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Turbulent plasmas generate intense current structures, which have long been sug-22

gested as magnetic reconnection sites. Recent Magnetospheric Multiscale (MMS) ob-23

servations in Earth’s magnetosheath revealed a novel form of reconnection where the24

dynamics only couple to electrons, without ion involvement. It was suggested that25

such dynamics were driven by magnetosheath turbulence. In this study, the fluctua-26

tions are examined to determine the properties of the turbulence and if a signature of27

reconnection is present in the turbulence statistics. The study reveals statistical prop-28

erties consistent with plasma turbulence with a correlation length of ∼ 10 ion inertial29

lengths. When reconnection is more prevalent, a steepening of the magnetic spectrum30

occurs at the length scale of the reconnecting current sheets. The statistics of intense31

currents suggest the prevalence of electron-scale current sheets favorable for electron-32

reconnection. The results support the hypothesis that electron-reconnection is driven33

by turbulence and highlight diagnostics that may provide insight into reconnection in34

other turbulent plasmas.35

Keywords: turbulence — magnetic reconnection — plasmas36

1. INTRODUCTION37

Plasma turbulence is ubiquitous across many systems, ranging from planetary magnetospheres to38

galaxy clusters (e.g. Weygand et al. 2005; Schekochihin et al. 2009; Bruno & Carbone 2013; Cranmer39

et al. 2015). Earth’s magnetosheath is one turbulent plasma that is accessible with high-resolution40

in situ observations (e.g. Sahraoui et al. 2004; Alexandrova et al. 2008; Huang et al. 2014, 2017;41

Chasapis et al. 2018). In turbulent systems, nonlinear interactions transfer energy from large to small42

scales, where energy can be dissipated. The nonlinear interactions tend to form coherent structures43

with intense localized gradients, known as intermittency, which, in collisional systems, are linked44

to dissipation. However, in the collisionless plasmas commonly present in space and astrophysical45

systems, it is not clear which processes dissipate energy from the turbulence (Kiyani et al. 2015,46
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and references therein). Determining the mechanisms responsible for turbulent dissipation is key to47

solving long-standing problems such as the heating of the solar corona and solar wind.48

In collisionless plasmas, turbulent dissipation could occur through stochastic heating (Chandran49

et al. 2010), resonant interactions, such as Landau damping (Chen et al. 2019), or processes, such50

as instabilities (Stawarz et al. 2015), occurring at intermittent currents. Another important process,51

suggested to occur at intermittent current structures, is magnetic reconnection (Matthaeus & Lamkin52

1986; Carbone et al. 1990; Servidio et al. 2009; Donato et al. 2012; Franci et al. 2017). Reconnection53

provides pathways for particle acceleration and subsequent heating, offering a means of energy dissi-54

pation (Burch et al. 2016b). Additionally, reconnection generates bulk flows and waves, which feed55

back into the turbulence, acting as a conversion process between electromagnetic and kinetic energy.56

The dissipation of waves excited by reconnection may also lead to dissipation.57

Observational evidence for turbulence-driven reconnection is difficult to obtain because high-58

resolution plasma measurements are needed to observe reconnection outflows at small-scale current59

sheets. Reconnection has been found in turbulent plasmas such as the solar wind (Gosling et al.60

2007) and Earth’s magnetosheath (Phan et al. 2007). Electromagnetic signatures, suggested to be61

associated with turbulence-driven reconnection, have been reported at small-scale currents in Earth’s62

magnetosheath with Cluster (Retinò et al. 2007; Sundkvist et al. 2007). Recently, high-resolution63

plasma measurements from Magnetospheric Multiscale (MMS) have revealed electron jets at small-64

scale current sheets in the magnetosheath (Yordanova et al. 2016; Vörös et al. 2017; Wilder et al.65

2018; Phan et al. 2018) and transition region of Earth’s bow shock (Wang et al. 2018; Gingell et al.66

2019).67

In particular, Phan et al. (2018) made the key observation of oppositely directed electron jets,68

providing clear evidence of active reconnection. However, these reconnecting current sheets were69

not embedded within ion-scale current sheets and did not show evidence of ion jets, indicating the70

ions may not couple to the events and any heating may only go into electrons. This novel electron-71

only reconnection was embedded within a qualitatively turbulent interval of the magnetosheath with72

strong fluctuations and many intense current sheets. Therefore, Phan et al. (2018) suggested that73
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Table 1. Average plasma and fluctuation properties

Interval v0 vA δb/B0 jrms βi βe ρi di ρe ∼ de λc

[km/s] [km/s] [µA/m2] [km] [km] [km] [di]

