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Abstract

We calculate the aspect ratio of the electron diffusion region (EDR) during symmetric magnetic reconnection using magnetic

field gradients measured by the Magnetospheric Multiscale mission (MMS). The technique introduced in this paper is validated

using a particle-in-cell (PIC) simulation, compared with the reconnection rate for three MMS-observed magnetotail EDRs, then

compared with the EDR aspect ratio predicted by scaling dependencies on asymptotic upstream electron $\beta$. For the

MMS events, we find that the EDR aspect ratio determined using the magnetic field gradients are within uncertainty of the

normalized reconnection rate found by previous studies for three MMS-observed EDRs. Because the magnetic field gradients

are velocity-frame independent and typically very well measured by MMS, the technique can be used to obtain the normalized

reconnection rate with higher fidelity than established methods.
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Key Points:10

• A new technique is introduced to calculate the aspect ratio of the electron diffu-11

sion region (EDR) with magnetic field gradients.12

• The aspect ratio is determined within 20% uncertainty for a particle-in-cell sim-13

ulation with added MMS-like errors.14

• When applied to MMS data the aspect ratio is within uncertainty of the normal-15

ized reconnection rate measured during three magnetotail EDRs.16
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Abstract17

We calculate the aspect ratio of the electron diffusion region (EDR) during symmetric18

magnetic reconnection using magnetic field gradients measured by the Magnetospheric19

Multiscale mission (MMS). The technique introduced in this paper is validated using a20

particle-in-cell (PIC) simulation, compared with the reconnection rate for three MMS-21

observed magnetotail EDRs, then compared with the EDR aspect ratio predicted by scal-22

ing dependencies on asymptotic upstream electron β. For the MMS events, we find that23

the EDR aspect ratio determined using the magnetic field gradients are within uncer-24

tainty of the normalized reconnection rate found by previous studies for three MMS-observed25

EDRs. Because the magnetic field gradients are velocity-frame independent and typi-26

cally very well measured by MMS, the technique can be used to obtain the normalized27

reconnection rate with higher fidelity than established methods.28

Plain Language Summary29

Magnetic reconnection is a plasma process which occurs throughout the universe.30

It accelerates and heats nearby particles, and can redistribute energy over vast scales.31

The rate at which it occurs, the reconnection rate, is one of the most important quan-32

tities describing reconnection. Reconnection occurs within an electron-scale region where33

ions and electrons are decoupled from the magnetic field, known as the electron diffu-34

sion region (EDR). Theory and simulations have shown the dimensions of the EDR scale35

with the reconnection rate. In this paper, we introduce a new method to determine the36

aspect ratio of the EDR and show that it is the reconnection rate for reconnection events37

observed by the Magnetospheric Multiscale (MMS) mission. This new method has fewer38

sources of error than established methods for determining reconnection rate using space-39

craft data, and could provide a simpler way of studying the mechanisms which control40

the reconnection rate.41

1 Introduction42

1.1 Background43

Magnetic reconnection is a fundamental process in plasmas which converts elec-44

tromagnetic energy stored in magnetic fields to kinetic and thermal particle energy through45

a change of magnetic field topology (Parker, 1957; Birn & Priest, 2007; Yamada et al.,46

2010). The field line breaking occurs within a region where the plasma is decoupled from47

the magnetic field lines, known as the diffusion region. Magnetic reconnection is an in-48

herently multi-scale process (Vasyliunas, 1975). Ions are demagnetized in an ion diffu-49

sion region (IDR) at the ion inertial scale, with a smaller electron diffusion region (EDR)50

embedded within the IDR at the electron inertial scale, where both electrons and ions51

are demagnetized. Reconnection happens within the EDR, which contains the reconnec-52

tion X-line (Hesse et al., 1999; Shay et al., 1998).53

The EDR is characterized by strong electron non-gyrotropy (Scudder & Daughton,54

2008), non-ideal electric field E⃗′ = E⃗ + (V⃗ × B⃗) ̸= 0, and positive non-ideal energy55

conversion rate J⃗ ·E⃗′ > 0 (Zenitani et al., 2011). Elongated perpendicular currents in56

the outflow region have been predicted by simulations (Daughton et al., 2006; Karimabadi57

et al., 2007) and observed in situ (Phan et al., 2007; Hwang et al., 2017). These electron58

jets, sometimes known as the outer EDR, have a non-ideal electric field but negative non-59

ideal energy conversion rate J⃗ · E⃗′ < 0 (Zenitani et al., 2011).60

The rate of reconnection is of order 0.1 in normalized units (Birn et al., 2001; Liu61

et al., 2022; Cassak et al., 2017). Precise ensemble measurements of reconnection rate62

are crucial for in situ determination of the parameters controlling the efficiency of recon-63

nection. However, observational measurements of the reconnection rate typically have64
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compounding sources of error associated with coordinate transformations, velocity frame65

determination, and uncertainty in the upstream conditions used for normalization (Fuselier66

