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Key Points:11

• We confine magnetic reconnection x-line within a thin current sheet using much12

thicker current sheets at two ends, that prevent the x-line spreading.13

• The shortest possible x-line extent for fast reconnection is shown to be ∼ O(10di).14

It is relevant to the magnetic flux transport by e− in the anti-current direction.15

• This dawnward transport of reconnected flux can explain the reversed dawn-dusk16

asymmetry at Mercury’s magnetotail, that has a short global dawn-dusk extent.17
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Abstract18

Using 3D particle-in-cell (PIC) simulations, we study magnetic reconnection with the x-19

line being spatially confined in the current direction. We include thick current layers to20

prevent reconnection at two ends of a thin current sheet that has a thickness on an ion21

inertial (di) scale. The reconnection rate and outflow speed drop significantly when the22

extent of the thin current sheet in the current direction is . O(10di). When the thin cur-23

rent sheet extent is long enough, we find it consists of two distinct regions; a suppressed24

reconnecting region (on the ion-drifting side) exists adjacent to the active region where25

reconnection proceeds normally as in a 2D case with a typical fast rate value ' 0.1. The26

extent of this suppression region is ' O(10di), and it suppresses reconnection when the27

thin current sheet extent is comparable or shorter. The time-scale of current sheet thinning28

toward fast reconnection can be translated into the spatial-scale of this suppression region;29

because electron drifts inside the ion diffusion region transport the reconnected magnetic30

flux, which drives outflows and furthers the current sheet thinning, away from this region.31

This is a consequence of the Hall effect in 3D. While the existence of this suppression32

region may explain the shortest possible azimuthal extent of dipolarizing flux bundles at33

Earth, it may also explain the dawn-dusk asymmetry observed at the magnetotail of Mer-34

cury, that has a global dawn-dusk extent much shorter than that of Earth.35

1 Introduction36

Through changing the magnetic connectivity, magnetic reconnection converts mag-37

netic energy into plasma kinetic and thermal energies. It plays a critical role in the en-38

ergy release of geomagnetic substorms both at Earth [Baker et al., 1996; Angelopoulos39

et al., 2008] and other planets [Slavin et al., 2010; Sun et al., 2015; Kronberg et al., 2005;40

Mitchell et al., 2005; Southwood and Chané, 2016]. During reconnection, the magnetic41

connectivity is altered at geometrically special points, that constitute a “reconnection x-42

line” in the current direction. In a two-dimensional (2D) model, the extent of the recon-43

nection x-line is, technically, infinitely long due to the translational invariance out of the44

reconnection plane. It is of great interests to understand the fundamental nature of a three-45

dimensional (3D) reconnection in the opposite limit. Especially, it remains unclear how a46

spatial confinement in the current direction would affect reconnection and whether there is47

a minimal requirement for the spatial extent of the reconnection x-line. Spatially confined48

reconnection can be relevant to azimuthally localized dipolarizing flux bundles (DFBs) at49

Earth’s magnetotail [Liu et al., 2013; Li et al., 2014] and Mercury’s entire magnetotail that50

has a short dawn-dusk extent [Sun et al., 2016; Poh et al., 2017; Rong et al., 2018].51

DFBs are magnetic flux tubes embedded in fast earthward flows called bursty bulk52

flows (BBFs), and the leading edge of each DFB has been termed a dipolarization front53

(DF). Observations show that they are localized in the azimuthal (i.e., dawn-dusk) direc-54

tion with a typical extent of 3RE [Nakamura et al., 2004; Nagai et al., 2013; Liu et al.,55

2013; Li et al., 2014], and the shortest extent observed is ' 0.5RE ' 10di [Liu et al.,56

2015]. Here RE is the Earth’s radius and di is the ion inertial length. These fast earth-57

ward flows are observed during substorms and have been associated observationally with58

Pi2 pulsations and the substorm current wedge (e.g., [Kepko et al., 2015] and references59

therein). A localized DFB could originate from (1) an initially long dawn-dusk extended60

DFB that breaks up into smaller pieces (through interchange/ballooning instability) during61

the intrusion into the inner tail [Birn et al., 2011; Lapenta and Bettarini, 2011; Pritchett62

et al., 2014; Sitnov et al., 2014; Birn et al., 2015], or, (2) simply from an azimuthally lo-63

calized reconnection x-line, where the frozen-in condition is violated [Shay et al., 2003;64

Pritchett, 2013; Pritchett and Lu, 2018] within a finite azimuthal extent. While both mech-65

anisms are possible in nature, in this work we study scenario (2) using a simple setup. In66

addition, spatially confined reconnection also has a direct application to the magnetotails67

of other planets, such as Mercury, whose global dawn-dusk extent is as short as a few 10’s68

of di [Sun et al., 2016; Poh et al., 2017; Rong et al., 2018]. Interestingly, observations by69
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MESSENGER [Sun et al., 2016] indicate a higher occurrence rate of DFBs on the dawn70

side of Mercury’s magnetotail, opposite to that observed at Earth’s magnetotail (whose71

extent is a few 100’s of di). An explanation to this dawn-dusk asymmetry is desirable.72

