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Abstract

We investigate the onset of magnetic reconnection, utilizing a fully kinetic Particle-In-Cell (PIC) simulation. Characteristic

features of the electron phase-space distributions immediately before reconnection onset are identified. These include signatures

of pressure non-gyrotropy in the velocity distributions, and lemon shaped distributions in the in-plane velocity directions.

Further, we explain how these features form through particle energization by the out-of-plane electric field. Identification of

these features in the distributions can aid in analysis of data where clear signatures of ongoing reconnection are not yet present.
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Abstract15

We investigate the onset of magnetic reconnection, utilizing a fully kinetic Particle-In-16

Cell (PIC) simulation. Characteristic features of the electron phase-space distributions17

immediately before reconnection onset are identified. These include signatures of pres-18

sure non-gyrotropy in the velocity distributions, and lemon shaped distributions in the19

in-plane velocity directions. Further, we explain how these features form through par-20

ticle energization by the out-of-plane electric field. Identification of these features in the21

distributions can aid in analysis of data where clear signatures of ongoing reconnection22

are not yet present.23

1 Introduction24

While magnetic reconnection is one of the most important energy conversion pro-25

cesses in our near space environment, on the Sun and in highly magnetized astrophys-26

ical plasmas, the question of what controls its onset is still not completely understood.27

Magnetic reconnection has been extensively modeled and observed in a large variety of28

plasma environments, such as planetary magnetospheres, the solar corona, astrophys-29

ical plasmas and in laboratories and fusion reactors on Earth (Yamada et al., 2010). If30

we want to understand how, where, and why magnetic reconnection occurs, we must un-31

derstand what physical conditions are necessary for the onset of reconnection. It has been32

shown that magnetic reconnection needs thin current sheets to occur (e.g. Lui, 2004; Sit-33

nov et al., 2019), but in-situ observations proves that this alone is not a sufficient cri-34

teria for reconnection onset (e.g. Paschmann et al., 2018; R. Wang et al., 2018; Phan et35

al., 2020).36

The onset is difficult to study with spacecraft due to its explosive nature, and var-37

ied temporal and spatial scales. The majority of reconnection studies are done where and38

when the data shows clear signatures of already ongoing reconnection. These signatures39

include ion (e.g. Paschmann et al., 1979) and electron jets (Phan et al., 2007; Torbert40

et al., 2018), Hall magnetic and electric fields (M. Øieroset et al., 2001; Mozer et al., 2002;41

Wygant et al., 2005; Eastwood et al., 2010), and non-isotropic and non-gyrotropic par-42

ticle distributions (e.g. Shuster et al., 2015; Burch, Torbert, et al., 2016; Chen, Hesse,43

Wang, Bessho, & Daughton, 2016; Z. Wang et al., 2019; Hesse et al., 2021).44

Some simulation studies have aimed to understand the physics of reconnection on-45

set. Hesse et al. (2001) show that the presence of non-gyrotropy in the electron pressure46

is necessary for the generation of the diffusive electric field in the location where the X-47

line will form. The electron non-gyrotropy generates a linear instability of the system48

which eventually causes the onset of reconnection. A thorough study of the effect of the49

ion to electron mass ratio and the strength of the driving, was presented in Liu et al. (2014).50

They found that the timing of the reconnection onset was strongly influenced by the mass51

ratio, thereby identifying the instability leading to reconnection onset as electron tear-52

ing. The importance of electron dynamics in reconnection onset was even further em-53

phasized by Lu et al. (2020), who show both through observation and simulation that54

full scale magnetic reconnection initiates from electron-only reconnection (Phan et al.,55

2018) in the presence of a strong external driver.56

In this study, we investigate the electron dynamics right before the initial forma-57

tion of an X-line, in order to identify signatures that are indicative of an imminent on-58

set of reconnection. Recognizing such signatures will aid in the classification of recon-59

necting and non-reconnecting current sheets, which can broaden our understanding of60

what conditions are necessary for reconnection onset. In the following section we describe61

our simulation setup. In section 3, we identify when onset occurs, then we discuss on-62

set signatures in the electron phase space distributions in section 4, while section 5 is a63

summary and discussion about our results.64
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2 Simulation design65

We simulate magnetic reconnection in the magnetotail using a fully kinetic, 2.5D66