1 231 97 1.4 0.37 6 0.5 180 50 1 9-12

2 242 120 0.9 0.34 5 0.5 140 50 1 13

turbulence may be driving the reconnection. However, the properties of the fluctuations were not74

examined in detail. In this study, we examine the fluctuations within the interval studied by Phan75

et al. (2018) to determine i) what the properties of the turbulence that drives electron reconnection76

are and ii) if there is a signature of reconnection in the turbulence statistics.77

2. DATASET78

Data were collected by MMS (Burch et al. 2016a) and include magnetic field (B) measurements79

from the fluxgate (Russell et al. 2016) and seach-coil (Le Contel et al. 2016) magnetometers and80

particle moments from the Fast Plasma Investigation (FPI) (Pollock et al. 2016). A merged fluxgate81

and search-coil magnetometer dataset with a cross-over between the instruments from 4 to 7-Hz is82

used (Argall et al. 2018, in preparation). The current density (j) is obtained from the curlometer83

technique and FPI moments. In the latter case, j = qne(vi − ve), where q is the proton charge, ne84

is the electron number density, vi and ve are the ion and electron velocities respectively, and vi is85

interpolated to the cadence of ve.86

Two intervals of high-resolution (burst) magnetosheath data are analyzed, providing 1/8192-s fields87

measurements and 0.15-s and 0.03-s ion and electron moments, respectively. Figure 1 gives an88

overview of the magnetosheath data and subsequent bow shock crossing at low resolution, with burst89

intervals indicated by regions where |j| is plotted. The burst intervals are embedded in an extended90

region of magnetic fluctuations downstream of Earth’s bow shock, which MMS crossed at ∼09:40:0091

UTC. A feature at ∼09:25:00 UTC, containing a depletion in |B|, enhancement in vi, and narrowing92

of the ion energy spectrogram towards those of the solar wind, appears consistent with a partial bow93

shock encounter.94
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The burst intervals are trimmed to shorter subintervals, referred to as Interval 1 (09:01:40-09:07:0095

UTC) and Interval 2 (09:26:25-09:34:57 UTC). The initial portion of the first burst interval is omitted96

from Interval 1 due to relatively poor performance of the Taylor hypothesis (see Section 3) and the97

initial portion of the second burst interval is omitted from Interval 2 to avoid the partial shock98

encounter. The resulting subintervals are 320-s and 512-s long and contain 7 and 4 potentially99

reconnecting current sheets, respectively, as identified by Phan et al. (2018). An additional 5 and100

2 reconnecting current sheets were identified within the omitted segments prior to Intervals 1 and101

2, respectively. The intervals each contain over 2.5 × 106 B measurements and over 100 magnetic102

correlation lengths (λc) based on the analysis in Section 4.3. Table 1 summarizes the average plasma103

parameters for the subintervals, including the background flow speed (v0), Alfvén speed (vA), δb/B0 ≡104 √
〈|B− 〈B〉|2〉/|〈B〉|, root-mean-square |j| (jrms) from FPI, plasma beta (βs), gyroradius (ρs), and105

inertial length (ds), where 〈...〉 denotes a time average over the interval and s = i, e denotes ions or106

electrons, respectively.107

3. VALIDITY OF TAYLOR HYPOTHESIS108

For single-spacecraft measurements, the Taylor hypothesis is commonly used to convert observed109

timescales to length scales, assuming fluctuations advect past the spacecraft at v0 faster than the110

dynamical timescale at the length scale of interest. Using the Taylor hypothesis, spatial lags (`) and111

wavenumbers (k) are given by ` = v0∆t and k = 2πf/v0, where ∆t is a temporal difference, f is the112

spacecraft-frame frequency, and the spatial scales are measured in the v0 direction. In plasmas such113

as the solar wind, where a unidirectional, super-Alfvénic v0 is present, the Taylor hypothesis is well114

founded. For the magnetosheath intervals analyzed here, v0 ∼ 2vA and the flow directions are ∼ 47◦115

and 26◦ relative to B0 for Intervals 1 and 2, respectively.116

Spatial lags can be directly measured using the six spacecraft pairs in the MMS formation. By

comparing statistics computed using the Taylor hypothesis and from spacecraft pairs, the Taylor

hypothesis can be tested at the scale of the MMS formation (Chen & Boldyrev 2017). In Figure 1f,
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Figure 1. MMS1 observations, showing (a) |B|, (b) B in GSE coordinates, (c) vi in GSE coordinates,