Previous attempts that model the effect of the dawn-dusk localization on reconnec-73

tion and bursty bulk flows are briefly summarized here. Shay et al. [2003] used initial per-74

turbation spatially localized in the current direction to induce reconnection in two-fluid75

simulations. The shortest reconnection x-line in their simulation is ' 10di long, but the76

x-line spreads in the current direction unless the initial uniform current sheet is thicker77

than 4di . In a follow-up study, Meyer [2015] derived a model of the outflow speed re-78

duction using Sweet-Parker type analysis in 3D diffusion regions. Dorfman et al. [2014]79

studied the localized reconnection region experimentally in MRX. More recently, Arnold80

et al. [2018] used a 2D Riemann setup to study the outflow reduction and suggested that81

the ion momentum transfer from the ion drifting direction to the outflow direction is crit-82

ical. Pritchett and Lu [2018] used a localized driving to study reconnection onset in tail83

geometry.84

To study the effect of the dawn-dusk localization on reconnection, we confine the re-85

connection region by embedding a thin reconnecting current sheet between much thicker86

sheets. This spatial confinement strongly limits the spread of the x-line [Shay et al., 2003;87

Nakamura et al., 2012; Shepherd and Cassak, 2012; Li et al., 2019]. This machinery al-88

lows us to study the 3D nature of reconnection as a function of the x-line extent in a con-89

trolled fashion. Our simulations demonstrate that reconnection is strongly suppressed if90

the thin current sheet extent is shorter than a critical length of ' O(10di). Through de-91

tailed examinations of thin reconnecting current sheets of extent 31di and 8.4di , we link92

this critical confinement scale to the extent of a suppressed reconnecting region on the93

ion-drifting side of the x-line, that connects to an active reconnection region with a typical94

fast (normalized) rate ' 0.1 on the electron-drift side. This two-region structure develops95

because the reconnected magnetic flux, that drives outflows and furthers the current sheet96

thinning, is preferentially transported by electrons in the direction of the electron drift. We97

show that the time-scale toward fast reconnection can be translated into the spatial-scale of98

this suppression region. This shortest possible x-line extent of ∼ O(10di) for fast recon-99

nection manifested here can be relevant to the narrowest BBFs/DFBs observed at Earth’s100

magnetotail [Liu et al., 2015]. In addition, since the dawn-dusk extent of the entire mag-101

netotail of Mercury is similar to the case considered here, the preferential transport of the102

reconnected magnetic flux to the electron-drifting side (i.e., the dawn side) can explain the103

observed dawn-dusk asymmetry of the occurrence rate of DFBs [Sun et al., 2016, 2017].104

In the end, we incorporate the dawn-dusk asymmetry argument in Lu et al. [2016, 2018],105

and propose that the opposite dawn-dusk asymmetry observed at Mercury and Earth is106

primarily caused by the vastly different global dawn-dusk scale.107

The structure of this paper is outlined in the following. Section 2 describes the sim-108

ulation setup. Section 3 shows the scaling of reconnection as a function of the confine-109

ment length scale. Section 4 shows the details of a case with a long confinement scale.110

Section 5 shows the details of a case with a short confinement scale. In section 6, we pin111

down the underlying physics that determines the critical confinement scale for suppres-112

sion; section 6.1 examines the 3D generalized Ohm’s law. Section 6.2 examines the flux113

transport and the asymmetric thinning. Section 7 summarizes our results and proposes our114

explanation of the dawn-dusk asymmetry in planetary magnetotails.115

2 Simulation setup118

The initial condition consists of the magnetic field B(y, z) = B0tanh[z/L(y)]x̂ and119

the plasma density n(y, z) = n0sech[z/L(y)] + nb . Here the sheet half-thickness L(y) =120

Lmin + (Lmax − Lmin)[1 − f (y)] with the function f (y) = [tanh((y + w0)/S) − tanh((y −121

w0)/S)]/[2tanh(w0/S)]. We choose Lmin = 0.5di , Lmax = 4di and S = 5di and the122
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Figure 1. An example setup with Ly,thin = 31di . In (a) the ion density ni on the x = 0 plane. In (b) the to-
tal current |J| on the x = 0 plane. In (c) the initial magnetic perturbation Bz on the z = 0 plane.

116

117

background density nb = 0.3n0, which will embed a thin sheet of thickness 1di(= 2×Lmin)123

between the ambient thicker sheets of thickness 8di(= 2 × Lmax) in the y-direction. In this124

work, we conduct runs with w0 = 20di,10di,7.5di and 2di . We define the length of the125

thin current sheet Ly,thin as the region for L < 2 × Lmin = 1di , then the corresponding126

Ly,thin = 31di,12di,8.4di and 4di . We will use Ly,thin to label the four runs discussed in127

this paper. For instance, the initial profiles of the Ly,thin = 31di case is shown in Fig. 1128

for illustration. Fig. 1(a) shows the density profile with Ly,thin marked. Fig. 1(b) shows129

the total current density |J|. Note that ions (electrons) drift in the positive (negative) y-130

direction that corresponds to the dusk (dawn) side at Earth’s magnetotail. In addition to131

the y-varying current sheet thickness, we initiate reconnection with an initial perturbation132

within the thin current sheet region, as shown in Fig. 1(c). These four simulations have133

the domain size Lx × Ly × Lz = 32di × 64di × 16di and 768 × 1536 × 384 cells. The mass134

ratio is mi/me = 75. Note that the growth of kinetic instabilities could be sensitive to the135

mass ratio. For instance, the drift-kink instability that prevails in many 3D simulations can136

be suppressed with a more realistic (higher) mass ratio [Daughton, 1999]. The simulations137

