agyrotropy  

                Stainer et al, 15, 17 



3D Turbulence in Kinetic Scale Layers

Nakamura et al., 2013

J.  Dahlin et al, 2016

Daughton et al, 2011z
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FIG. 1. A cartoon of high-Lundquist number magnetic re-
connection. A generic magnetic x-point, (I), collapses into
a thin current sheet, (II), which goes unstable and produces
turbulent current layer (III), this layer expands with the re-
connection speed vr until it develops an outflow with speed
vout and the quasi-stationary state (IV) is reached with the
inflow speed vin = vr is balanced by the outflow so that the
current layer width ∆ = Lvr/vout, neglecting compressibility.

between the undisturbed volume, which had nearly zero
current and the turbulent current layer was fairly well-
defined, as shown on Fig. 2. The beginning of the current
layer was determined as a point at which the current ex-
ceeds a certain threshold in magnitude. The outflow was
absent, so the reconnection rate was determined as the
growth of the reconnection layer width, vr = d∆/dt. The
measurements of the reconnection rate are presented on
Fig. 3. The difference in the initial evolution of hyper-
and normal-diffusion cases was due to faster tearing in-
stability in the hyper case. I performed several simu-
lations with different ratios Bz0/By0 and different By0

magnitudes. The reconnection rate was mainly propor-
tional to vAy, while the dissipation to v3Ay. This is not
surprising, since such dependence is suggested by units
in the absence of dependence on S. The vr dependence
on S was studied by performing simulations with differ-
ent resolutions, with S in the range of 1.7 ÷ 6.4 · 104

and S4/10
4 in the range of 2.5 ÷ 5.4 · 104. The evolu-

tion of the current layer width and the inferred recon-
nection rate are shown on Fig. 3. The three simulations

with S4/10
4 = 2.5 · 104 with different level of imposed

field Bz0 = {0.5, 1.0, 2.0}By0 showed reconnection rates
of {2.14, 2.10, 1.87}10−2vAy. Such a weak dependence on
Bz0 is not surprising, as argued below.

The energy density in code units, w = B2/2 + ρv2/2,
consisted of the imposed field energy B2

z0 and other con-
tributions. The Bz flux through the current layer was
conserved due to the conservation of the total Bz flux.
The convenient dimensionless free energy of the recon-
necting field could be defined as W = (2w − B2

z0)/B
2
y0,

which was unity in the undisturbed region. After the de-
velopment of turbulence in the current layer, W ∼ 0.6.

FIG. 2. The all-periodic box reconnection setup with two
current layers between the regions of reconnecting field ±By0.
The imposed mean field is Bz0, the magnitude of B is shown
on the surface of the box.

This corresponds to the dissipation of 40% of the free en-
ergy. The dissipation rate per unit area, therefore, was
around 0.006ρv3Ay. Most of the contribution to the re-
maining 60% of W in the current layer came from Bx

and By, while the contribution from δBz = Bz − Bz0

was only around 2-4%. The contribution from kinetic
energy was around 1% (normal diffusion) and 2% (hyper-
diffusion). The turbulence in the current layer was
anisotropic with respect to Bz0 direction. This suggests
that Bx and By components, carrying most of the en-
ergy, represented Alfvénic perturbations, while the sub-
dominant δBz was the slow-mode (pseudo-Alfvén) per-
turbation. It is, therefore, not surprising that the re-
connection rate only weakly depends on Bz0, since the
anisotropic Alfvénic turbulence is well-described by so-
called reduced MHD, which possess the exact rescaling
symmetry with respect to Bz0, see, e.g., [20]. This offers
support to the models that investigated reconnection due
to Alfvénic motions [7, 21]. It also explains why plasma
simulations, such as [16] were similar to fluid simulations,
as the reduced MHD is well-applicable to collisionless
plasmas on scales above rL [22]. Despite the conserva-
tion of flux, Bz was not constant in the current layer, so
that Bz in the center was often as high as 1.3Bz0, while
Bz on the edge was as low as 0.9Bz0. This is probably
due to the diamagnetism of turbulence, which is stronger
on the edge, where turbulence is more intense, so that
the diamagnetism has been pushing Bz flux towards the
center. This interesting effect might have consequences
for the particle acceleration in the current layers.