Particle-In-Cell (PIC) simiulation. In our coordinate system, x is the reconnection out-67

flow direction, y is the initial current direction, and z is the inflow direction. Our sim-68

ulation starts with a tail-like equilibrium (Birn et al., 1975) with oppositely directed mag-69

netic fields and a current sheet with no perturbation. The initial magnetic field config-70

uration is given by71

Bx = α(x) tanh
(
α(x)

z

l

)
(1)

Bz = α′(x)

(
−z tanh

(
α(x)

z

l

)
+

l

α(x)

)
(2)

α(x) =

(
1 +

bx

γl

)−γ

(3)

where l = 2 di is the half-width of the current sheet, b = 0.05, and γ = 0.6. To es-72

tablish converging flow towards the current sheet, the top, bottom and left boundaries73

of the simulation domain are subjected to an electric field driver, given by74

Left : El = Γ(t)
(

z
zmax

)2

bxl (4)

Top : Et = Γ(t)|xmax−x
xmax

|bxt (5)

Bottom : Eb = Γ(t)|xmax−x
xmax

|bxb (6)

which increases the asymptotic magnetic field strength (Bx) through Faraday’s law75

and leads to current sheet thinning. The bx terms are expressions for the z-average of76

Bx in the boundary cells, Γ(t) = tanh (0.1t)/ cosh2 (0.1t), and t is time. The electric77

field driver peaks around t = 7 before it falls off, such that the driving phase is over78

around t = 35, long before the system eventually reconnects. Similar driving mecha-79

nisms that mimic the loading of magnetic flux in the inflow regions by the solar wind80

have been employed in previous studies, successfully resulting in reconnection (e.g. Hesse81

et al., 2001; Pritchett, 2005, 2010; Liu et al., 2014).82

Lengths are normalized to the ion inertial length, di =
c

ωpi
, where ωpi =

√
n0e2

ϵ0mi
83

is the ion plasma frequency with n0 being the initial current sheet density and mi is the84

ion mass. Time is normalized to the inverse ion cyclotron frequency, Ω−1
i = mi

eB0
, where85

B0 is the initial asymptotic magnetic field. We employ a time step of ωpeδt = 1. Den-86

sities are normalized to n0, and velocities are normalized to the ion Alfvén velocity, vA =87

B0/
√
µ0min0. The boundary conditions are reflective in both the inflow and outflow di-88

rections. We use a total of 6.7×109 macro-particles, and the size of the simulation do-89

main is 60 di×20 di divided into a grid of 2048×1024 cells, leaving us with about 320090

particles per cell. The ions and electrons have a mass ratio of mi

me
= 100 and their tem-91

perature ratio is Te

Ti
= 0.2. The ratio of the ion plasma frequency to the electron cy-92

clotron frequency is ωpe/Ωe = 2.93

In Figure 1 we show an overview of the in-plane magnetic field (contour lines) and94

out-of-plane current Jy (color), for four different times. We see how the thick current sheet95

becomes thinner as the magnetic field in the asymptotic regions become stronger, and96

that the thinning continues after the driving phase is over, until reconnection occurs. The97

penultimate panel in Figure 1 shows the simulation at the time we will investigate in de-98

tail in the following analysis.99
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Figure 1. Evolution of the in-plane magnetic field (contours) and out-of-plane current density

Jy (color). The current sheet becomes thinner and eventually reconnects. The penultimate panel

shows the time of investigation, discussed later in the paper.
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3 Onset of reconnection100

To investigate the onset of magnetic reconnection, we must first determine when101

onset occurs. We follow a similar tactic as employed in (Liu et al., 2014). In our set up,102

the direction of Bz is initially < 0 everywhere. In order for Bz > 0 to appear at the103

neutral plane (z = 0), reconnection must have occurred. We therefore determine the104

time of investigation by finding the maximum value of Bz(x, z = 0) (Figure 2a), as a105

function of time. An X-line forms as the max value of Bz intersects 0, which is marked106

in the figure with a horizontal dotted line, after which reconnection is definitely ongo-107

ing. Liu et al. (2014) determined the onset time by comparing the behaviour of Bz to108

a stable reference simulation in which reconnection did not occur. Onset was defined as109