reported here appear to be kink stable. The ratio of the electron plasma to gyrofrequency138

is ωpe/Ωce = 4 where ωpe ≡ (4πn0e2/me)
1/2 and Ωce ≡ eB0/mec. In the presentation,139

densities, time, velocities, spatial scales, magnetic fields, and electric fields are normalized140

to n0, the ion gyrofrequency Ωci , the Alfvénic speed VA = B0/(4πn0mi)
1/2, the ion inertia141

length di = c/ωpi , the reconnecting field B0 and VAB0/c, respectively. The boundary142

conditions are periodic both in the x- and y-directions, while in the z-direction they are143

conducting for fields and reflecting for particles.144

This setup will confine magnetic reconnection within the thin sheet region and pre-145

vent the reconnection x-line from progressively spreading into two ends [e.g., [Li et al.,146

2019]]. Plasmas are loaded as drifting Maxwellians that satisfy the total pressure P +147

B2/8π = const, and drifting speeds satisfy J = en(Vid − Ved) = (c/4π)∇ × B and148

Vid/Ved = Ti/Te as in the standard Harris sheet equilibrium [Harris, 1962]. These satisfy149

the relation J × B + ∇P = 0 and ∇ · B = 0. Note that the inertial force miViy∂yViy in150

the transition regions (i.e., where L(y) varies) does not vanish. To reduce this force that151

could move the entire structure in the +y-direction, we load an uniform ion drift veloc-152

ity Viy with a value that satisfies the Harris equilibrium at the ambient thicker sheet that153

has L = Lmax = 4di and (Ti/Te)thick = 5. This setup gets closer to an equilibrium in154

the limit of small Viy that can be satisfied when the ambient thicker sheet is thick enough.155

A small drifting speed Viy also reduces the drift-kink instability arising from ion shear156

flows between the ambient and sheet regions [Karimabadi et al., 2003]. One may expect157
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that particles would just stream out of the thin current sheet region, making the setup fall158

apart. However, it is not this case since the primary current carrier drift is the diamagnetic159

drift, where the guiding centers do not move.160
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Figure 2. The time evolution of the normalized reconnection rate R and the maximum ion outflow speed
Vix,max with different confinement scale Ly,thin.

161

162

3 Scaling of reconnection rates and outflow speeds163

With this simulation setup, we can explore how reconnection rates and reconnection164

outflow speeds are affected by the confinement in the current direction. The results with165

Ly,thin = 31di,12di,8.4di and 4di are shown in Fig. 2. For comparison, the results of the166

companion 2D case is also plotted in black. This 2D case employs the initial condition167

at the y = 0 plane of the 3D simulations, that is basically the Harris sheet with a half-168

thickness Lmin. Given the symmetry of the system in the inflow direction, we can measure169

the reconnection rate using the increasing rate of the reconnected flux at the z = 0 plane;170

the total reconnected flux is Ψ =
∫ Lx/2
0

∫ Ly/2
−Ly/2

Bz(z = 0)dxdy, then the increasing rate of171

the reconnected flux is dΨ/dt. To compare with 2D, we define the reconnection rate as172

R ≡ (dΨ/dt)/Ly,thin. For the Ly,thin = 31di and 12di cases, both the reconnection rate173

and the maximum outflow speed are comparable to that in 2D, where the x-line extent is174

infinitely long. For the Ly,thin = 8.4di and 4di cases, we observe the significant impact175

from the reconnection region confinement, where both the rate and outflow speed plunge176

into much lower values. These suggest that the critical confinement scale that suppresses177

reconnection is . 10di . In the following, we look into the details of how reconnection178

works in two cases. The Ly,thin = 31di case has realized 2D-like fast reconnection in part179

of the thin current sheet, while the Ly,thin = 8.4di case shows reconnection being strongly180

suppressed.181

4 Ly,thin = 31di case182

We show the evolution of the total current density |J| of the Ly,thin = 31di case183

at the x = 0 plane (right through the x-line) in Fig. 3. The corresponding times are184
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0/Ωci , 6/Ωci , 12/Ωci , and 18/Ωci . The pair of white curves trace the location of Jy '185

0.15en0VA, which is slightly larger than the background noise level, and they mark the186

boundary of the current sheet. Note that for z − y slice plots throughout this manuscript,187

ions are drifting upwardly (in the positive y-direction) while electrons are drifting down-188

wardly (in the negative y-direction). We use the same color range for all plots of |J | to189

facilitate the comparison of the current sheet thinning process. The current sheet thins190

asymmetrically and leads to a thinner sheet on the electron-drifting side. The bulge at191

time 18/Ωci is caused by the generation of a secondary tearing mode, that will be dis-192

cussed later in Fig. 7.193
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z /di

0/Ωci 6/Ωci 18/Ωci

|J |

Figure 3. The evolution of the current density |J| on the x=0 plane inside the 3D box with Ly,thin= 31di .
The white curves trace the boundary of the current sheet.