Structure of 3D turbulence appears similar 
in both Kinetic and MHD simulations

Beresnyak, 2014; 2018
Huang et al, 2015, 2017 
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Relativistic pair plasmas permit largest domains
which are highly turbulent
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mi = me Guo et al, 2019
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Power law turbulence + Fast Reconnection Rate

3D rate
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Turbulence matters for particle acceleration - not for rate 
    J. Dahlin et al, 2016


    F. Guo et al - 14, 16, 19
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Despite complexity ... a slice of current density
shows many of same features as 2D 
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Despite complexity ... a slice of current density
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Global flux changes across inertial scale layer!



Does it really work this way in large systems?

B ⇠ 100 G
n ⇠ 109 cm�3

�D

di ⇠ 100 cm
⇢i ⇠ 10 cm

de ⇠ 10 cm
⇢e ⇠ 1 cm

1 mm

⌦ce ⇠ 109 sec�1⌫ei ⇠ 102 sec�1

T ⇠ 100 eV

�̂sp = (⌘̂L̂)1/2

⌘̂ =
⌫ei
⌦ce

= 10�7

L ⇠ 1010 cm

S =
d̂i
⌘̂

= 1015

Holman -2012 
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Cartoons have been suggested
 self-similarity is a key ingredient  

478 K. SHIBATA AND S. TANUMA: PLASMOID-INDUCED-RECONNECTION

where Rm∗,n = δnVA/η. The current sheet becomes thinner

and thinner, and when the current sheet thickness becomes

δn+1 ≤ η1/3V
−1/3
A

λ
2/3
n+1, (17)

further secondary tearing occurs, and the same process oc-

curs again at a smaller scale (Fig. 6). It follows from Eqs.

(16) and (17) that

δn ≤
(

η

VA

)1/6

62/3δ
5/6
n−1, (18)

or
δn

L
≤ A

(

δn−1

L

)5/6

, (19)

where

A = 62/3R−1/6
m

, (20)

and

Rm = LVA

η
. (21)

This fractal process continues until the current sheet thick-

ness reaches the microscopic scale such as the ion Larmor

radius or ion inertial length. The equation (19) leads to

δn

L
= A

6(1−x)
(

δ0

L

)x

, (22a)

where

x = (5/6)n. (22b)

From this, we can estimate howmany secondary tearings are

necessary for the initial macroscopic current sheet to reach

the microscopic scale. Taking the typical solar coronal val-

ues, δ0 = 108 cm, L = 109 cm, VA = 108 cm/s, η = 104

cm2/s for T = 106 K, we find Rm = 1013 and

A ≃ 0.02. (23)

Since δn must be smaller than the typical microscopic scale,

e.g., the ion Larmor radius (∼100 cm), we have

δn/L < rL ,ion/L , (24)

or

(0.02)6(1−(5/6)n)(0.1)(5/6)
n

< 10−7.

The solution of this inequality (see Fig. 7) is

n ≥ 6. (25)

That is, in the solar corona, six secondary tearings are nec-

essary to reach microscopic current sheet.

What is the time scale of this fractal tearing? The time

scale for the n-th tearing is

tn ≃ δ3/2
n

(ηVA)
−1/2 = (δn/δ0)

3/2
t0, (26)

where

t0 = δ
3/2
0 /(ηVA)

1/2. (27)

Since Eq. (22) leads to

δn/δ0 ≃ A
6(1−(5/6)n)
0 , (28)
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Fig. 6. Schematic view of fractal reconnection.
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Fig. 7. The current sheet thickness (δn/L) in the n-th secondary tearing
(see Eq. (22a)).

where A0 = 62/3R
−1/6
m∗,0 , and Rm∗,0 = δ0VA/η, we find

tn ≃ A
9(1−(5/6)n)
0 t0. (29)

Thus we obtain

tn/tn−1 = A
(3/2)(5/6)n−1

0 ≤ A
3/2
0 (30)

for n ≥ 1. It follows from this equation that

tn ≤ A
3/2
0 tn−1 ≤ A

(3/2)n
0 t0. (31)

Consequently, the total time from the 1st (secondary) tearing

(t1) to the n-th (secondary) tearing (tn) becomes

ttotal = t1+t2+· · ·+tn ≤ t0A
3/2
0

1− A
3n/2
0

1− A
3/2
0

≤ t0A
3/2
0 . (32)

For typical coronal conditions (described above), this time

scale becomes

ttotal ≤ 6× 10−3
t0, (33)

Shibata & Tanuma, 2001 Lazarian & Vishniac, 1999

kinetic scales

kinetic scales? 