(d) ion energy spectrogram, and (e) |j| computed from FPI. B is plotted at 1/16-s cadence, particle data

at 4.5-s cadence, and |j| at burst resolution. The analyzed intervals are shaded blue and red. (f) Ratio of

multi-spacecraft to single-spacecraft estimates of S2 as a function of θ` for Intervals 1 (blue squares) and 2

(red triangles) and the segment omitted from Interval 1 (green diamonds). The six points for each interval

correspond to the six spacecraft pairs. Averages of the six points are marked with asterisks and vertical

dashed lines mark the v0 direction.
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single and multi-spacecraft estimates of the second-order structure function (S2) of B, defined as

S2(`) = 〈|B (x + `)−B (x)|2〉, (1)

are compared as a function of the angle (θ`) between ` and B0. For the ∼ 6-km MMS separations,117

good agreement is found for both intervals, indicating the Taylor hypothesis is valid well below ion118

scales. Anisotropy with θ` is not apparent and on average multi-spacecraft estimates are within119

10% of Taylor hypothesis estimates. The super-Alfvénic flows and good agreement between single120

and multi-spacecraft measurements well into the kinetic scales suggest the Taylor hypothesis can be121

reasonably applied to examine a wide range of scales. In contrast, the omitted segment prior to122

Interval 1 displays a systematic overestimate of the single-spacecraft estimates relative to the multi-123

spacecraft estimates for all six spacecraft pairs, indicating the Taylor hypothesis may not work as124

well during this interval.125

4. RESULTS126

4.1. Magnetic Spectra127

Omnidirectional magnetic spectra for both intervals with k computed using the Taylor hypothesis128

are displayed in Figure 2. The spectra exceed the noise floor of the magnetometers by several orders129

of magnitude until & 400-Hz. Power laws are observed over several ranges of k, consistent with130

turbulence. For ∼ 10−3-km−1 < k < ρ−1i , where the dynamics are expected to be governed by131

magnetohydrodynamics (MHD), the spectra scale as ∼ k−1.4. This power law is shallower than the132

k−5/3 (Kolmogorov 1941) or k−3/2 (Iroshnikov 1964; Kraichnan 1965) predictions from MHD. Surveys133

of magnetosheath turbulence show MHD-scale power laws have a broad distribution around ∼ k−1.2134

with k−5/3 occurring farther from the bow shock. This behaviour may be due to fluctuations driven135

by the shock needing time to nonlinearly interact before the MHD-scale turbulence fully develops,136

producing a k−5/3 spectrum (Huang et al. 2017). It is therefore reasonable to expect shallow power137

laws in the intervals analyzed here, due to the close proximity to the bow shock.138

The spectra steepen to ∼ k−2.7 for Interval 1 and ∼ k−2.8 for Interval 2 at kρi ∼ 1. A spectral139

break at kρi ∼ 1 instead of kdi ∼ 1 agrees with solar wind observations (Chen et al. 2014) and140
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Figure 2. Omnidirectional magnetic spectra averaging together the 4 spacecraft for (a-b) Interval 1 and

(c-d) Interval 2. The spectra from (a) and (c) are multiplied by the sub-ion-scale power law in (b) and (d),

such that the spectra are constant just above kρi ∼ 1. Green curves are running medians over a half-decade

in k. Vertical lines denote various inverse plasma length scales and the spacecraft separation. Shaded regions

are where instrumental noise becomes significant.

simulations (Franci et al. 2016), showing the break tends toward ρ−1i for large βi, as is the case here.141

The sub-ion-scale power laws match those observed at kinetic scales in the solar wind (Alexandrova142

et al. 2012), magnetosheath (Huang et al. 2017; Chen & Boldyrev 2017), and simulations (Franci143

et al. 2016, 2017), consistent with a turbulent environment. Recent simulations show fully developed144

kinetic-scale spectra can rapidly develop, facilitated by reconnection, even before a fully developed145

MHD-scale inertial range forms (Franci et al. 2017).146

The k−2.8 scaling in Interval 2 continues to electron scales and an enhancement in magnetic power147

is present at sub-electron-scales, which may be related to wave activity. However, in Interval 1, a148

second steepening to k−3.2 occurs at k ∼ (4de)
−1. Interestingly, this length scale is similar to the149

thickness of the reconnecting current sheets identified by Phan et al. (2018), suggesting the steepening150
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may be linked to reconnection. Such a steepening could either be due to dissipation, which may be151

facilitated by reconnection, or a change in the nonlinear dynamics. The disruption of current sheets by152

reconnection is suggested to alter the nonlinear dynamics at scales where the timescale of the tearing153

mode is faster than the nonlinear turbulence timescale, changing the spectral power law (Mallet et al.154