194

195

In Fig. 4, we look into the 3D structure of the reconnection region at time 12/Ωci ,200

after the reconnection rate reaching its maximum (i.e., check Fig. 2). For reference, the201

current density at the x = 0 plane is shown again in Fig. 4(a). The reconnected field Bz at202

the z = 0 plane is shown in panel (b), and the ion outflow speed Vix is shown in panel (c).203

Black regions cover the region of zero value, contrast the reconnecting region of colors.204

The x-line extent is revealed between the region of opposite Bz polarity near x = 0, and205

the true extent can still be approximated by Ly,thin = 31di . One pronounced feature is the206

asymmetric distribution of reconnection signatures in the y-direction. The Bz signature is207

clearly shifted to the electron-drifting side. Inside this di-scale thin current sheet, it con-208

sists of two regions; one is the active region on the electron-drifting side with strong Bz209

and Vix signatures. Another region on the ion-drifting side has weaker Bz and Vix , indicat-210

ing a suppressed reconnecting region; we refer it as the “suppression region” for short and211

we mark it with transparent white (or yellow) bands (i.e., as will be discussed in Fig. 8(b),212

this suppression region is best characterized by the significant decrease of the non-ideal213

electric field strength from the fast rate value ' 0.1B0VA/c in the active region). Note that214

the extent of this suppression region is around ' 10di . In panel (d), we make a x − z slice215

of the current density |J| at the active region (along the lower horizontal white dashed line216

indicated in panel (a)). The morphology of the reconnection region is similar to that of a217

corresponding 2D simulation (not shown). For comparison, in panel (e) we make a similar218

slice at the suppression region (along the upper white horizontal dashed line indicated in219

panel (a)). The current sheet near the x-line is thicker in comparison to that of the active220

region in panel (d).221
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Figure 4. The 3D structure of reconnection with Ly,thin= 31di at time 12/Ωci . In (a) the current density
|J| on the x=0 plane. In (b) the reconnected field Bz and in (c) the ion outflow speed and the Vi vectors in
white on the z=0 plane. In (d) and (e), the current density |J| on the x−z plane along the lower and upper
dashed lines in (a), respectively.

196

197

198

199

Here we would like to point out that this two-region scenario is similar to that ob-222

served in two-fluid simulations [Meyer, 2015]. However, the suppression region in PIC223

simulations has a localized x-line geometry on the x − z plane, while the “suppression224

region” in two-fluid model is more like a Sweet-Parker reconnection that has a long ex-225

tended current sheet. The difference between two-fluid and kinetic descriptions of this226

region is interesting, indicating that the nature of the dissipation process plays a significant227

role in the results.228

5 Ly,thin = 8.4di case229

Here we show what happened if the extent of the thin current sheet is comparable or230

smaller than the extent of this suppressed reconnecting region discovered in the previous231

section. As already shown in Fig. 2, both the reconnection rate and outflow speed drop232

significantly when Ly,thin . 10di , suggesting a switch-off of reconnection. Here we look233

into the details of the current sheet structure of the Ly,thin = 8.4di case and describe the234

general property of having Ly,thin . 10di .235

The evolution of the total current density |J| of the Ly,thin = 8.4di case at the x = 0236

plane (right through the x-line) is shown in Fig. 5. The corresponding times are 0/Ωci ,237

6/Ωci , 12/Ωci , and 18/Ωci , the same as that discussed for the Ly,thin = 31di case. The238

asymmetric thinning of the current sheet along the x-line is still recognizable, but the239

thinnest sheet on the electron-drifting side is not as thin as that at the active region of the240

Ly,thin = 31di case shown in Fig. 3. As a result, this case does not reach fast reconnec-241

tion locally on the electron-drifting side and reconnection is strongly suppressed. We will242

discuss how this asymmetric thinning connects to the reconnection process in the next sec-243

tion.244
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Figure 5. The evolution of the current density |J| on the x=0 plane inside the 3D box with Ly,thin= 8.4di .
The white curves trace the boundary of the current sheet.
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Figure 6. The 3D structure of reconnection with Ly,thin= 8.4di at time 18/Ωci . In (a) the current density
|J| on the x=0 plane. In (b) the reconnected field Bz and in (c) the ion outflow speed and the Vi vectors in
white on the z=0 plane. In (d) and (e), the current density |J| on the x−z plane along the lower and upper
dashed lines in (a), respectively.

247

248

249

250

The format in Fig. 6 is the same as that in Fig. 4. The ion outflow speed Vix (in251

panel (c)) is reduced by ' 6 times compared to that in Fig. 4. It becomes clear that both252

the reconnected field Bz (in panel (b)) and the outflow speed Vix become narrower in y253

and concentrate on the electron-drifting side when Ly,thin is smaller. Surprisingly, by254

comparing with panel (a), we realize that part of these more intense signatures are within255

the thick current sheet region. The real x-line extent manifested by the finite Bz on the256

x-y plane can still be approximated as Ly,thin = 8.4di . Panel (d) shows the current sheet257

structure on the slice along the lower horizontal line in panel (a), that passes through the258
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strong Bz and Vix region. The current sheet is much thicker and the current density is re-259

duced near (x, z) = (0,0). As will be discussed in the next section, the reconnected field260

Bz is swept into the thick current sheet but the magnetic tension (B · ∇)B/4π ' Bz∂zBx/4π261

associated with the reconnected field lines remains active in driving outflows, although262

with a reduced speed.263

6 The extent of the suppressed reconnecting region264

The comparison of these two cases suggests the importance of the scale of this sup-265

pressed reconnecting region that fully develops within a long Ly,thin current sheet. When266

Ly,thin < Ly,suppresion ' O(10di), it appears that the current sheet can not thin toward267

the thickness required for fast reconnection, and thus reconnection is strongly suppressed.268