How might this work at mesoscale ?

1. Frozen flux is a strong constraint

2. Collisional terms valid for sub-Dreicer fields

3. Weak evidence for anomalous resistivity

4. Frozen-flux is broken in de - scale layers

5. Tearing growth increases rapidly 

6. Reconnection remains fast for very strong guide field 

7. Dynamics generates new de - scale layers


VA0 =
B0p
4⇡nmi
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B0
<latexit sha1_base64="iIhJlmrmHFiek+HszhvGIDucSac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdSLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD42BOyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvqp5b9e6vK/VGHkcRzuAcLsGDGtThDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP7fZjWk=</latexit><latexit sha1_base64="iIhJlmrmHFiek+HszhvGIDucSac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdSLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD42BOyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvqp5b9e6vK/VGHkcRzuAcLsGDGtThDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP7fZjWk=</latexit><latexit sha1_base64="iIhJlmrmHFiek+HszhvGIDucSac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdSLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD42BOyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvqp5b9e6vK/VGHkcRzuAcLsGDGtThDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP7fZjWk=</latexit><latexit sha1_base64="iIhJlmrmHFiek+HszhvGIDucSac=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMdSLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD42BOyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvqp5b9e6vK/VGHkcRzuAcLsGDGtThDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP7fZjWk=</latexit>

de
<latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit><latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit><latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit><latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit> de

<latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit><latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit><latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit><latexit sha1_base64="g8qoI2a6GuBaMraLNPbnb2IV55E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqBlSj4BJbhhuB3VQhjQOBnWB8O/M7T6g0T+SjmaTox3QoecQZNVZ6CAc4qNbcujsHWSVeQWpQoDmofvXDhGUxSsME1brnuanxc6oMZwKnlX6mMaVsTIfYs1TSGLWfz0+dkjOrhCRKlC1pyFz9PZHTWOtJHNjOmJqRXvZm4n9eLzPRtZ9zmWYGJVssijJBTEJmf5OQK2RGTCyhTHF7K2EjqigzNp2KDcFbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGAzhGV7hzRHOi/PufCxaS04xcwx/4Hz+ADwIjcA=</latexit>