the time when the behaviour of Bz started to deviate significantly from this reference110

run, in which Bz just showed a smooth change with a fairly even slope. This is similar111

to what we see in Figure 2a until t ≈ 55. We have chosen to treat the last output time112

of our simulation before the X-line forms as the time of investigation, to ensure that we113

will see the system in the immediate pre-reconnection state. The time of investigation114

is t = 58, which is marked in Figure 2a with a vertical dotted line.115

Next we study the off-diagonal electron pressure tensor. Magnetic reconnection can116

only happen in a small diffusion region where an electric field parallel to the current di-117

rection dominates the particle dynamics. This electric field is often referred to as the re-118

connection electric field or the diffusive electric field, and is necessary to break the frozen119

in condition and allow particles to diffuse across magnetic field lines. This reconnection120

electric field is generated through the non-gyrotropic contributions of the electron pres-121

sure tensor (Vasyliunas, 1975; Kuznetsova et al., 1998; Hesse et al., 1999, 2001). In our122

setup, this electric field can be expressed as123

Ey = − 1

nee

(
∂Pexy

∂x
+

∂Peyz

∂z

)
. (7)

The dominating contribution around reconnection onset comes from ∂Pexy/∂x (Hesse124

et al., 2001). Figure 2b shows Pexy along the x-axis at z = 0 for the times leading up125

to the reconnection onset. A clear increase in Pexy starts to form at t = 56, and a sig-126

nificant peak is present at x = 15 and t = 58, the chosen time of investigation. The127

existence of this peak and consequently the gradient along x around this peak confirms128

that our choice of investigation time is appropriate. In the following analysis of the elec-129

tron behaviour, we will investigate phase space distributions centered around this peak130

in Pexy.131

4 Particle behaviour132

In the preceding section we saw that a reconnection X-line forms close to x = 15133

and z = 0. To investigate the electron behaviour leading up onset, we select boxes cen-134

tered around this point in which we calculate the distribution functions in phase space.135

The boxes have dx = 0.125 di and dz = 0.05 di in each direction from their center value,136

such that the total length and height of each box is 0.25di and 0.1di respectively. The137

box sizes were chosen to optimize the resolution of the distributions without loosing statis-138

tics by having too few particles in each box. Figures 3 and 4 show maps of the reduced139

distribution functions fe(vx, vy) and fe(vx, vz), respectively, at t = 58. For complete-140

ness, a corresponding map in the vyvz plane is included as supplementary material. In141

the following, we will discuss features in these distributions.142

As can be seen in Figure 3, fe(vx, vy) is fairly similar in the different locations. This143

means that the features we will point out are present not only at the exact location where144

the X-line forms, but in a larger area around it. To aid in the analysis of the smaller scale145

electron behaviour, we choose to use the center distribution as an example.146
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Figure 2. (a) Maximum value of Bz along z = 0 as a function of time. When we see a signif-

icant change in the slope of this value we are close to reconnection onset. We define the time of

investigation as the last output time before the formation of the X-line (indicated by the dotted

line). (b) Cut through z = 0 of Pexy, for different times leading up to the onset. The data has

been averaged with a running mean in order to remove noise and extract the average behaviour.

We see the necessary gradient for the generation of a diffusive electric field starts to appear and

grow bigger from t = 56. (c) Electron distribution in the vxvy plane, at x = 15, z = 0 and

t = 58. The dotted pink lines show the bulk velocity. The three black contour lines show how the

distribution would look if it was purely bi-Maxwellian. (d) Cut of the reconnection electric field

along x at z = 0 and t = 58. The data is averaged over 0.5 di in the z-direction in order to reduce

noise. We see that the amplitude of Ey is higher to the left of where the X-line forms than to the

right. This is also true for earlier times (not shown).

–6–



manuscript submitted to Geophysical Research Letters

Figure 3. Reduced distributions fe(vx, vy) centered around the point where the contribution

to the reconnection electric field from the non-gyrotropic pressure reaches a maximum at t = 58.