The extent of this suppression region persists to have a similar y-extent at later time as in-269

dicated in the structure of the reconnected magnetic field Bz in Fig. 7. Also note that, at a270

later time t = 18/Ωci a secondary tearing mode is generated on the electron-drifting side,271

which further maps out the thinnest region of the entire x-line. An important question is272

then how to determine the spatial scale of this suppression region.273
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Figure 7. The structure of the reconnected magnetic field Bz on the z= 0 plane at later time in the Ly,thin=

31di case.
274

275

6.1 3D Ohm’s law276

To achieve fast reconnection in collisionless plasmas, the di-scale thin current sheet277

needs to thin further toward electron scale so that the frozen-in condition between elec-278

trons and magnetic fields can be broken. We quantify this effect using the generalized279

Ohms’s law, which is basically the electron momentum equation,280

E +
Ve × B

c
= −
∇ · Pe

ene
−

me

e
Ve · ∇Ve −

me

e
∂tVe . (1)

The left-handed side measures the non-ideal electric field that is supported by the non-281

ideal terms on the right-handed side. The y-component of the non-ideal electric field is282

relevant to the reconnection electric field and its structure at the x = 0 plane is shown in283

Fig. 8(a). Within the active region between y ∈ [−12,−2]di , the magnitude of the non-284

ideal electric field Ey + (Ve × B)y/c is ' 0.12BxVAx , consistent with the typical value285

of the fast reconnection rate [Liu et al., 2017; Cassak et al., 2017]. The contributions of286

the non-ideal terms along the x-line are plotted in Fig. 8(b). Note that the “total” in black287
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color sums up all terms and is negligible, indicating the excellent accuracy of this calcu-288

lation. The ∂tVey term in orange color is also negligible, indicating a rather quasi-steady289

state. Consistent with the standard 2D simulation, the non-ideal electric field in the ac-290

tive region is supported by the divergence of the pressure tensor ∇ · Pe of which the pri-291

mary contribution comes from the off-diagonal component, ∂xPexy + ∂zPezy . To filter out292

a potential contribution from an electrostatic component (instead of the electromagnetic293

component) that does not contribute to reconnection, we apply the General Magnetic Re-294

connection (GMR) theory [Hesse and Schindler, 1988; Schindler et al., 1988] to calculate295

the global 3D reconnection rate. To evaluate the global rate, it requires to integrate E‖296

along the magnetic field line that thread the ideal region to the localized non-ideal region,297

then back to the ideal region on the other side. Since we do not expect a significant dif-298

ference if an infinitesimal guide field is applied, we will integrate Ey along the x-line and299

note that
∫ Ly

0 dy =
∮

dy because of the periodic boundary condition in the y-direction.300

The generation rate of the total reconnected flux is
∮

Eydy = 2.1BxVAxdi , and the corre-301

sponding 2D rate is (
∮

Eydy)/Ly,thin ' 2.1/31 = 0.068, showing an excellent agreement302

with the value measured using (
∫

Bzdxdy)/Ly,thin in Fig. 2(a).303
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Figure 8. Analyses of the Ly,thin = 31di case at time 12/ωci . Panel (a) shows the non-ideal electric field
(E + Ve × B/c)y on the x = 0 plane. Panel (b) shows the decomposition of the non-ideal electric field along
the (x, z) = (0,0) line. Panel (c) shows the decomposition of the electron drift near the x-line.

304

305

306

In contrast to a 2D model, now the ∂y terms survive in the 3D system. One of the307

new terms is ∂yPeyy in ∇ · Pe, another is the electron inertia term Ve · ∇Vey = Vey∂yVey;308

note that both Vex and Vez vanish along the x-line due to the symmetry that coincides the309

flow stagnation point with the x-line. The closed integration
∮

Vey∂yVeydy =
∮
(1/2)∂yV2

eydy =310

0 and here
∮
(1/ene)∂yPeyydy ' −0.018BxVAxdi that is two-order smaller compared311

to the contribution from the off-diagonal contribution
∮
(1/ene)(∂xPexy + ∂zPezy)dy.312

These two terms thus do not contribute to the integral
∮

Eydy in this 3D system, but313

they may re-distribute Ey . The term ∂yPeyy contributes negatively to the non-ideal elec-314

tric field on the ion-drifting side, positively on the electron-drifting side. One may ar-315

gue that, perhaps, ∂yPeyy on the ion-drifting side suppresses the typical fast reconnection316

electric field of order 0.1BxVAx [Liu et al., 2017; Cassak et al., 2017]. Thus, balancing317

0.1BxVAx ' (1/ene)∂yPeyy ' (1/ene)(B2
x/8π)/Ly,suppression could lead to a gradient scale318