� � de
<latexit sha1_base64="4DagMgdA7A8F1NTcwY1wRf6Hmao=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxGMA9I1jA727sZMvtgZlYJS/7DiwdFvPov3vwbJ8keNLGgoajqprvLSwVX2ra/rdLK6tr6RnmzsrW9s7tX3T9oqySTDFssEYnselSh4DG2NNcCu6lEGnkCO97oeup3HlEqnsT3epyiG9Ew5gFnVBvpoX+DQlPSD0PiD3BQrdl1ewayTJyC1KBAc1D96vsJyyKMNRNUqZ5jp9rNqdScCZxU+pnClLIRDbFnaEwjVG4+u3pCTozikyCRpmJNZurviZxGSo0jz3RGVA/VojcV//N6mQ4u3ZzHaaYxZvNFQSaITsg0AuJziUyLsSGUSW5uJWxIJWXaBFUxITiLLy+T9lndsevO3XmtcVXEUYYjOIZTcOACGnALTWgBAwnP8Apv1pP1Yr1bH/PWklXMHMIfWJ8/iCWR3g==</latexit><latexit sha1_base64="4DagMgdA7A8F1NTcwY1wRf6Hmao=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxGMA9I1jA727sZMvtgZlYJS/7DiwdFvPov3vwbJ8keNLGgoajqprvLSwVX2ra/rdLK6tr6RnmzsrW9s7tX3T9oqySTDFssEYnselSh4DG2NNcCu6lEGnkCO97oeup3HlEqnsT3epyiG9Ew5gFnVBvpoX+DQlPSD0PiD3BQrdl1ewayTJyC1KBAc1D96vsJyyKMNRNUqZ5jp9rNqdScCZxU+pnClLIRDbFnaEwjVG4+u3pCTozikyCRpmJNZurviZxGSo0jz3RGVA/VojcV//N6mQ4u3ZzHaaYxZvNFQSaITsg0AuJziUyLsSGUSW5uJWxIJWXaBFUxITiLLy+T9lndsevO3XmtcVXEUYYjOIZTcOACGnALTWgBAwnP8Apv1pP1Yr1bH/PWklXMHMIfWJ8/iCWR3g==</latexit><latexit sha1_base64="4DagMgdA7A8F1NTcwY1wRf6Hmao=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxGMA9I1jA727sZMvtgZlYJS/7DiwdFvPov3vwbJ8keNLGgoajqprvLSwVX2ra/rdLK6tr6RnmzsrW9s7tX3T9oqySTDFssEYnselSh4DG2NNcCu6lEGnkCO97oeup3HlEqnsT3epyiG9Ew5gFnVBvpoX+DQlPSD0PiD3BQrdl1ewayTJyC1KBAc1D96vsJyyKMNRNUqZ5jp9rNqdScCZxU+pnClLIRDbFnaEwjVG4+u3pCTozikyCRpmJNZurviZxGSo0jz3RGVA/VojcV//N6mQ4u3ZzHaaYxZvNFQSaITsg0AuJziUyLsSGUSW5uJWxIJWXaBFUxITiLLy+T9lndsevO3XmtcVXEUYYjOIZTcOACGnALTWgBAwnP8Apv1pP1Yr1bH/PWklXMHMIfWJ8/iCWR3g==</latexit><latexit sha1_base64="4DagMgdA7A8F1NTcwY1wRf6Hmao=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxGMA9I1jA727sZMvtgZlYJS/7DiwdFvPov3vwbJ8keNLGgoajqprvLSwVX2ra/rdLK6tr6RnmzsrW9s7tX3T9oqySTDFssEYnselSh4DG2NNcCu6lEGnkCO97oeup3HlEqnsT3epyiG9Ew5gFnVBvpoX+DQlPSD0PiD3BQrdl1ewayTJyC1KBAc1D96vsJyyKMNRNUqZ5jp9rNqdScCZxU+pnClLIRDbFnaEwjVG4+u3pCTozikyCRpmJNZurviZxGSo0jz3RGVA/VojcV//N6mQ4u3ZzHaaYxZvNFQSaITsg0AuJziUyLsSGUSW5uJWxIJWXaBFUxITiLLy+T9lndsevO3XmtcVXEUYYjOIZTcOACGnALTWgBAwnP8Apv1pP1Yr1bH/PWklXMHMIfWJ8/iCWR3g==</latexit>

Requirements 
• Thick layer

• Alfvénic jet

• R ~ 0.01 - 0.1

• Break flux with known 

non-ideal physics

• No stirring allowed !

Δ ≫ de

My Assumptions:  