2017; Loureiro & Boldyrev 2017a,b; Boldyrev & Loureiro 2017). However, the theoretical description155

of this process is based on MHD turbulence models and new kinetic-scale models are needed to156

extend it to the electron-reconnection observed here. Additionally, the thickness of intense current157

sheets is suggested to control the wavenumber of spectral breaks (Borovsky & Podesta 2015), which158

could produce the observed steepening if electron-reconnection sets a thickness for the electron-scale159

current sheets.160

While evidence of reconnection is found in both intervals, only Interval 1, which has the higher161

prevalence of reconnection, with 2.8 times as many reconnection events observed per unit time than162

Interval 2, shows a signature at k ∼ (4de)
−1. As reconnection events occur at a subset of the current163

structures formed by the turbulence, one might expect the prevalence of reconnection within a volume164

to impact how apparent the signature is in the spectrum. The prevalence of potential reconnection165

sites is explored further in the following section.166

4.2. Current Distributions167

To further examine conditions that may be favorable for reconnection within the two intervals,168

we examine the statistics of j, since large j could indicate thin current sheets. Both intervals have169

non-Gaussian distributions of each measurements of j for all three components, consistent with170

intermittency as expected in a turbulent plasma (Matthaeus et al. 2015), leading to non-exponential171

tails in the distribution of |j| in Figure 3a. However, the probability of the most intense currents172

(|j| & 2jrms) is enhanced in Interval 1 relative to Interval 2. The higher probability of intense j173

in Interval 1 is also apparent in Figure 1e and indicates more potential reconnection sites may be174

present.175

The distributions in Figure 3a depend upon the number of intense current structures and the dwell176

time within each structure. To verify the number of intense current structures, and thus the number177
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Figure 3. (a) Probability density of |j| with dashed curve giving the distribution for the magnitude of a

Gaussian random vector and (b) cumulative distributions of jpeak > 1.5jrms computed from the curlometer

and FPI moments. (c) Cumulative distribution functions of ∆Bpeak > 1.5∆Brms for ` = 6-km computed

from multispacecraft increments and the Taylor hypothesis.

of potential reconnection sites, is enhanced in Interval 1, we compute the cumulative distribution of178

peak currents (jpeak) within each current structure in Figure 3b. To identify current structures, local179

maxima in |j| greater than 1.5jrms are identified and two consecutive local maxima are considered180
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independent structures if the local minimum between them is less than the half-maximum of either181

peak. Cumulative distributions are used instead of probability densities to avoid the need to set bin182

widths since there is a relatively small number of structures in each interval (∼ 350 for Interval 1 and183

∼ 600 for Interval 2, consistent with the difference in length for the intervals). The identified current184

structures include the reconnecting current sheets identified by Phan et al. (2018). The cumulative185

distributions are similar, scaling as j−3.4peak , up to ∼ 2.5jrms for both intervals. Above 2.5jrms, the186

cumulative distribution for Interval 2 steepens, while the distribution for Interval 1 maintains the187

same power law, indicating a lower prevalence of intense current structures in Interval 2.188

Estimates of the half-maximum thickness for current sheets with jpeak > 2.5jrms are < 130-km,189

indicating sub-ρi scale currents are more prevalent in Interval 1 than Interval 2. Current sheet190

thicknesses are estimated by defining the normal direction (n̂) as n̂ ≡ B1 × B2/|B1 × B2|, where191

B1 and B2 are the magnetic field on either side of the current structure. The average vi across the192

structure is used as the velocity.193

Cumulative distributions of the peak value for increments of B (|∆B(`)| ≡ |B(x + `) −B(x)|) in194

Figure 3c using multi-spacecraft measurements and the Taylor hypothesis are similar to those for |j|.195

Therefore, the relative probability of intense structures in the increments can potentially be used to196

examine the prevalence of thin current sheets favorable for reconnection in turbulent plasmas where197

only single-spacecraft measurements and low-resolution plasma moments are available.198

4.3. Correlation Length199

While Section 4.2 gives insight into the prevalence of potential reconnection sites, we now examine

why electron-only reconnection occurs in these intervals. The lack of ion jets within the reconnec-

tion events was suggested to be due to insufficient time and/or space for the ions to couple to the

dynamics (Phan et al. 2018). Simulations of antiparallel reconnection suggest the MHD response to

reconnection (including ion jets) weakens for current sheet lengths along the exhaust direction shorter

than ∼ 10di (Mandt et al. 1994). More recent guide field simulations with parameters comparable

to Interval 1 find the MHD response weakens for lengths shorter than ∼ 40di, with little or no ion

flows for lengths ∼ 10di (Sharma Pyakurel et al. 2019). To asses this possibility, λc within the two
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intervals is examined. The autocorrelation function (R) of the magnetic fluctuations is given by