Ly,suppression of an order 10di for the suppression region. (i.e., in the last step, one may319

argue that the pressure difference is ∆P ' B2
x/8π). However, the ∂yPeyy term shown here320

as the pink curve of Fig. 8(b) is too small (compared to 0.1) to validate this argument.321
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The electron inertia term Vey∂yVey contributes positively to the non-ideal electric field on322

the ion-drifting side, negatively on the electron-drifting side. Similarly, one may construct323

an argument to infer the gradient scale of this term by balancing it with the fast reconnec-324

tion rate, but its magnitude as shown by the blue curve of Fig. 8(b) is also too small to be325

a valid explanation.326

6.2 Time-scale toward fast reconnection and electron drifts327

In 2D steady symmetric reconnection, the only non-ideal term that can break the328

frozen-in condition right at the x-line is the divergence of the off-diagonal component of329

the pressure tensor, ∂xPexy + ∂zPezy . For this term to be significant, it requires the cur-330

rent sheet to be thin enough and comparable to the electron gyro-radius scale (ρe) so that331

the nongyrotropic feature develops [Hesse et al., 2011]. (Here ρe ' 0.61de = 0.07di332

based on the initial electron pressure at the thin sheet and the reconnecting field). Thus,333

to reach fast reconnection the current sheet thinning is an unavoidable route. The tension334

force Bz∂zBx/4π rising from the reconnected magnetic flux Bz is required to drive out-335

flow, that leads to current sheet thinning. In a 3D system, we have an additional transport336

of this normal flux (Bz) in the electron drift direction below the di-scale; because ions are337

de-magnetized while electrons are still magnetized (i.e., the Hall effect). This transport re-338

moves this flux from what becomes the suppressed part of the reconnecting x-line. This339

removal of Bz prevents outflows, and, hence, thinning of the current sheet. As a conse-340

quence, the current sheet thickness in the Ly,thin = 8.4di case can not reach the thinnest341

thickness as that in the Ly,thin = 31di case, and this appears to throttle reconnection.342

The electron drift speed along the anti-current (-y) direction consists of the E × B343

drift and the diamagnetic drift, Ve,⊥ ≈ c(E × B)y/B2 − c(B × ∇ · P)y/eneB2. The primary344

components are345

Vey ≈ c
EzBx

B2 +
cBx∂zPezz

eneB2 . (2)

The diamagnetic drift (V∗ in green) dominates the electron drift within this thin current346

sheet, as shown in Fig. 8(c). Note that a diamagnetic drift can also transport the magnetic347

flux even though the guiding centers of electrons do not really move (i.e., roughly speak-348

ing, we can swap x and y, and assume Bz � Bx in Eq.(2) here to recover Eq.(1) of Liu349

and Hesse [2016] that transports the reconnected flux as indicated in Eq.(2) therein. See350

also [Swisdak et al., 2003; Coppi, 1965]). This preferential flux-transportation by electrons351

results in the enhanced reconnected magnetic flux Bz on the electron-drifting sides shown352

in Fig. 4(b) and 6(b). This transport also explains why the current sheet only becomes353

thinner on the electron-drifting side as shown in Fig. 3 and 5, and the preferential occur-354

rence of the secondary tearing mode on the electron-drifting side as shown in Fig. 7.355

One can then imagine that the time-scale of the current sheet thinning process to-356

ward fast reconnection can be translated into the spatial-scale of the suppressed reconnect-357

ing region, and it is358

Ly,suppression ' Tthinning × Vey . (3)

The electron drift speed is of the order of VAx inside this suppression region. On the other359

hand, reconnection in the Ly,thin = 31di case reaches the maximum rate at time ' 10/Ωci360

as shown by the blue curve in Fig. 2(a), thus Tthinning ' 10/Ωci . (Note that this time-361

scale in 3D is comparable to the time-scale of the companion 2D simulation shown in362

black color). The rough estimation of Eq. (3) suggests that the extent of this suppression363

region should be of the order of Ly,suppression ' 10/Ωci × VAx = 10di , which agrees364

with the observed spatial-scale. More accurately, we can integrate the time for the flux365

to be transported within the suppression region (marked by the yellow band that spans366

y ∈ [−2,14]di) using the Vey profile in Fig. 8(c). It estimates the transport time-scale367

Ttransport =
∫
(dy/Vey) ' 10/Ωci that compares favorably to the thinning time-scale368

Tthinning just discussed. This quantitative examination validates this flux-transport mecha-369

nism in determining the extent of the suppression region.370
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7 Summary and discussion on the dawn-dusk asymmetry371

We modified the Harris sheet geometry to embed an inertial-scale (di) thin current372

sheet between much thicker sheets in the current direction. The resulting reconnection is373

well confined within the thin current sheet. With this machinery, we investigate the short-374

est possible x-line extent for fast reconnection, which appears to be ' 10di . The time-375

scale for a di-scale current sheet to thin toward the condition suitable for fast reconnection376

(with a normalized reconnection rate ' 0.1) can be translated into an intrinsic length-377

scale ' 10di of a suppressed reconnecting region after considering the flux transport along378

the x-line (Eq.(3)); because the reconnected magnetic flux (Bz) required to drive outflows379

and further the current sheet thinning is transported away in the anti-current direction by380

electrons below the ion inertial scale (i.e., the Hall effect). We do not expect a strong de-381

pendence of this critical length on the mass ratio. The nonlinear growth time of recon-382

nection appears to be virtually independent on mass ratio, and so does the flux transport;383

this is consistent with the apparent independence of the reconnection rate on the mass ra-384

tio [Shay and Drake, 1998; Hesse et al., 1999]. Simulations demonstrate that reconnection385

is strongly suppressed if the extent of the thin current sheet is shorter than this intrinsic386

length-scale of the suppressed reconnecting region. In these short Ly,thin cases, the out-387

flow driver Bz is completely removed from the reconnecting region. The current sheet388

thus is not able to thin to the thickness where the nongyrotropic feature of the electron389

pressure tensor develops and becomes significant for breaking the frozen-in condition at390

the x-line.391
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Figure 9. An explanation of why the dawn-dusk asymmetry is opposite at Earth and Mercury based on the
dawn-ward transport of normal magnetic fields (Bz ) and reconnection physics. (Note that in this figure the
dawn and dusk sides are switched vertically to follow the convention).
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393