Er

ED
≈ R ( me

mi )
1/2

Ωce

νei

∝ (de/Δ)2

γ ∝ (de/Δ)3
Liu et al, 2014 

TenBarge et al, 2013



VA0 =
B0p
4⇡nmi

<latexit sha1_base64="i+M61BlvfK4oQHzjCr3+UvDw7Mw=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuykQKuhFq3bisYB/QhDCZTtqhk0mcmQgl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOde7r0nSDhTGqFva2l5ZXVtvbRR3tza3tm19/bbKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2glG1xO/80ClYrG40+OEehEeCBYygrWRfPuk7WdXKIeX0A0lJlnDR3nmqnups5qbMChg5LM89+0KqqIp4CJxClIBBZq+/eX2Y5JGVGjCsVI9ByXay7DUjHCal91U0QSTER7QnqECR1R52fSfHB4bpQ/DWJoSGk7V3xMZjpQaR4HpjLAeqnlvIv7n9VIdXngZE0mqqSCzRWHKoY7hJBzYZ5ISzceGYCKZuRWSITa5aBNh2YTgzL+8SNpnVQdVndtapd4o4iiBQ3AEToEDzkEd3IAmaAECHsEzeAVv1pP1Yr1bH7PWJauYOQB/YH3+AM6mm+U=</latexit><latexit sha1_base64="i+M61BlvfK4oQHzjCr3+UvDw7Mw=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuykQKuhFq3bisYB/QhDCZTtqhk0mcmQgl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOde7r0nSDhTGqFva2l5ZXVtvbRR3tza3tm19/bbKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2glG1xO/80ClYrG40+OEehEeCBYygrWRfPuk7WdXKIeX0A0lJlnDR3nmqnups5qbMChg5LM89+0KqqIp4CJxClIBBZq+/eX2Y5JGVGjCsVI9ByXay7DUjHCal91U0QSTER7QnqECR1R52fSfHB4bpQ/DWJoSGk7V3xMZjpQaR4HpjLAeqnlvIv7n9VIdXngZE0mqqSCzRWHKoY7hJBzYZ5ISzceGYCKZuRWSITa5aBNh2YTgzL+8SNpnVQdVndtapd4o4iiBQ3AEToEDzkEd3IAmaAECHsEzeAVv1pP1Yr1bH7PWJauYOQB/YH3+AM6mm+U=</latexit><latexit sha1_base64="i+M61BlvfK4oQHzjCr3+UvDw7Mw=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuykQKuhFq3bisYB/QhDCZTtqhk0mcmQgl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOde7r0nSDhTGqFva2l5ZXVtvbRR3tza3tm19/bbKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2glG1xO/80ClYrG40+OEehEeCBYygrWRfPuk7WdXKIeX0A0lJlnDR3nmqnups5qbMChg5LM89+0KqqIp4CJxClIBBZq+/eX2Y5JGVGjCsVI9ByXay7DUjHCal91U0QSTER7QnqECR1R52fSfHB4bpQ/DWJoSGk7V3xMZjpQaR4HpjLAeqnlvIv7n9VIdXngZE0mqqSCzRWHKoY7hJBzYZ5ISzceGYCKZuRWSITa5aBNh2YTgzL+8SNpnVQdVndtapd4o4iiBQ3AEToEDzkEd3IAmaAECHsEzeAVv1pP1Yr1bH7PWJauYOQB/YH3+AM6mm+U=</latexit><latexit sha1_base64="i+M61BlvfK4oQHzjCr3+UvDw7Mw=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuykQKuhFq3bisYB/QhDCZTtqhk0mcmQgl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOde7r0nSDhTGqFva2l5ZXVtvbRR3tza3tm19/bbKk4loS0S81h2A6woZ4K2NNOcdhNJcRRw2glG1xO/80ClYrG40+OEehEeCBYygrWRfPuk7WdXKIeX0A0lJlnDR3nmqnups5qbMChg5LM89+0KqqIp4CJxClIBBZq+/eX2Y5JGVGjCsVI9ByXay7DUjHCal91U0QSTER7QnqECR1R52fSfHB4bpQ/DWJoSGk7V3xMZjpQaR4HpjLAeqnlvIv7n9VIdXngZE0mqqSCzRWHKoY7hJBzYZ5ISzceGYCKZuRWSITa5aBNh2YTgzL+8SNpnVQdVndtapd4o4iiBQ3AEToEDzkEd3IAmaAECHsEzeAVv1pP1Yr1bH7PWJauYOQB/YH3+AM6mm+U=</latexit>
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Potential problems with cartoon

1.  Do kinetic outflows combine coherently? 
(a)  Destructive interference seems more likely 


      (b)  Alfvenic outflow  vs  turbulent diffusion


2.  Kinetic reconnection produces anisotropy 
      (a)  Degrades field line tension

      (b)  May suppress outflow


3.  How to initialize this dynamics?

T|| > T?
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Might be possible for kinetic pair plasmas ?