The location of the center of each box is given in the top left corner of each distribution.
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Figure 2c shows fe(vx, vy) centered around x = 15 and z = 0, at t = 58. The147

most prominent feature we see is a shift towards the negative vy-direction. The two dot-148

ted pink lines show the bulk flow. Previously, we found that Pexy ̸= 0 at this location149

and time. We therefore expect the distribution to show non-gyrotropic features. How-150

ever, since the relative magnitude of the non-gyrotropic pressure to the total pressure151

is small (Pexy/Pexx ≈ 3%), these features are subtle. To make them easier to identify,152

we have overlaid the contours of a corresponding double-Maxwellian distribution, cen-153

tered at the bulk flow. As it is the higher energy parts of the distribution that provides154

the largest contribution to the pressure, we are more interested in the features we see155

further away from the center than the peak around the bulk flow. For particles with neg-156

ative vx, we see a clear asymmetry between the top and bottom quadrants, indicated by157

the two magenta arrows. A similar, but opposite asymmetry is found for particles with158

positive vx where the green arrows are pointing. If we imagine the distribution is divided159

vertically along the x-directed bulk flow into two semicircles, we see that the result of160

the asymmetries is that the two halves are shifted along the vy-direction with respect161

to each other. A similar feature was found by Hesse et al. (2011) for guide field recon-162

nection.163

We can explain the shifted semicircles by taking a closer look at the history of the164

particles making up the distribution. In Figure 2d we show a cut of Ey at (x, z = 0, t =165

58). The data has been averaged over ±0.5 di in the inflow direction to reduce noise. The166

dotted blue line shows the x-location of the box in which we took the discussed distri-167

bution. As we can see, Ey is positive in this location, as well as to the left of it, while168

it turns negative to the right at x > 15.3. The large scale behaviour of Ey is consis-169

tent with the v×B drift, as the formation of a local minimum in Bz causes the frozen-170

in electrons to convect earthwards on the left side of x = 15 and tailwards on the right171

side. However, the reversal we see between x = 12 and x = 18 is mostly supported172

by the pressure divergence. The electrons are accelerated anti-parallel to Ey. This means173

that the electrons entering the box at x = 15 from the right with negative vx are ac-174

celerated in the positive y-direction, while electrons entering from the left with positive175

vx are accelerated in the negative y-direction. Additionally, the magnitude of Ey is on176

average slightly higher to the left of the box location than to the right. This means that177

particles entering this location from the left with positive vx have on average experienced178

more acceleration by Ey than the particles coming from the right with negative vx. This179

explains the non-gyrotropic feature of fe(vxvy).180

This feature is visible along the z = 0 plane, but as can be seen in Figure 3, it181

is even clearer as we move out in the inflow direction. This is likely because the mag-182

nitude of Ey is greater at the boundaries where we see a larger gradient in Bx, which183

we will discuss below.184

Figure 4 shows a map of the reduced distributions in the vxvz-plane, for the same185

locations as in Figure 3. As with fe(vx, vy), we see that the distributions display fairly186

similar features in all the locations. The most prominent feature is an elongation along187

the vz-axis around vx = 0, resulting in lemon-shaped distributions. This tells us that188

particles with none or very small vx are experiencing larger acceleration in the z-direction.189

To explain this lemon shape, we investigate how the particles are being energized.190

In Figure 5 we again choose the distribution at x = 15 and z = 0 as an exam-191

ple to discuss the features we see in all the distributions in Figure 4. In Figure 5a, we192

have chosen an example particle to trace backwards in time to investigate how it gained193

the accelerated vz, indicated by the star. Figure 5 c through g show the particle posi-194

tion, kinetic energy, and the work done on the particle by the electric field, −
∫
E·vdt195

(including the contribution from different directions), from a time long before the on-196

set up to the investigation time. We see that the particle has a general drift in the neg-197

ative y-direction, while it is bouncing in the z-direction and mirroring in the x-direction.198

The amplitude of the bouncing in the z-direction is fairly constant through the full time199

–8–
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interval, although we do see a general change towards smaller amplitudes from about t =200

54 and onward. Figure 5b shows cuts along z, through x = 15, of Ey averaged over 0.5 di201

in x, plotted as a function of time. The black contour lines are the contours of the mag-202

netic vector potential, indicating the motion of the magnetic field at this x. The two green203

dotted lines indicate where z = 0.5 di for comparison with the particle position. We204

see that Ey is mostly negative and close to 0 in the center, while it is positive and with205

a larger amplitude further out. This is consistent with the evolution of the thinning cur-206

rent layer, and the generation of outer y-directed electron current layer by the E×B-207

drift. The boundary between the positive and negative Ey regions is fairly stationary208

until around t = 56, from when it starts to move inwards. The short burst of positive209