394

Reconnection is strongly suppressed when the x-line extent is shorter than the length-395

scale of the suppressed reconnecting region Ly,suppression ' O(10di), and this may ex-396

plain the narrowest possible dipolarizing flux bundle (DFB) observed at Earth’s magneto-397

tail [Liu et al., 2015]. Note that an interchange/ballooning instability may locally trigger398

reconnection [e.g.,[Pritchett, 2013]] and our basic conclusion on the minimal x-line extent399

should still hold in the complex coupling to an instability. On the other hand, this internal400

dawn-dusk asymmetry of the reconnection x-line (e.g., Fig 7) may also explain why the401

flux transport events occur preferentially on the dawn side of Mercury’s magnetotail [Sun402
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et al., 2016]. The fact that the active region preferentially occurs on the electron-drifting403

side (i.e., the dawn side) seems to contradict to the explanation of the dawn-dusk asym-404

metry discussed in Lu et al. [2016, 2018]. Here we clarify the similarity and difference405

of our studies, which leads to a plausible explanation to the opposite dawn-dusk asym-406

metry observed at Earth [Slavin et al., 2005; Nagai et al., 2013; Runov et al., 2017] and407

Mercury [Sun et al., 2016]. While the electron drift transports the normal magnetic flux408

(Bz) in both studies, the important difference stems from the role of the normal magnetic409

field (Bz) discussed. In Lu et al. [2016, 2018], the initial normal magnetic field Bz asso-410

ciated with the tail geometry inhibits the onset of reconnection since it prevents the cur-411

rent sheet from being tearing unstable [Hesse and Schindler, 2001; Liu et al., 2014; Sitnov412

and Schindler, 2010]. Reconnection onsets are thus easier on the dusk side since these Bz413

flux is transported to the dawn side. In contrast, the reconnected field (Bz) discussed here414

drives outflows and furthers the thinning toward fast reconnection after reconnection on-415

set. As illustrated using Fig. 9, the explanation of the dawn-dusk asymmetry in Lu et al.416

[2016, 2018] can remain valid in predicting the global asymmetry of reconnection “onset417

locations” on the dusk side of Earth. While our study explains the “internal” asymmetric418

structure of the x-line within these onset locations, that gives rise to the active region on419

the dawn side locally.420

For Mercury, if one considered a proton density of ∼ 3cm−3 [Gershman et al., 2014;421

Sun et al., 2018; Poh et al., 2018], and the relatively thin current sheet width in Mercury’s422

tail near midnight is ∼ 2RM where 1RM ∼ 2440 km [Sun et al., 2016; Poh et al., 2017;423

Rong et al., 2018], then the global dawn-dusk extent is ∼ 37di , comparable to our 31di424

case studied here. While for Earth, the proton density in the plasma sheet is around an425

order of magnitude smaller than that at Mercury [Baumjohann et al., 1989; Huang and426

Frank, 1994; Sun et al., 2018], and the width of the relatively thin current sheet near mid-427

night is ∼ 20RE [Nakai et al., 1991; Zhang et al., 2016], corresponding to ∼ 300di . The428

dawn-dusk extent of the thin current sheet region at the magnetotail of Mercury is thus429

much shorter (in terms of di) than that of Earth. Therefore, the entire magnetotail of Mer-430

cury likely only manifests the internal dawn-dusk asymmetry of the x-line with the active431

region and secondary tearing modes appearing on the dawn side, as emphasized by the or-432

ange region of Fig. 9. We further predict that magnetic reconnection may not occur in a433

planetary magnetotail if its global dawn-dusk extent is � 10di . Finally, while these argu-434

ments are purely based on the reconnection physics in the plasma sheet, we acknowledge435

that global effects [e.g., [Walsh et al., 2014; Lotko et al., 2015; Spence and Kivelson, 1993;436