MAGNETOPAUSE STABILITY THRESHOLD FOR PATCHY RECONNECTION 5 

(a) 

(hi 

Fig. 1. Diffusion of magnetic field lines through the MBL. (a) All magnetic surfaces within the MBL are 
destructed. The stochastic wandering of magnetic field lines through the layer results in magnetic 
percolation. Bold solid curve - the magnetic field line penetrating from the magnetosphere to the 
magnetosheath. (b) A region with stable magnetic surfaces exists within the MBL. The stochastic wandering 
of magnetic field lines does not result in percolation if the width of this region is larger than b~o. The 

topological connection of magnetic field lines on both sides of the MBL is absent. 

the entire MBL. Taking into account the stochastic nature of the process, this 

terminology seems to be even more appropriate for the phenomena under discussion 

than the sometimes misleading use of such words as 'merging' or 'reconnection'. As will 

be shown in Appendix 2 (see also Biscamp, 1977; Swartz and Hazeltine, 1984; Galeev 

et al., 1985) the growth of magnetic islands saturates rather quickly at a finite island 

width W*. So, if even a very narrow region (but wider than W*) with stable magnetic 

surfaces exists within the plasma layer it cannot be overlapped by nearby growing 

magnetic islands and thus it appears to be impenetrable for the diffusing field lines. One 

can come to the conclusion that the necessary condition for magnetic percolation to 

occur through the MBL will be the destruction of almost all magnetic surfaces within 

it. Figure l(a) schematically shows the stochastic diffusion of magnetic field lines 

through the destructed MBL. The process of magnetic field stochastic wandering will 

be interrupted if a region (even a thin region) with the smooth, well-defined magnetic 

surfaces exists within the MBL. This case is shown in Figure l(b) where there is no 

topological connection of magnetic field lines on both sides of MBL, and so 

reconnection (in a global or macroscopic sense) is absent (despite the possible observa- 

dusk asymmetries that are weak during storm times3,18 require an
acceleration mechanism that can diffuse particles dawnward and
duskward while still gaining energy. In the Fermi model, the particle
energy gain is independent of the sign of vk and therefore indepen-
dent of the direction of motion across the tail. Thus, there is no
intrinsic limit on the energy gain. Distributions of high-energy
particles in the magnetosphere are typically power laws, consistent
with Fig. 4c. Remarkably, the model yields a spectral index for
energetic particles of 3.7 for the Wind parameters, which is close to
the measured value of 3.8 (ref. 4).
An important conclusion from solar satellite observations is that

up to half of the energy released during solar flares is transferred to
electrons. In the data presented in Fig. 4, the electrons receive the
bulk of the released magnetic energy in the core of the multi-island
region. In the low b e0 regime of the corona, the spectral index of
energetic electrons approaches a lower limit of 1.5, a spectrum that is
hard but is occasionally observed19 . As essentially all of the electrons
entering the multi-island region through the area S ¼ Dx £ D z in
Fig. 4a undergo significant acceleration, rates of energetic electron
production of 1036 s21 as inferred from observations20 are possible but
only if S is macroscopic (n ¼ 109 cm23, u y ¼ 0.1cAx, B ¼ 100G and
S ¼ 1019 cm2, yields _N¼ nu yS, 1036 s21). Some solar observations
do reveal island-like structures in macroscale current layers21.
Data from the present fleet of magnetospheric satellites should be

able to validate key features of the present model. Secondary

magnetic islands in the vicinity of the dissipation region are required
for the production of very energetic electrons and should be
measurable in the existing data sets. Secondary islands and energetic
electrons should not be produced unless the ambient electron
pressure is small (b e0 ¼ 8pp e0/B

2 ,, 1).

Figure 4 | Particle acceleration in a multi-island reconnection geometry.
a, Diagram showing volume filling islands expected around the reversal
region, where owing to incompressibility the inflow velocity is given by
u in ¼ cAxDy/Dx. To calculate electron acceleration, we average the energy
gain in equation (1) over many islands, including the scattering of energy
from the parallel to the perpendicular direction:
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where the contraction velocity of each island is the upstream Alfvén speed
cAxi and d yi is the island width. The subscript “i” indicates that the value can
vary among the different islands. The resulting equation for the
omnidirectional distribution function F(x,y,v) is solved numerically. One
quadrant (x,y . 0) of F(x,y,1.95v te) is shown in b along with the streamlines
of the flow for Â ¼ 0.6 and be0 ¼ 0.02, where v te is the initial thermal
velocity of the upstream maxwellian distribution. The white band results
from the heating of inflowing low energy electrons and the dark band from
the depletion of these particles as they move to even higher energies.
c, Energy spectra for Â ¼ 0.6 and several values of b e0 at x,y ¼ 0,0. The
spectra are power laws at high energy with spectral indices j of 1.3, 1.7, 2.2
and 3.7 for be0 ¼ 0.0, 0.02, 0.06 and 0.16, respectively. The dip results from
the depletion of particles undergoing acceleration to higher energy. For
Â ¼ 0.6, the energy integrals of the spectra diverge in the absence of the back
pressure from energetic particles (the b e0 ¼ 0.0 spectrum in c matches the
j ¼ 1.33 prediction from equation (4)). For any finite b e0 the back pressure
from the energetic particles reduces the drive to regularize the energy
spectrum. The limiting spectral index for low b e0 is 1.5. Higher values of b e0

