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Abstract Two types of filamentary currents (FCs) were observed inside a magnetic flux rope at the
magnetopause by the Magnetospheric Multiscale mission. The first FC is identified as an electron vortex,
while the other is a reconnecting current sheet. Stochastic electric fields were generated within the FCs,
resulting in electron acceleration up to a few keV, similar to recent simulations of electron acceleration inside
vortex, which is a second-order Fermi acceleration. Furthermore, two FCs propagated at different speeds,
causing compression in the region between them. Energetic electrons up to 200 keV were detected in the
compressed region and displayed a double power-law spectrum. Observations suggest that the electrons were
mainly accelerated by betatron mechanism in the compressed region. The formation, evolution, and interaction
of FCs provide a novel mechanism for electron acceleration. These results clearly show the significance of
electron-scale dynamics within flux rope.

Plain Language Summary Magnetic reconnection is a fundamental plasma process by which
magnetic energy is converted into the kinetic energy of charged particles. Understanding the acceleration
mechanisms for the energetic electrons during magnetic reconnection is a long-standing question in the study of
space and astrophysical plasmas. Using Magnetospheric Multiscale observations at Earth's magnetopause, we
present in situ evidence of electron acceleration up to 200 keV between two consecutive filamentary currents
(FCs) inside a magnetic flux rope. Two FCs propagate at different speeds, with the second moving faster,

thus causing a compressed region between them. These results provide an important new way for electron
acceleration in magnetic reconnection.

1. Introduction

Magnetic reconnection is a fundamental plasma process that explosively converts magnetic energy into plasma
kinetic energy and produces energetic electrons in various plasma environments (Yamada et al., 2010). Observa-
tions in the solar atmosphere (Benz, 2017; Lin, 2011) and the Earth's magnetosphere (X. Li et al., 2022; Oieroset
et al., 2002; Oka et al., 2016) indicate that these energetic electrons generally have a power-law distribution.
Understanding the acceleration mechanisms for these electrons is a long-standing question in the study of recon-
nection. Previous studies have shown that flux ropes (FRs) or magnetic islands in two-dimensional cases likely
play a critical role in accelerating electrons (Chen et al., 2008; Drake et al., 2006; Fu et al., 2006; Lu et al., 2020;
Sironi & Spitkovsky, 2014; R Wang et al., 2010; Zank et al., 2014). It has been proposed that electrons can be
trapped in a magnetic island bounded by two X-lines and gain energy through curvature and gradient drift accel-
eration during island contraction (Kliem, 1994). For a system of volume-filling islands, electrons undergo repeti-
tive acceleration and scattering between randomly distributed islands, leading to a stochastic acceleration process
(Drake et al., 2006). Electrons can also be accelerated by the electric field generated during the magnetic island
merging (Oka et al., 2010; Zank et al., 2014). Recent simulations have used a guiding-center theory to assess
the contributions of curvature drift, gradient drift, and parallel electric fields to electron acceleration during
reconnection (Dahlin et al., 2014; Guo et al., 2015; X. Li et al., 2015). A similar approach has been used to study
electron acceleration within FRs observed in the Earth's magnetosphere (S Wang et al., 2021; Zhong et al., 2020).
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Nevertheless, there has recently been increasing interest in fine structures of FRs and associated electron acceler-
ation owing to high-time resolution measurements from the Magnetospheric Multiscale (MMS) mission (Burch
et al., 2016). MMS observations at the magnetopause found multiple filamentary currents (FCs) within the FRs
(Eastwood et al., 2016; R Wang et al., 2017). The fragmented FCs can be produced by various instabilities (Che
et al., 2011; Daughton et al., 2011; Huang et al., 2017; Price et al., 2016). Particle-in-cell simulations have
shown that secondary reconnection in fragmented current sheets can accelerate electrons by parallel electric
fields (Huang et al., 2017). In situ observations also demonstrate that FCs inside FRs are secondary reconnection
sites and cause net magnetic energy dissipation (S Wang et al., 2020). In the magnetotail, some electron-scale
structures like vortices (Stawarz et al., 2018) observed in FRs are thought to be novel acceleration regions.
Recent simulations (Che & Zank, 2020; Che et al., 2021) proposed that electrons can be accelerated inside vorti-
ces during reconnection with a large guide field. The randomly distributed inductive electric field generated by
the vortices expansion leads to the stochastic acceleration of electrons and produces a power-law distribution with
an index of 3.5. This new acceleration mechanism by multi-vortices is thought to be efficient in explaining ener-
getic electrons produced in solar flares (Che & Zank, 2020). While these studies imply that filamentary structures
inside FRs may contribute to electron acceleration, direct evidence of them remains scarce.