& Lewis, 2011; Genestreti et al., 2018). Determining the parameters that control the re-67

connection rate is a principal goal of NASA’s Magnetospheric Multiscale (MMS) mis-68

sion (Burch et al., 2016).69

For quasi-2-dimensional steady-state and incompressible reconnection, a simple ge-70

ometric argument using conservation of mass, energy, and magnetic flux can be used to71

show that the reconnection rate scales as the ratio of the EDR dimensions in the out-72

flow and inflow directions (T. Nakamura et al., 2021). The EDR aspect ratio has been73

found previously using MMS data by directly determining the dimensions of the EDR74

using spacecraft timing techniques (Torbert et al., 2018; R. Nakamura et al., 2019), tech-75

niques which place strict requirements on the EDR encounter geometry. The EDR as-76

pect ratio is an intrinsically normalized quantity independent of velocity frame or up-77

stream conditions, and a general method for determining the EDR aspect ratio would78

be a measure of the reconnection rate with fewer potential sources of error.79

1.2 Theoretical Scaling of the EDR Aspect Ratio80

Simulations and theories have shown that the spatial scale of the EDR is determined81

by the bounce length of electrons trapped within a field reversal (Hesse et al., 1999; Kuznetsova82

et al., 2000), which has been found analytically (Biskamp & Schindler, 1971). For uni-83

form electron temperature, the aspect ratio δ/l is defined as the ratio of magnetic field84

gradient terms85

δ

l
∼

[(
∂BN

∂L

)2

/

(
∂BL

∂N

)2
] 1

4

(1)

where L is the direction of the reconnecting component of the magnetic field, and86

N is the current sheet normal direction (M, which does not appear in Eq.(1), completes87

the right-handed LMN coordinate system). R. Nakamura et al. (2019) calculated the88

EDR dimensions using Eq.(1) by determining the magnetic field gradient from the slope89

of the magnetic field along the inferred trajectory of MMS through the EDR (the meth-90

ods used by Torbert et al. (2018) to estimate the dimensions of the EDR also required91

knowledge of the spacecraft trajectory). These approaches require specific spacecraft tra-92

jectory geometries that cross the extent of EDR in the vertical and horizontal directions.93

However, if the magnetic field gradient terms ∂BN/∂L and ∂BL/∂N are spatially uni-94

form within the EDR, the aspect ratio can be evaluated with Eq.(1) at any point within95

the EDR, as local gradients can be determined with multi-point MMS data without any96

requirements on the trajectory.97

Additional scaling relations for the dimensions of the EDR were derived by T. Naka-98

mura et al. (2016) using particle-in-cell (PIC) simulations. The length and width of the99

EDR Lz and Lx respectively, are described as a function of βe∞, the asymptotic upstream100

electron β. Using these scaling relations, the aspect ratio Lz/Lx is predicted to be101

Lz

Lx
= 0.125

(
βe∞

0.1

) 1
8

(
1 + 0.15

(
βe∞

0.1

)−1/2
)1/2

(2)

The aspect ratio Lz/Lx is distinguished from δ/l. While both are descriptions of the EDR102

aspect ratio, they are defined uniquely. Equation (2) gives a theoretical aspect ratio value103

for a given set of background plasma conditions which can be compared with experimen-104

tal values of aspect ratio calculated with Eq.(1). The scaling relations used in Eq.(2) were105

found for reconnection with an anti-parallel magnetic field configuration and a limited106

range of upstream background densities, and may require modification for guide field re-107

connection (Divin et al., 2019; Le et al., 2013). The dimensions in Eq.(1) and Eq.(2) are108
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also defined differently: Eq.(1) describes the dimensions of the region where electrons109

have non-gyrotropic orbits, whereas Lz and Lx in Eq.(2) are the dimensions of the re-110

gion with electron non-gyrotropy and a positive out-of-plane electric field component.111