yield softer spectra with j ¼ 3.7 for the case b e0 ¼ 0.16, close to the
measured value of 3.8 at b e0 ¼ 0.16 from the Wind energetic particle
observations4. In the strongly driven regime (Â . 0.5), the power-law
indices are nearly independent of Â. The ambient value of b e0 is therefore
the dominant control parameter for the spectra of energetic electrons during
magnetic reconnection.

Figure 3 | Electron Fermi acceleration in squashed flux bubbles. Shown are
the results of two-dimensional simulations of electron acceleration in
isolated, squashed flux bubbles, where Fermi acceleration can be studied
without the interference from the parallel electric fields associated with
magnetic reconnection. The release of magnetic energy as the bubbles
contract and become round is essentially the same as in the contraction of
magnetic islands during magnetic reconnection. a, The initial magnetic field
lines in a squashed magnetic bubble superimposed over the uniform,
isotropic electron temperature T e0 ¼ 0.1. The bubble is initially in force
balance in the y direction (the variation in the density enabling the plasma
pressure to balance the magnetic pressure) but not in the x direction.
Initially be0 ¼ 8pn0T e0/B0

2 ¼ 0.27, where n0 and B0 are the maximum
values of the density andmagnetic field, andBz is zero. Realistic values of the
electron mass (m i/1,836) and velocity of light (c ¼ 100cA) are required so
the electrons can undergo many Fermi reflections during the contraction of
the bubble. b, The parallel electron temperature T ek and magnetic field lines
at late time. Note the increase in the parallel temperature within the bubble
and the near circular shape of the finalmagnetic field lines. The change in the
perpendicular temperature is small. Sixty percent of the released magnetic
energy is transferred to electrons. c, T ek and the magnetic field lines at late
time shown from a simulation that is identical to that shown in a and b but
with a larger initial electron pressure (b e0 ¼ 1.1). In this case, the back
pressure from the accelerated electrons prevents the full contraction of the
bubble, consistent with the discussion following equation (2).
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• Can we  kickstart dynamics into turbulent regime ? 
• No reason to believe initial current layer is smooth

• Natural systems have fluctuations and sub-layers

• Cost scales as 

• Kinetic dissipation + MHD scale dynamics

• Tearing growth rate is too weak in thick sheet

(mi /me)5/2 → 18365/2 ∼ 1.4 × 108

γ ∝ (de/Δ)3



Magnetotail current sheet is often 
fragmented with sub-scale structures

Compression of thick sheets leads to formation 
of sub-scale structures - Birn & Schindler



Consider two initial setups

1. Embedded kinetic scale sheets

2. Inject waves to drive turbulence

Thick layers Δ/de ≈ 25 − 35



Setup #1 - Thick sheet with embedded kinetic sub-layers to 
kickstart reconnection dynamics

x /di

z
di

z
di

JyJy

Jx
Jx

Each sub-layer is a force-free sheet



Initialize sub-layers are force-free sheets
• Pick macroscopic thickness and rotation angle 

• Choose number & thickness of sublayers   

• Load each sub-layer with analytic form

L, ϕ
N, δ → θ = ϕ/N

B′ �x(z) = B0 tanh ( z − zj

δ )
B′ �y(z) = B0 [b2

g + sech2 ( z − zj

δ )]
1/2 j = 1 → N

x /di

z
di

Bx

Reconnection remains

fast for strong guide field

�

kvthe

⇠ d2e�
0

2
p
⇡ls

Liu et al, 13,14

TenBarge et al, 14

Liu et al, 13

bg = ( 1 + cos(θ)
1 − cos(θ) )