In this letter, we report the first in situ observations of electron acceleration between two consecutive FCs within a
FR. The electrons were accelerated up to 200 keV and displayed a double power-law spectrum. Data from several
instruments of the MMS mission including the Fluxgate Magnetometer (Russell et al., 2016), the Electric Double
Probes (Ergun et al., 2016; Lindqvist et al., 2016), the Fast Plasma Investigation (Pollock et al., 2016), and the
Fly's Eye Energetic Particle Spectrometer (Blake et al., 2016) are used.

2. Event Overview

Figures la—1f show MMSI1 observations during 00:24:40-00:26:30 UT on 20 February 2016 in Geocentric
Solar Ecliptic coordinates. MMS1 was located at (4.5, —10.5, —1.1) Rg and traversed the dawn flank magneto-
pause from 00:26:05 to 00:26:13 UT. The crossing is characterized by changes in the electron energy spectrum
(Figure 1a), magnetic field B, (Figure 1c), and plasma density (Figure 1d). Before ~00:25:45 UT, MMSI1 was in
the magnetosheath. Between two vertical black dashed lines, MMS1 observed a bipolar B, variation and associ-
ated |B| enhancement, suggesting a FR crossing. The total pressure had a peak at the FR center (Figure 1f). This is
another typical signature of FRs in which the pressure force is balanced by the magnetic tension force (Hasegawa
et al., 2023; Hwang et al., 2016). A striking feature inside this FR is that energetic electron (47-214 keV) fluxes
increased by an order of magnitude at ~00:25:03 UT abruptly (Figure 1b). The energetic electron flux enhance-
ment in such a localized region near the FR center is a novel observation.

To analyze the properties of the FR, the data are transformed into a local FR coordinate system (abbreviated as
ijk) determined by minimum variance analysis (Sonnerup & Scheible, 1998) of the MMS1 magnetic field data
between 00:24:57 and 00:25:07 UT. Here, i = (—0.382, 0.834, 0.399);¢g. j = (—0.223, 0.335, —0.915)g, and
k = (—0.897, —0.439, 0.058) ;. Figures 1g—1k present an enlarged view of the FR. A correlated increase in |B|
and | B;| peaked at the reversal point of bipolar B; variation (Figure 1g). The ion flows were stable and mainly in
+k direction (Figure 1h), with an average value of ~203.3 km/s. Four-spacecraft timing analysis (Schwartz, 1998)
based on B; reveals that the FR moved along (—0.310, 0.195, 0.931)!.7.,( direction with a speed of 154.7 km/s. The
cross-section diameter of the FR is thus ~2011.1 km (~33.6 d;), where ion inertial length d; is 59.9 km deter-
mined from the background density of 14.5 cm™. At the FR center, two conspicuous electron flows were present
(Figure 1i) and largely distinguished from ambient stable flows. Two FCs, corresponding to current spikes,
were mainly carried by the electrons, and the perpendicular component was comparable to the parallel current
(Figure 1j). Simultaneously, two electric field spikes were found (Figure 1k). These local plasma and field varia-
tions suggest that some electron-scale processes were occurring therein.

3. Analysis of Two Filamentary Currents

Figures 2a-21 and 2m-2x show a zoom-in of two FCs (labeled as FC1 and FC2) respectively. The magnetic
field, electric field, and particle moments data used in Figure 2 are averaged over four MMS satellites. As the FR
coordinate system (ijk) is determined over a long interval (10 s), it may not be suitable for local and smaller-scale
FCs. Therefore, a new coordinate system (LMN) for each of FCs is determined by a hybrid method as discussed
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Figure 1. (a, b) Energy-time spectrograms of electrons measured by Fast Plasma Investigation and Fly's Eye Energetic Particle Spectrometer instruments. (c) Magnetic

field. (d) Electron density. (e) Ion flows. (f) Total, magnetic, electron, and ion pressures. (g—k) Enlarged view of magnetic field, ion flow, electron flows, current

density, and electric field inside the flux rope in ijk coordinates.
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Figure 2. (a) Magnetic field. (b) Electron flows. (c—€) Three components of the perpendicular electron bulk velocity V,, and (E x B)/ B drift velocity. (f) Parallel
electron flows. (g) Electric field. (h) J - (E + V. x B). (i) Eigenvalues from the minimum directional derivative method. (j) Structure velocity from the spatial-temporal
difference method. (k) Magnetic flux transport velocity Upi. (1) V - Upp normalized to the local electron cyclotron frequency. (m—x) are in the same format as (a-1).