Keesee et al., 2011]] could also be important but are beyond the scope of this study.437
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<latexit sha1_base64="+JZNgzUyAF+HFrOEbvjHKCMVLkE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQ9lsJ+3SzSbubgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfGqPSPJaPZpKgH9GB5CFn1FjJN6R7H+GA9jLGp71yxa26c5BV4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4LTUTTUmlI3oADuWShqh9rP50VNyZpU+CWNlSxoyV39PZDTSehIFtjOiZqiXvZn4n9dJTXjtZ1wmqUHJFovCVBATk1kCpM8VMiMmllCmuL2VsCFVlBmbU8mG4C2/vEqaF1XPrXoPl5XaTR5HEU7gFM7BgyuowR3UoQEMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDlcmR+A==</latexit><latexit sha1_base64="+JZNgzUyAF+HFrOEbvjHKCMVLkE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQ9lsJ+3SzSbubgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfGqPSPJaPZpKgH9GB5CFn1FjJN6R7H+GA9jLGp71yxa26c5BV4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4LTUTTUmlI3oADuWShqh9rP50VNyZpU+CWNlSxoyV39PZDTSehIFtjOiZqiXvZn4n9dJTXjtZ1wmqUHJFovCVBATk1kCpM8VMiMmllCmuL2VsCFVlBmbU8mG4C2/vEqaF1XPrXoPl5XaTR5HEU7gFM7BgyuowR3UoQEMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDlcmR+A==</latexit><latexit sha1_base64="+JZNgzUyAF+HFrOEbvjHKCMVLkE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQ9lsJ+3SzSbubgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfGqPSPJaPZpKgH9GB5CFn1FjJN6R7H+GA9jLGp71yxa26c5BV4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4LTUTTUmlI3oADuWShqh9rP50VNyZpU+CWNlSxoyV39PZDTSehIFtjOiZqiXvZn4n9dJTXjtZ1wmqUHJFovCVBATk1kCpM8VMiMmllCmuL2VsCFVlBmbU8mG4C2/vEqaF1XPrXoPl5XaTR5HEU7gFM7BgyuowR3UoQEMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDlcmR+A==</latexit><latexit sha1_base64="+JZNgzUyAF+HFrOEbvjHKCMVLkE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRizcr2A9oQ9lsJ+3SzSbubgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfGqPSPJaPZpKgH9GB5CFn1FjJN6R7H+GA9jLGp71yxa26c5BV4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4LTUTTUmlI3oADuWShqh9rP50VNyZpU+CWNlSxoyV39PZDTSehIFtjOiZqiXvZn4n9dJTXjtZ1wmqUHJFovCVBATk1kCpM8VMiMmllCmuL2VsCFVlBmbU8mG4C2/vEqaF1XPrXoPl5XaTR5HEU7gFM7BgyuowR3UoQEMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDlcmR+A==</latexit>

Vix,max
<latexit sha1_base64="6wOwpNCBq8ihVRfA0fZLwjUYJcs=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8SNkVQY9FLx4r2A9sl5JNs21okl2SrLQs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYMHGqKavTWMS6FRLDBFesbrkVrJVoRmQoWDMc3k795hPThsfqwY4TFkjSVzzilFgnPTa6GR+dSzKadEtlr+LNgJeJn5My5Kh1S1+dXkxTyZSlghjT9r3EBhnRllPBJsVOalhC6JD0WdtRRSQzQTa7eIJPndLDUaxdKYtn6u+JjEhjxjJ0nZLYgVn0puJ/Xju10XWQcZWklik6XxSlAtsYT9/HPa4ZtWLsCKGau1sxHRBNqHUhFV0I/uLLy6RxUfG9in9/Wa7e5HEU4BhO4Ax8uIIq3EEN6kBBwTO8whsy6AW9o4956wrKZ47gD9DnD55okN4=</latexit><latexit sha1_base64="6wOwpNCBq8ihVRfA0fZLwjUYJcs=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8SNkVQY9FLx4r2A9sl5JNs21okl2SrLQs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYMHGqKavTWMS6FRLDBFesbrkVrJVoRmQoWDMc3k795hPThsfqwY4TFkjSVzzilFgnPTa6GR+dSzKadEtlr+LNgJeJn5My5Kh1S1+dXkxTyZSlghjT9r3EBhnRllPBJsVOalhC6JD0WdtRRSQzQTa7eIJPndLDUaxdKYtn6u+JjEhjxjJ0nZLYgVn0puJ/Xju10XWQcZWklik6XxSlAtsYT9/HPa4ZtWLsCKGau1sxHRBNqHUhFV0I/uLLy6RxUfG9in9/Wa7e5HEU4BhO4Ax8uIIq3EEN6kBBwTO8whsy6AW9o4956wrKZ47gD9DnD55okN4=</latexit><latexit sha1_base64="6wOwpNCBq8ihVRfA0fZLwjUYJcs=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8SNkVQY9FLx4r2A9sl5JNs21okl2SrLQs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYMHGqKavTWMS6FRLDBFesbrkVrJVoRmQoWDMc3k795hPThsfqwY4TFkjSVzzilFgnPTa6GR+dSzKadEtlr+LNgJeJn5My5Kh1S1+dXkxTyZSlghjT9r3EBhnRllPBJsVOalhC6JD0WdtRRSQzQTa7eIJPndLDUaxdKYtn6u+JjEhjxjJ0nZLYgVn0puJ/Xju10XWQcZWklik6XxSlAtsYT9/HPa4ZtWLsCKGau1sxHRBNqHUhFV0I/uLLy6RxUfG9in9/Wa7e5HEU4BhO4Ax8uIIq3EEN6kBBwTO8whsy6AW9o4956wrKZ47gD9DnD55okN4=</latexit><latexit sha1_base64="6wOwpNCBq8ihVRfA0fZLwjUYJcs=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8SNkVQY9FLx4r2A9sl5JNs21okl2SrLQs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZemAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYMHGqKavTWMS6FRLDBFesbrkVrJVoRmQoWDMc3k795hPThsfqwY4TFkjSVzzilFgnPTa6GR+dSzKadEtlr+LNgJeJn5My5Kh1S1+dXkxTyZSlghjT9r3EBhnRllPBJsVOalhC6JD0WdtRRSQzQTa7eIJPndLDUaxdKYtn6u+JjEhjxjJ0nZLYgVn0puJ/Xju10XWQcZWklik6XxSlAtsYT9/HPa4ZtWLsCKGau1sxHRBNqHUhFV0I/uLLy6RxUfG9in9/Wa7e5HEU4BhO4Ax8uIIq3EEN6kBBwTO8whsy6AW9o4956wrKZ47gD9DnD55okN4=</latexit>
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