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            Abstract
Magnetic reconnection in current sheets is a magnetic-to-particle energy conversion process that is fundamental to many space and laboratory plasma systems. In the standard model of reconnection, this process occurs in a minuscule electron-scale diffusion region1,2. On larger scales, ions couple to the newly reconnected magnetic-field lines and are ejected away from the diffusion region in the form of bi-directional ion jets at the ion Alfvén speed3,4,5. Much of the energy conversion occurs in spatially extended ion exhausts downstream of the diffusion region6. In turbulent plasmas, which contain a large number of small-scale current sheets, reconnection has long been suggested to have a major role in the dissipation of turbulent energy at kinetic scales7,8,9,10,11. However, evidence for reconnection plasma jetting in small-scale turbulent plasmas has so far been lacking. Here we report observations made in Earth’s turbulent magnetosheath region (downstream of the bow shock) of an electron-scale current sheet in which diverging bi-directional super-ion-Alfvénic electron jets, parallel electric fields and enhanced magnetic-to-particle energy conversion were detected. Contrary to the standard model of reconnection, the thin reconnecting current sheet was not embedded in a wider ion-scale current layer and no ion jets were detected. Observations of this and other similar, but unidirectional, electron jet events without signatures of ion reconnection reveal a form of reconnection that can drive turbulent energy transfer and dissipation in electron-scale current sheets without ion coupling.
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                    Fig. 1: Schematics contrasting standard magnetic reconnection in large-scale current sheets and electron-only reconnection in small-scale turbulence.[image: ]


Fig. 2: Overview of MMS 1 observations of turbulent current sheets in Earth’s subsolar magnetosheath region downstream of a quasi-parallel shock.[image: ]


Fig. 3: Simultaneous MMS 1 and MMS 3 detections of oppositely directed super-ion-Alfvénic electron jets, parallel electric fields and enhanced magnetic-to-electron energy conversion in an electron-scale current sheet.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Large-scale context of the thin current sheet, illustrating the fact that the electron-scale current sheet was a stand-alone current sheet, not embedded inside an ion-scale one.
Data are shown in the LMN coordinates determined for the thin current sheet and used in Fig. 3. a, Magnetic field. b, Ion velocity. c, Electron velocity. d, j · (E + Ve × B) = j · E′. The thin reconnecting current sheet stands out in this interval, with nothing else approaching its current density or its value of j · (E + Ve × B). The absence of an ion-scale current sheet enveloping the electron-scale current sheet is indicated by the fact that |BL| reaches essentially its asymptotic values immediately outside the thin current sheet.


Extended Data Fig. 2 Absence of reconnection ion jetting.
The data are in GSE coordinates. a, Magnetic field. b, Ion velocity. c, d, y (c) and z (d) components of the ion velocity (Vi) and Alfvén velocity (VA). VA is relative to the reference velocity, density and magnetic-field values at the left edge of the data interval: VA = Bref(1−αref)1/2(μ0ρref)−1/2−B(1−α)1/2(μ0ρ)−1/2, where μ0 is the vacuum permeability, α = (p||−p⊥)μ0/B2 is the pressure anisotropy factor and ρ is the mass density of the plasma3. The expected speeds of the ion reconnection jets embedded inside many of the large-magnetic-shear current sheets are in the range of 100–200 km s−1, based on BL variations of around 20−40 nT (a). If present, such jets are readily recognized by back-to-back opposite correlations between ion velocity and magnetic-field variation at the two edges of the current sheet, which indicate pairs of rotational discontinuities emanating from the X-line5. These signatures are not seen here. What we instead find in the data is either no correlation between components of Vi and B, or a single correlation (or anti-correlation), indicative of Alfvénic structures16 rather than reconnection jetting.


Extended Data Fig. 3 Four-spacecraft observations of the reconnecting current sheet.
A common current-sheet LMN coordinate system (same as in Fig. 3) was used for consistency, justified by the fact that the LMN coordinates at individual spacecraft differ from each other by less than 4°. a–d, L (a, c) and M (b, d) components of the magnetic field (a, b) and of the electron velocity (c, d). e, M component of the current density. f, L component of the E × B/B2 velocity. g, N component of the electric field. h, Electric-field component parallel to the magnetic field. i, j · (E + Ve × B) = j · E′. j, Spacecraft locations relative to MMS 1, in kilometres (roughly de). The BL profiles (a) show that MMS 1 and MMS 3 crossed the current sheet at essentially the same time, preceded by MMS 4 and followed by MMS 2. The fact that MMS 4 exited the current sheet before MMS 2 entered it places an upper limit on the thickness of the current sheet, which is the 4.5-km separation distance between the two spacecraft along N (j). This is consistent with the current-sheet width of 4 km determined from the motion and crossing duration of the current sheet. Inside the current sheet, MMS 4 detected a positive (E × B/B2)L (except at the right edge), similarly to MMS 3, whereas MMS 2 detected a negative (E × B/B2)L, similarly to MMS 1. This indicates that there was a pair of spacecraft on each side of the X-line. All four spacecraft detected a predominantly negative E||. The parameter j · (E + Ve × B) was consistently positive at all four spacecraft throughout the current sheet, with the amplitude being lowest at MMS 2. MMS 2 also detected the largest guide-field (BM) compression, fastest ΔVeL and (E × B/B2)L jets, slowest ΔVeM and weakest E||, which together may suggest that MMS 2 was furthest away from the X-line.
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