by Denton et al. (2018). Note that the LMN coordinate system is different for two FCs. For FC1, L = (0.218,
0.975, —=0.043)5¢p M = (=0.275, 0.020, —0.958)4, N = (=0.936, 0.222, 0.273); for FC2, L = (=0.707,
0.695, 0.130) g4 M = (=0.019, 0.165, —0.986) 54, N = (=0.707, —0.700, —0.104) ;5. The M directions of two
FCs almost coincide with j direction (a rough estimate of the FR axis). The angle between the normal directions
of two FCs is 61°.

3.1. Identification of Electron Vortex

Inside FC1, MMS observed a By rotation from ~—16 nT to ~—6 nT and a subsequent variation to ~—9 nT
between 00:25:02.8 and 00:25:03.1 UT (Figure 2a), corresponding to negative-to-positive Jj, variation which is
produced by the fast electron flow V,,, (Figure 2b). |B| is subtracted by 30 nT and shows a dip near FC1 center
due to the decrease of | Bys|. The minimum directional derivative (MDD) method and spatial-temporal difference
(STD) method (Shi et al., 2005, 2006) are used to estimate the dimensionality and propagation velocity of FC1.
MDD method provides three directions of maximum, intermediate, and minimum variations of the magnetic
field. Three eigenvalues are used as indicators of the structure dimensionality, as shown in Figure 2i. We can
find Amax >> Amids Amin OF Amax, Amid > Amin inside FC1, which shows a transition between 1-D (flattened) and
2-D (circular). STD method calculates the instantaneous velocity of a quasi-stationary structure and its result
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is shown in Figure 2j. For FC1, the structure in the interval between 00:25:02.85 and 00:25:02.95 UT can be
considered quasi-1D, with the leading part moving faster than the trailing part, implying an expanding nature
(Yao et al., 2020). The thickness of this structure along N direction is calculated to be 10.6 km, ~5.9 local elec-
tron inertial lengths d,. Outside of this interval, the structure transformed into the quasi-2D or quasi-3D, and the
propagation velocity (Figure 2j) which assumes a 1D structure is not reliable.

The variation of electron flows inside FC1 seems weakened in Figure 2b as they are averaged over four satellites.
If background velocity is subtracted (averaged between 00:25:02.6 and 00:25:02.7 UT), all three components
of V. changed signs within FC1, indicating the possible existence of an electron vortex. The flow reversals are
more clearly seen in Figures 2c—2f. Figures 2c—2e plot three components of perpendicular electron bulk velocity
V.. and (E x B)/B? drift velocity. The profiles of V,; and (E x B)/B? match each other well except for some
short intervals. In contrast to the perpendicular flow, the field-aligned flow ¥, was almost identical to —V, and
reversed from negative to positive at ~00:25:02.98 UT (Figure 2f).

The electron velocity variations are further analyzed by taking advantage of four-point MMS measurements
(Figures 3d and 3e), and the velocity projection in the LN plane is displayed in Figure 3f. The black, red, green,
and blue diamonds in Figure 3f represent the relative positions of four satellites in the LN plane. The arrows
with different colors present velocity vectors at different times during the interval of flow reversal. (E x B)/ B>
velocity with higher resolution is used to assess the variations of V,; and ¥V, with background velocity removed.
The gray dashed arrows represent the MMS path through FC1 based on the STD result. One can see a clear
clockwise electron vortex in the LN plane, not a velocity shear layer. Then, an anticlockwise current loop, mainly
carried by the electrons, could generate a positive By (Figure 3b). Note that MMS3 observed a weaker positive
By inside FC1, consistent with the fact that MMS3 crossed the edge of the vortex. Although the flow shear along
M direction was also large, a vortex could not be generated in this direction since the By, component was large.