R(`) ≡ 〈Tr [δb(x + `)δb(x)]〉
〈|δb|2〉

, (2)

where Tr[...] is the trace and δb ≡ B − 〈B〉. R(`) is estimated using the Taylor hypothesis and200

by averaging over time and the four spacecraft (Figure 4). The correlation length is estimated by201

numerical integration using λc ≡
∫∞
0
R(`)d`, where the integration is performed up the first zero-202

crossing of R(`), and by fitting an exponential of the form R(`) ∝ exp(−`/λc).203

Interval 1
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Figure 4. R(`) computed from the Taylor hypothesis and averaging together the 4 spacecraft for Interval

1 (blue) and 2 (red). Black dashed curves are exponential fits. Dashed and dotted vertical lines mark λc for

each interval as computed from numerical integration and exponential fitting, respectively.

For the two intervals, both methods for estimating λc give similar results. Estimates of λc are204

summarized in Table 1. MHD turbulence simulations show that the average length of reconnecting205

current sheets is ∼ λc (Servidio et al. 2009) and in Hall-MHD turbulence shorter and thinner recon-206

necting current sheets relative to MHD are present (Donato et al. 2012). The observed λc for the207

two intervals are ∼ 10di, consistent with the suggestion of Phan et al. (2018) that relatively short208

current sheets cause the lack of ion jets.209

5. CONCLUSIONS210

We examine two intervals of magnetosheath data where signatures of electron-only magnetic re-211

connection were identified at multiple electron-scale current sheets by Phan et al. (2018). We find212
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that the fluctuations in these intervals have properties consistent with other turbulent plasmas, in213

that the magnetic spectrum at sub-proton scales is consistent with those commonly observed in the214

solar wind and numerical simulations. Both the currents and increments in the magnetic field have215

non-Gaussian statistics, consistent with intermittency. Magnetic spectra at scales larger than the216

ion gyroradius appear to have power laws shallower than those expected from turbulence theory, as217

often observed with magnetosheath turbulence. The correlation length of the turbulence is ∼ 10di,218

consistent with the current sheet length at which electron-reconnection is expected to occur.219

A new signature, where the magnetic spectrum steepens at k > (4de)
−1, is found in one of the220

intervals, which may suggest reconnection plays a role in dissipation at electron scales. While both221

intervals contain reconnecting current sheets, the spectral signature was found in the interval with222

more reconnection events, suggestive that such a steepening may become more apparent as more223

current sheets within the volume begin to reconnect. Additional theoretical work, focussing on224

electron-scale coherent structures, is needed to understand the link between the spectral break and225

reconnection.226

Examining the distribution of current structures reveals that the interval with more reconnection227

events has an enhanced probability of intense sub-ion-scale current sheets, which may lead to more228

reconnection occurring. A clear change in the behavior of the cumulative distribution of jpeak at229

intense currents is present for the interval with reduced probability. Similar behavior is found in230

the distributions of magnetic increments, as often used to study turbulence, particularly when only231

single-spacecraft measurements are available.232

This study highlights several new features that will be important to examine when studying recon-233

nection in turbulent plasmas. At present, it is unclear why the two near-by intervals examined here234

exhibit these differences in the occurrence of intense small-scale current sheets and reconnection. One235

possibility may be the dynamical age of the turbulence. The interval with fewer reconnection events236

is observed immediately adjacent to a possible partial shock encounter, which suggests the turbulence237

was recently driven by processes at the shock. Depending on how far the other interval is from the238

shock, it may have had more time to develop nonlinearly and form intermittent current structures.239
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However, it is not possible to confirm the distance of this interval from the shock with the present240

observations. Alternatively, the firehose instability can stabilize current sheets against reconnection241

and may influence kinetic-scale statistics (Matteini et al. 2013). Temperature anisotropies within242

the two intervals are similar and near unity, potentially inconsistent with this scenario; however,243

such instabilities would naturally drive the anisotropy back towards stability. A further statistical244

study of reconnection, current structures, and turbulence properties in the magnetosheath will help245

to elucidate this issue and further characterize the new spectral break near electron scales.246
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Retinò, A., Sundkvist, D., Vaivads, A., et al. 2007,357

Nature Phys., 3, 236, doi: 10.1038/nphys574358

Russell, C. T., Anderson, B. J., Baumjohann, W.,359

et al. 2016, Space Sci. Rev., 199, 189,360

doi: 10.1007/s11214-014-0057-3361

Sahraoui, F., Belmont, G., Pinçon, J., et al. 2004,362
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