1.3 Outline of this Study112

We introduce a general method to calculate the EDR aspect ratio using Eq.(1) and113

the magnetic field gradient terms measured by MMS. In the following methodology sec-114

tion, we describe how ∇B⃗ and βe∞ were measured by MMS (section 2.1) and how Eq.(1)115

is evaluated. In section 3, we use a fully kinetic 2.5-dimensional particle-in-cell (PIC) sim-116

ulation to quantify the error introduced to Eq.(1) by MMS-like errors in ∇B⃗, and the117

accuracy of the technique as a function of distance from the X-line. In section 4, we use118

Eq.(2) and the three sets of coordinates described in section 2.2 to calculate δ/l for three119

magnetotail MMS reconnection events. We compare δ/l with the measured normalized120

reconnection rate and Lz/Lx. Finally, we summarize and discuss our findings in section121

5.122

2 Methodology123

2.1 MMS Data124

The Magnetospheric Multiscale (MMS) Mission is comprised of four spacecraft which125

orbit Earth in a tetrahedral formation (Burch et al., 2016). This study uses the high-126

est time resolution magnetic field data from the MMS Fluxgate Magnetometer (FGM)127

(Russell et al., 2016), which was smoothed in time with a Savitzky-Golay filter to reduce128

noise. The magnetic field data is calibrated to ≤ 0.1nT, with the largest uncertainties129

being in the spin-axis component of the magnetic field (typically corresponding to BN130

in the magnetotail) (Torbert et al., 2016). Particle data used to calculate β was mea-131

sured by the Fast Plasma Investigation (FPI) (Pollock et al., 2016). For each event, βe∞132

is calculated by time averaging βe in the asymptotic upstream region (Table 1). All data133

was collected during periods when spacecraft separation was on the order of electron in-134

ertial length de. The linear gradient or curlometer method is used to determine the mag-135

netic field gradient and current within the spacecraft tetrahedron (Chanteur, 1998). For136

the events studied here, the inter-spacecraft separations were such that the current den-137

sity was nearly uniform across the MMS tetrahedron, a necessary condition for the lin-138

ear gradient method.139

2.2 Experimental Calculation of EDR Aspect Ratio140

Evaluating Eq.(1) for spacecraft data requires determining the L and N directions,141

which are found in this study using three different methods142

1. Fixed LMN: here we use a fixed (time independent) LMN coordinate system to143

obtain the EDR aspect ratio from Eq.(1). The fixed LMN system is determined144

with a hybrid approach (Genestreti et al., 2018; Denton et al., 2018): minimum145

variance analysis of the electron bulk velocity (MVA-Ve) or magnetic field (MVA-146

B) are used to determine L (Sonnerup & Scheible, 2000). MVA-B is used when147

the EDR is crossed in the normal direction. MVA-Ve is used when the EDR is crossed148

laterally, from one outflow to the other. The N direction was defined using the149

maximum directional derivative of the magnetic field (MDD-B) technique (Shi et150

al., 2005) which determines coordinates as the eigenvectors of the matrix (∇B⃗)(∇B⃗)T .151

The M vector N × L/|N × L| completes the right-handed coordinate system.152

2. MDD-B LMN: here we used the terms of ∇B⃗ in the time-varying LMN coor-153

dinates from MDD-B to evaluate Eq.(1) and determine the aspect ratio δ/l.154
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3. MDD-B Eigenvalue Ratio: similar to the MDD-B LMN method, we evaluated155

Eq.(1) with time-varying LMN coordinates from MDD-B, but with three addi-156

tional a priori assumptions: that the EDR is quasi-2-dimensional, inflow-symmetric,157

and anti-parallel. Under these assumptions, the only non-vanishing terms of ∇B⃗158

at the current sheet center are ∂BL/∂N =
√
λN and ∂BN/∂L =

√
λL, where159

λN and λL are the maximum and intermediate eigenvalues of (∇B⃗)(∇B⃗)T . Thus160

the aspect ratio is δ/l = (λL/λN )1/4.161

The three techniques above each yield time-dependent functions δ/l. Single, nom-162

inal values and approximate uncertainties for δ/l are selected for each as the average of163

the three over an 0.1 second interval around the current sheet (see section 3). The un-164

certainty is found by taking the standard deviation of the data points over the same in-165

terval.166

3 Quantifying Errors in the Aspect Ratio with a Simulation167

The different sources of error in the calculation of the δ/l are characterized using168

a PIC simulation of the 11 July 2017 magnetotail reconnection event observed by MMS169

which has been found to be extremely consistent with observations (T. Nakamura et al.,170

2018). The sources of error considered here are how the absolute error depends on dis-171

tance from reconnection X-line, and the error introduced from MMS-like uncertainties172

in magnetic field. In this simulation, the coordinate system is known exactly so there173

are none of the errors introduced when transforming to an LMN coordinate system.174