1/2



Example #1 

ϕ = 180∘ N = 15 θ = 12∘ Δ = 24di δ = 0.5di

Lx = 480di → 4992 cellsLz = 120di → 1248 cells

Ly = 120di → 1248 cells

bg = 9.5 βi = βe = 10−2 mi = me



Example #1 

ϕ = 180∘ N = 15 θ = 12∘ Δ = 24di δ = 0.5di

bg = 9.5 βi = βe = 10−2 mi = me



Example #1 

ϕ = 180∘ N = 15 θ = 12∘ Δ = 24di δ = 0.5di

bg = 9.5 βi = βe = 10−2 mi = me

Collapses back to same dynamics ➜ Guo et al, 2014, 2016, 2019



Example #1  X-Z and Y-Z Slices
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Example #1  X-Z and Y-Z Slices
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x/di

z
di

|J |

Close-up of Central Region



x/di

z
di

|J |

Close-up of Central Region



Example #2 - Larger run with thicker layer
ϕ = 180∘ N = 23 θ = 7.8∘ Δ = 36di δ = 0.5di

bg = 14.6 β = 10−2 mi = me Ti = Te

x /di

z
di

800di × 160di × 160di → 6144 × 1280 × 1280



Turbulent layer - but no onset of 
large-scale reconnection

z
di

x /di

local reconnection 
broadens layers

Some slower reconnection 
internal to thick layer - but no jet 



Setup #2 - Thick sheet with spectrum of initial waves

Bx(z) = B0 tanh ( z
Δ )

By(z) = B0 [b2
g + sech2 ( z

Δ )]
1/2

Thick 
Force-Free 

Layer
Δ = 20di

+ δBx cos ( 2πx
Lx ) sin ( πz

Lz )

+ δBz sin ( 2πx
Lx ) cos ( πz

Lz )

M=1 to drive reconnection 
in center of box

+ Wave perturbations,  modes 2-6



Interaction of initial waves produces many
embedded kinetic scale current sheets 

z
di

x /di

bg = 0 βi = βe = 0.1 mi = me Δ = 20di |δB | /B ∼ 0.1

t Ωc = 1300

|J |

Without driving term - no large-scale onset



Waves + Drive Perturbation  ➜  Reconnection 

bg = 0 βi = βe = 0.1 mi = me Δ = 20di |δB | /B ∼ 0.1

tΩc

Lx = 640di → 4032 cells

Lz = 160di → 1008 cells

Ly = 160di → 1008 cells



Waves + Drive Perturbation  ➜  Reconnection 

bg = 0 βi = βe = 0.1 mi = me Δ = 20di |δB | /B ∼ 0.1

tΩc



Waves + Drive Perturbation  ➜  Reconnection 

bg = 0 βi = βe = 0.1 mi = me Δ = 20di |δB | /B ∼ 0.1

tΩc



Spectrum of Magnetic Fluctuations

k⊥di

|B2
zk | k−2
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tΩc =2D + Drive Pert
|J |

tΩc =3D + Waves + Drive Pert
|J |

z
di

z
di

x /di



tΩc =2D + Drive Pert
|J |

tΩc =3D + Waves + Drive Pert
|J |

z
di

z
di

x /di



tΩc

⟨B2(t)⟩
⟨B2(t = 0)⟩

Rate of energy conversion may be
slower with 3D turbulence 

3D

2D



Summary
• Reconnection is likely turbulent in very large systems, but details 

remains unclear - even at the cartoon level
• Extended kinetic sheets are not realistic initial condition
• Reconnection within mesoscale layers may offer new insights
• May be feasible to study with kinetic pair plasmas:

• Embedded kinetic sub-layers  ➜ strong turbulence in layer
• Fast reconnection associated with kinetic collapse 
• Alternate outcome is slow turbulent diffusion

• Initial spectrum of waves ➜ naturally drives kinetic sheets
•  Faster reconnection also associated with kinetic collapse
•  Turbulence appears to reduce reconnection rate
•   Some evidence of broader turbulent diffusion region
•   Not clear this can be sustained - perhaps collapse inevitable?