Ey in the center just before this is a transient, temporary, large-scale fluctuation that210

dissipates before the time of investigation, possibly caused by reflecting waves resulting211

from the driving.212

Comparing the position of the turning point in the z-direction with the shape of213

the Ey profile, we see that it coincides with the region where Ey turns positive. A closer214

look at the work terms in figure 5g reveals that the increase in kinetic energy comes from215

interactions with Ey, which results from the changing Bx. As the current sheet thins,216

Bx above and below it increases and propagates towards the center. This leads to a build217

up of Ey through Faraday’s law. At the turning points in z, the particle motion is par-218

allel to Ey, leading to energy gain through E·v, as can be seen in Figure 5g. This en-219

ergy gain is turned into an increased vz as the particle continues its meandering motion.220

In Figure 5b, we also see the contours of the magnetic field start to move inwards and221

become closer together, with an increasing rate after about t = 54. Comparing this to222

the movement of the particle in z, we see the same behaviour in the amplitude of the223

meandering motion. This shows that the particle bounces between the magnetic walls224

of the inflow magnetic field. As the meandering in z and the propagation of the mag-225

netic walls are oppositely aligned, this energy gain through Ey can also be described as226

simple Fermi acceleration (Fermi, 1949; Northrop, 1963). Fermi acceleration between mov-227

ing regions of increased magnetic field is a common acceleration mechanism in space plas-228

mas in general, and has recently been used to describe acceleration of electrons inside229

magnetic islands (Drake et al., 2006) and between merging flux ropes (Arnold et al., 2021).230

5 Summary and Discussion231

This study is part of a larger effort to understand why, when and where magnetic232

reconnection occurs. To answer these questions we must understand why some current233

sheets reconnect while others do not. The results of this study can be used to expand234

our pool of data to investigate in this regard. By being able to identify current sheets235

that are close to or at reconnection onset, data from current sheet observations that were236

previously discarded since they do not show signatures of ongoing reconnection can be237

included in analyses of reconnecting current sheets.238

We identified two key signatures of reconnection onset in the electron distribution239

functions. The first is non-gyrotropy in the vxvy-plane, seen as shifted semicircles along240

the y-directed bulk flow, consistent with the necessary gradient in the non-gyrotropic elec-241

tron pressure contribution to the reconnecting electric field. The second signature is lemon242

shaped distributions in the vxvz-plane due to Fermi acceleration of the electrons bounc-243

ing between the inward propagating magnetic field of the inflow regions. These distri-244

bution signatures of reconnection onset are distinct from typical distributions seen dur-245

ing active reconnection. Later in our simulation the electron distributions transition to246

exhibit the normal signatures of reconnection, such as counter-streaming electrons in the247

direction normal to the current sheet, cigar shapes in the inflow region and emerging cres-248

cents (not shown).249
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Figure 4. A map of fe(vxvz) for the same boxes as in Figure 3 at t = 58.
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Figure 5. (a) fe(vxvz) at x = 15, z = 0, t = 58. (b) Slices along z at x = 15 of Ey (averaged

over 0.5di in x), plotted as a function of time, with contours of the magnetic potential. (c)-(g)

Position, kinetic energy and
∫
E · vdt for an example particle, as a function of time.
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In our setup, the onset signatures are clear. The temporal resolution of the Mag-250

netospheric Multiscale satellites (MMS) is on electron scales (Burch, Moore, et al., 2016),251

which is high enough that the signatures should be identifiable. If we assume B0 = 20 nT252

and n0 ∼ 0.3−0.8 cm−3 (Toledo-Redondo et al., 2021), one ion cyclotron time in our253

simulation corresponds to about 3 s, and one ion inertial length corresponds to 255−254

420 km. The identified onset signatures persist over several ion times and at least a full255

ion inertial length around the forming X-line, which increases the probability of detec-256

tion. Identifying currents sheets that show signs of being close to reconnection onset will257

enable us to include them in research of reconnecting currents sheets, which might fur-258

ther our understanding of which conditions are necessary for reconnection to occur.259
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