The EDR in the simulation is defined as the region surrounding the X-line where175

the out-of-plane component of the electron frame electric field is positive, E′
M > 0. The176

aspect ratio of the central EDR for this simulation is calculated to be 0.24. An upper-177

bound estimate for the characteristic magnetic field measurement error for MMS of 0.1178

nT was added to ∂BN/∂L during the aspect ratio calculation and normalized by the av-179

erage spacecraft separation for 11 July EDR encounter ∆RSC = 0.58de (Figure 1b and180

1c). The uncertainty for a nominal MMS-like error of 0.01 nT was also calculated, but181

no substantial difference from the no error case was observed with uncertainty below 10%182

within the central EDR (not pictured).183

At the center of the current sheet, aspect ratio from the Fixed LMN and MDD-184

B Eigenvalue Ratio methods are both within 20% of the actual value. In the no error185

case, the uncertainties in both methods are below 10% within the entire central EDR.186

As expected, the accuracy of each technique depends on the relative position of the MMS187

tetrahedron within the reconnection region. The aspect ratio determined with the Fixed188

LMN method is more accurate along the separatrices, compared with the aspect ratio189

from the MDD-B Eigenvalue Ratio method (Figure 1c and 1d). This is expected, as the190

assumptions made about reconnection geometry for the MDD-B Eigenvalue Ratio are191

only accurate where the out-of-plane gradient is small, such as the central EDR and along192

the current sheet center (see section 2.2). When these conditions are satisfied, the MDD-193

B Eigenvalue Ratio method can be more accurate than the Fixed LMN method. The194

1-dimensional cuts of the aspect ratio along the reconstructed MMS trajectory for 11 July195

(Figure 1e and 1f) show that both Fixed LMN and MDD-B Eigenvalue Ratio derived196

aspect ratios should be within 20% of the EDR aspect ratio for nominal MMS-like er-197

rors at the center of the current sheet, which is observed in the MMS data (Figure 3c).198

The low uncertainty close to the center of the current sheet shows that the mag-199

netic field gradient can be used to accurately measure the aspect ratio of the EDR within200

the central EDR, even with upper-bound MMS-like magnetic field errors. Additionally,201

Figure 2 also suggests that measurements beyond the central EDR may also accurately202

measure the EDR aspect ratio. However, further work is necessary to determine whether203

the aspect ratio of the outer EDR generally corresponds to that of the central EDR.204
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Figure 1. Panels (a), (b) and (c), (d) show the uncertainty in the aspect ratio determined

using the Fixed LMN and the MDD-B Eigenvalue Ratio techniques and magnetic field gradients

from the PIC simulation of the 11 July 2017 event. Panels (a) and (c) are displayed with no

error, while (b) and (d) have MMS-like errors added to ∇B⃗ before calculating the aspect ratio.

Panels (e) and (f) show a 1-dimensional cut of the along the reconstructed MMS trajectory, com-

pared with the aspect ratio of 0.24 and the 20% uncertainty indicated with blue shading. The

X-line and Max JM are defined as the reversal of BN and maximum JM along the reconstructed

trajectory, respectively.
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Figure 2. Diagram showing the approximate trajectories for the three events used in this

study relative to the central EDR determined using the reconnection electric field E′
M from the

11 July PIC simulation.

Table 1. Calculated parameters for the three EDR encounters. Lz/Lx is the aspect ratio

calculated using Eq.(2), and δ/l, the average aspect ratio at the center of the current sheet.

Event δ/l Reconnection Rate Lz/Lx Upstream Interval for Lz/Lx

11 July 2017 0.210± 0.041 0.180± 0.035a 0.146± 0.039 22:31-22:31:50

10 August 2017 0.202± 0.054 0.190± 0.040b 0.151± 0.019 12:19:17-12:19:19

17 June 2017 0.119± 0.077 0.077± 0.050c 0.145± 0.010 20:24:45-20:25
a(Genestreti et al., 2018) b(Li et al., 2019) c(Farrugia et al., 2021)

3.1 EDR Aspect Ratio with Data from MMS205

Next we apply the techniques described in section 2.2 to MMS observations for three206

symmetric magnetotail reconnection events: the previously discussed 11 July 2017 event,207