Figure 2h plots the energy conversion rate in the electron's rest frame J - (E + V. X B) (Zenitani et al., 2011) and
its contribution from parallel and perpendicular components. Some large positive and negative J, - (E + Ve X B)|
are seen inside FC1, and the net effect is about zero. Moreover, a positive J - Ej existed through FC1, indicating
that magnetic energy was being converted into electron energy by E|. Inside both FCs, J was nearly equal to J..

3.2. Identification of Reconnecting Current Sheet

Since FC2 was observed in proximity to FC1, a similar analysis is performed for FC2 in Figures 2m-2x and 3g-31.
Some differences are found. First, FC2 can be regarded as a quasi-1D current sheet with Amax > Amid, Amin
(Figure 2u) during the whole interval of B, reversal from negative to positive (Figure 2m). The current sheet has
a magnetic shear of 28°. The STD result suggests that its leading part was moving slower than trailing part. So
the current sheet was being compressed. Its thickness is estimated to be 40.8 km, ~0.6 local ion inertial length.
Electron vectors projected onto the LN plane show a disordered variation (Figure 31). Fast electron flow ¥,
produced the main current Jj, and associated reversal of B;. Inside the current sheet, MMS observed a positive
electron jet in L direction at the B, reversal point. However, it is difficult to identify whether this sub-ion-scale
current sheet with enhanced jet was reconnecting, since the shear flow inside FC2 may distort the reconnection
signatures. Therefore we use the magnetic flux transport (MFT) analysis here (T Li et al., 2021). This method
can identify active reconnection site by clear inward and outward MFT around the X-point and a quadrupolar
structure in the divergence of MFT. The signatures associated with the MFT velocity remain well even in strong
background shear flows. Qi et al. (2022) examined the MFT in those reported reconnection events using MMS
data and showed this method can successfully identify reconnection.

Figures 2w and 2x show the MFT velocity Uy, and its divergence. Upy; is defined as

E/
Uphi = Vep — (Vep - bp) by + B—M(M X bp),
P

where b, = B, /|B;|is the unit vector of the magnetic field component in the LN plane, v,y is the electron flow in
the LN plane, M is the out-of-plane direction, E’ = E + v, X B. U presents a bipolar variation in N direction and
aunipolar peak in +L direction. The MFT outflow velocity is larger than 1,200 km/s, ~0.5 V.. The bidirectional

MFT inflows and unidirectional outflow are consistent with the MMS crossing of + L side of the X-line. A bipo-
lar signature in V - Upy; is also consistent with converging MFT inflows and diverging outflows near the X-line.
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The MFT signatures suggest that MMS was crossing a reconnecting current sheet on the + L side, as shown in a
schematic of reconnection in a current sheet (Figure 31). Magnetic field By was persistently negative throughout
the FC2 encounter, consistent with the interpretation of crossing a reconnecting current sheet on the +L side of
the X-line. Electric field Ey shows a negative-to-positive variation (Figure 2s), pointing toward the current sheet
center. Note that electric field Ey has a negative enhancement at the reconnecting site. This reconnection electric
field is used to derive a normalized reconnection rate R = Ej /(Va.r Br) which is estimated to be ~0.1, similar
to previous studies (Burch et al., 2020; Liu et al., 2017). Moreover, J - (E + Ve X B) is positive and dominated by
Ji - Ej inside the current sheet, suggesting energy conversion from magnetic field to electrons. Based on these
signatures and estimates, FC2 is identified as an active reconnecting current sheet. There was no ion outflow
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or heating inside the current sheet, suggesting an electron-only reconnection, similar to that discovered in the
magnetosheath (Phan et al., 2018).

For comparison, the MFT velocity and its divergence are also calculated in FC1 (Figures 2k and 21). There is no
MEFT outflow inside FC1, and the divergence of the MFT has a bipolar variation but with a small value (<0.05
fee) on the positive side, suggesting that MMS did not cross a reconnection site.

Based on the analysis above, two FCs present different observational characteristics. FC1 is identified as an
expanding electron vortex, while FC2 is a reconnecting current sheet. From the STD method, we note that FC1
propagated with an average speed of 108 km/s along (—0.99, 0.00, 0.11)g, and FC2 propagated with 163 km/s
along (—0.71, —=0.70, —0.07)5qp tilted ~46° to xgsg. Thus the STD results suggest that FC1 propagated slower
than FC2.