10 August 2017 (Zhou et al., 2019), and 17 June 2017 (Farrugia et al., 2021). The tra-208

jectories of MMS through each of the three EDRs differed (see Figure 2), but all three209

passed through regions where the PIC simulation analysis predicts the aspect ratio can210

be determined within 20% uncertainty.211

During the 11 July 2017 EDR encounter, MMS crossed the EDR along the mag-212

netotail current sheet, moving predominantly in the L-direction, and the small BL in-213

dicates it spent a significant of time in the current sheet (Figure 3a) where the current214

density is largest (Figure 3b). This is consistent with the spatial region where the sim-215

ulation tells us the uncertainty in δ/l is smallest (Figure 1). For this event, we find that216

the EDR aspect ratio calculated by R. Nakamura et al. (2019) and normalized recon-217

nection rate from Genestreti et al. (2018) are both within the error bars of δ/l (Figure218

3c). The 19% uncertainty in δ/l is comparable to the 20% upper-bound uncertainty es-219

timated from the PIC simulation results in section 3. While the reconnection rate un-220

certainty of 0.035 found by Genestreti et al. (2018) is smaller than the δ/l upper-bound221

uncertainty, the 11 July EDR is an ideal case which permitted errors being character-222

ized and minimized with a detailed study. Additionally, the reconnection rate error cal-223

culated by Genestreti et al. (2018) does not account for uncertainties in the upstream224

conditions used for normalization.225
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Figure 3. Summary of the 11 July 2017, 10 August 2017, and 17 June 2017 EDR encounters.

Panels (a), (d), and (g) show the 4-point average magnetic field in LMN coordinates BLMN .

Panels (b), (e), and (h) show the current density in LMN coordinates JLMN . Panels (c), (f), and

(i) show the aspect ratio determined using the Fixed LMN, the MDD-B LMN, and the MDD-B

Eigenvalue methods (see Table 1). Purple shading indicates the uncertainty in δ/l over an 0.1

second interval around maximum JM .
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On 10 August MMS crossed the EDR obliquely (Zhou et al., 2019), and the mag-226

nitude of the aspect ratio determined using the Fixed LMN and MDD-B Eigenvalue Ra-227

tio methods are close at the center of the current sheet, while the MDD-B LMN derived228

aspect ratio is larger (Figure 3f). δ/l is within the error bars of the normalized recon-229

nection rate determined by Li et al. (2019) for 10 August (Table 1). The trajectory for230

the 17 June encounter was different from the 11 July and 10 August central EDR en-231

counters, in that on 17 June MMS crossed the outer EDR (Farrugia et al., 2021). Ad-232

ditionally, Figure 3h shows the EDR had a double-peaked current structure labeled ”Lo-233

cal Max JM 1 and 2.” The aspect ratio δ/l at the first peak is within the error bars of234

the normalized reconnection calculated by Farrugia et al. (2021) for the 17 June EDR.235

Next we compare the δ/l with the predicted EDR aspect ratio by calculating βe∞236

for each event and evaluating Eq.(2). The upstream intervals and Lz/Lx for each event237

are summarized in Table 1. The nominal normalized reconnection rate from Genestreti238

et al. (2018) for 11 July is within the error bars of Lz/Lx, but not the aspect ratio 0.240±239

0.071 from R. Nakamura et al. (2019). For 10 August, Lz/Lx is outside of the error bars240

for both δ/l and the normalized reconnection rate from Li et al. (2019). The 17 June event,241

where MMS did not encounter the central EDR, was the only event where Lz/Lx is larger242

than the reconnection rate and δ/l, but still outside the error bars.243

4 Summary and Conclusions244

We have introduced a new technique for calculating the aspect ratio of the EDR245

using the magnetic field gradient, with the effect of MMS-like errors in the magnetic field246

quantified using a PIC simulation. The aspect ratio of the EDR calculated with the mag-247

netic field gradient has an error below 20% within the central EDR even for the upper-248

bound MMS magnetic field errors. We used MMS data to calculate the aspect ratio δ/l249

for three magnetotail EDR encounters and showed that it is within error bars of the mea-250

sured normalized reconnection rate for all three events. All values of δ/l calculated us-251

ing the methods introduced in this paper are within the range 0.1-0.2, which is expected252

from past studies of fast reconnection (Liu et al., 2017; Liu et al., 2022).253

During the first event studied, 11 July 2017, MMS passed through the EDR lat-254

erally, spending an extended period of time along the current sheet. As predicted by the255

PIC simulation in section 2, we find δ/l measured at the center of the current sheet is256

within 20% of the EDR aspect ratio and normalized reconnection rate. During the sec-257

ond event studied, 10 August 2017, MMS cut through the central EDR along the sep-258

aratrices. While MMS spent less time in the current sheet during the 10 August EDR259

encounter compared to 11 July, δ/l is within 20% of the normalized reconnection rate260

localized in the center of the current sheet. During the third event studied, 17 June 2017,261

MMS did not encounter the central EDR, but crossed the extended electron outflow jets262

downstream, with a bifurcated structure in the out-of-plane current density. Despite not263

traversing the central EDR, the normalized reconnection rate was within the uncertainty264

in δ/l at the first current peak. This is consistent with the PIC simulation error anal-265

ysis that suggested the aspect ratio measured in the outer EDR corresponds to the as-266

pect ratio of the central EDR, which is a result meriting further investigation. The ac-267

curacy of the Fixed LMN, MDD-B LMN, and MDD-B Eigenvalue Ratio techniques may268

depend on the background plasma conditions where reconnection occurs (e.g. guide field269

strength, which modifies the electron meandering motions and the Hall current system).270

A more detailed parameter analysis (beyond the single simulation analyzed in section271

3) is required to determine the relative accuracy of each technique in a meaningful way.272

The aspect ratio Lz/Lx determined using Eq.(2) and the asymptotic upstream elec-273

tron βe∞ is found to be consistently below the normalized reconnection rate and δ/l. Equa-274

tion (2) was determined for anti-parallel reconnection, and all three events had a small275

guide field. Another potential explanation is difference in EDR definition. The dimen-276
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sions Lz and Lx are determined as boundaries of the region with non-gyrotropic elec-277

trons, and the outer EDR has been observed to exhibit some electron non-gyrotropy. Since278

the aspect ratio is inversely proportional to Lx, an elongated EDR would decrease the279

aspect ratio. While the magnitude of Lz/Lx is less than δ/l, we are unable to determine280

whether they scale the same with available data, but the relative scaling of δ/l and Lz/Lx281

may be tested using any future magnetotail encounters with higher or lower values of282

βe∞.283

Established methods for estimating the normalized reconnection rate in situ require284

normalization by upstream quantities with large uncertainties, and place constraints on285

spacecraft trajectory. We have shown that the EDR aspect ratio can be used as a mea-286

sure of reconnection rate for symmetric 2-dimensional laminar reconnection in the mag-287

netotail. Since the technique presented in this paper for determining the EDR aspect288

ratio using ∇B⃗ and Eq.(1) is a normalized quantity that can be measured anywhere within289

the central EDR, it can be used to estimate the normalized reconnection rate indepen-290

dent of spacecraft trajectory through the EDR and with fewer sources of error than es-291

tablished methods.292

Further work is necessary determine the accuracy of Eq.(1) when one or more of293

the assumptions are violated, such as during asymmetric or guide field reconnection. The294

multi-spacecraft ∇B⃗ reconstruction technique used in this study assumed that the cur-295

rent density within the MMS tetrahedron was spatially uniform. While this assumption296

was shown to be valid for the three EDRs studied in this paper, a higher-order gradi-297

ent reconstruction method (Torbert et al., 2020; Denton et al., 2020) may be necessary298

for EDRs with smaller characteristic length scales, such as at the magnetopause.299

Appendix A PIC Simulation Setup300

In this paper, we analyzed a 2.5-dimensional simulation of the 11 July 2017 MMS301

event performed by T. Nakamura et al. (2018) using the fully kinetic particle-in-cell code302

VPIC (Bowers et al., 2008, 2009). The simulation initial conditions were based on MMS303

observations of the plasma sheet and lobes (see T. Nakamura et al. (2018) for full de-304

scription of simulation parameters). The system size was 120di0 × 40di0, where di0 is305

the ion inertial length in the initial current sheet, with a total of 1.4×1011 super par-306

ticles and an ion-to-electron mass ratio of 400. The initial current sheet was symmet-307

ric with a guide field of 0.03. At the time shown in Figure 1 (50 ion cyclotron periods308

after simulation start), the reconnection rate had developed to a steady state. The ir-309

regular cut shown in Figure 1 through the simulated EDR was selected to match the MMS310

trajectory by a best fit of BL.311

Data Availability Statement312

The MMS FIELDS and FPI data used in this study are publicly available from the313

Science Data Center (SDC) at https://lasp.colorado.edu/mms/sdc/public/about/browse.314

Routines from the pySPEDAS and pyTplot libraries used to process the MMS data an-315

alyzed in this paper (Grimes et al., 2019) are freely available at https://github.com/spedas/pyspedas.316
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