4. Electron Acceleration Associated With Filamentary Currents

Figure 4 shows electron pitch angle distributions (ePADs) around two FCs. Next, we will discuss the electron accel-
eration within and between FCs. Inside two FCs, MMS observed enhanced fluxes at energies <2 keV (Figure 4b),
mainly in the parallel or antiparallel direction (Figures 4f and 4g). The vertical striping in Figures 4f—4h is caused
by some instrument artifact and does not affect our main conclusion. Further examination shows there is a good
correspondence between polarities of Ej (Figure 4d) and ePADs of these electrons. Therefore, these field-aligned
electrons were directly accelerated by Ej. Assuming that Ej is distributed along the field line with an average
amplitude of 2 mV/m, it would extend over 950 km to accelerate electrons from 100 eV to 2 keV. This distance
also provides an estimate of the vortex extension along the axis.

The observed Ej inside FC1 could be induced by vortex expansion as the simulations suggested (Che &
Zank, 2020). As the vortex is in the LN plane perpendicular to the FR axis, the electric field induced by the
vortex should be along the axis. The axial magnetic field is the dominant component inside the vortex, there-
fore the observed E is nearly parallel to the axial magnetic field. Note that E; observed by four satellites had
different variations (not shown), suggesting a complex distribution inside FCI. It is consistent with the simula-
tions in which the turbulent magnetic fields inside the vortex induce randomly localized electric fields (Che &
Zank, 2020). Inside FC2, MMS observed a positive E; which is identified as the reconnection electric field near
the X-point. This unipolar Ej was also accompanied by intense fluctuations indicating a turbulent state, similar
to that inside FC1.

Between FC1 and FC2, energetic electrons (2-200 keV, about 3-300 times the thermal energy) fluxes increased by
an order of magnitude between 00:25:03.0 and 00:25:03.7 UT than those outside this region. Figure 4j compares
the electron energy spectra between two FCs (magenta line), within FC2 (cyan line), outside the FCs (black line),
in the magnetosheath (green line), and in the magnetosphere (blue line). The black line is a combination of the
green and blue lines, suggesting that the electron population inside the FR is a mixture of magnetosheath and
magnetospheric electrons. The comparison shows that at energies above 2 keV the phase space density (PSD) of
electrons between two FCs is higher than that outside FCs. These accelerated electrons display a double power-
law distribution with an index of 3.70 in the energy range of 8—85 keV and 8.07 in 103-248 keV. The index of
3.70 is similar to that (3.50) observed in the entire simulation domain with multiple vortices (Che & Zank, 2020).
The energy of electrons with a power-law distribution in the simulations increases to 10—-100 times the thermal
energy, corresponding to about 7-70 keV in our event, which agrees well with the observations. Therefore, the
electrons in 8-85 keV could be accelerated by the stochastic electric fields within FCs and then drift into the
region between FCs. The spectrum in 103-248 keV has an index of 8.07, different from that for the lower-energy
electrons. This suggests that energetic electrons in 103-248 keV can be accelerated by other mechanisms. The
electron spectrum within FC2 (cyan line) is also plotted in Figure 4j. The PSD of electrons in 0.1-10 keV is larger
than that outside the FCs, with a similar spectrum to that between two FCs. Note that the spectrum within FC2
does not show a power-law distribution in 8—85 keV and decreases significantly above ~10 keV. It is probably
due to the small size of the FC2 (40.8 km) which is comparable to the gyroradius of 10 keV electrons (9.1 km),
and thus electrons cannot be fully accelerated to a power-law distribution. The electron spectrum within FC1 is
nearly identical to that within FC2 in 0.1-1 keV and then decreases significantly, corresponding to a smaller scale
of FC1 (10.6 km).

Another important question is how the electrons in 103-248 keV were accelerated between two FCs. These
observed energetic electrons could be accelerated from the preaccelerated electrons within FCs. Another
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possibility is that they were accelerated electrons of magnetospheric origin since they were observed in the
region of large and positive B, and low density. Figure 4e shows the adiabatic parameter « at four different
energies, where « is the square root of the ratio between the magnetic field curvature radius and the Larmor
radius (Biichner & Zelenyi, 1989). Electrons were adiabatic between two FCs because their k¥ were above 5.
As shown in Section 3, FC1 propagated slower than FC2, thus FC1 may seem an obstacle for FC2. A possible
scenario (right of Figure 4k) is that the interaction of FC1 and FC2 forms a compressed region (blue-shaded
region) between them. This scenario has some similarities to the interaction of two jet fronts in the magnetotail
(Catapano et al., 2021). As a result of motion of FCs, the length of the curved magnetic field decreases, leading
to an increase in the energy of the trapped electrons via Fermi process due to the conservation of the longitudinal
invariant. Betatron acceleration also plays a role in the compressed region, as there is an increase of |B|. Both
Fermi and betatron accelerations can affect the change in electron pitch angles. Therefore, when two mecha-
nisms are at work simultaneously, the pitch angles of accelerated electrons are determined according to their
relative importance. From Figures 4h and 4i, betatron acceleration should be the dominant mechanism through
the compressed region. Fermi acceleration was weaker overall, probably because of small magnetic curvature. A
more detailed analysis of Figure 4h reveals that electron flux in the 90° direction was the highest in the leading
edge of the FC2, concurrent with nonadiabatic electron motion. Considering the strongly enhanced polarization
electric fields Ey in the FC2 (Figure 2s), surfing acceleration in the reconnecting current sheet, as discussed by
Hoshino (2005), may work to perpendicularly accelerate electrons therein.

5. Discussion and Conclusions

In this letter, we present the first in situ observations of electron acceleration associated with two FCs within a
FR. Figure 4k provides a sketch summarizing the main structures and processes. FC1 is identified as an expand-
ing electron vortex, almost frozen-in with E X B drifting electrons. MMS observed a complex E distribution
inside FC1, which exhibited an overall bipolar variation but was accompanied by intense fluctuations, suggesting
that the induced E| is turbulent. Che and Zank (2020) proposed that the expansion of turbulent vortices can
induce stochastic electric fields that are important for producing a power-law spectrum. The acceleration process
inside FC1 is similar to the simulation results, although electrons cannot be accelerated to high energy inside it.
This is probably due to the small scale of the vortex and that magnetic energy has not yet been dissipated in large
quantities. In contrast, FC2 is identified as a reconnecting current sheet with a large guide field. The reconnection
electric field in it was also accompanied by strong fluctuations. It appears that the turbulent inductive electric
field is a common feature of FCs, but further study is needed to demonstrate this.

Another important result is that energetic electrons up to 200 keV were observed between two FCs and displayed a
double power-law distribution, in which the lower-energy (8-85 keV) band has an index of 3.70 and the higher-energy
(103-248 ke V) band with 8.07. Since two FCs propagated at different velocities, with the second moving faster, the
region between them was compressed. The electrons in 8—85 keV are found to be accelerated by stochastic electric
fields inside FCs and then drift into the compressed region between FCs. For higher-energy electrons, they were
accelerated in the compressed region by the betatron mechanism. This scenario is similar to the formation of a
magnetic bottle between two jet fronts in the magnetotail (Birn et al., 2011; Catapano et al., 2021). However, in our
event, the region between two FCs had enhanced magnetic fields and smaller spatial scale. Betatron acceleration is
the dominant mechanism in this compressed region, as the accelerated electrons were mainly in the 90° direction.

In conclusion, we present MMS observations of two types of FCs and associated electron acceleration within and
between them. These results suggest that electron acceleration in our event is not consistent with the acceleration
at two ends of a contracting FR (Drake et al., 2006), but is closely related to FCs near the FR center. Recent obser-
vations in the heliospheric current sheet (Desai et al., 2022) present challenges for some reconnection-driven
acceleration models like direct parallel electric fields and multi-islands acceleration. Our findings provide a new
acceleration scenario that electrons can be accelerated by the stochastic electric fields within FCs and then drift
into the compressed region between FCs in which they can be further accelerated to extremely high energy by the
betatron mechanism. This study may help explain the particle acceleration associated with FRs with large scale
and strong collisions in solar flares (Takasao et al., 2016).

Data Availability Statement

All the MMS data used in this work are available at the MMS data center (https://lasp.colorado.edu/mms/sdc/
public/about/browse-wrapper/).
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