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Abstract (<250 words). The properties and acceleration mechanisms of electrons (< 200 keV) 

associated with a pair of tailward traveling flux ropes and accompanied reconnection X-lines in 

Earth’s plasma sheet are investigated with MMS measurements. Energetic electrons are 

enhanced on both boundaries and core of the flux ropes. The power-law spectra of energetic 

electrons near the X-lines and in flux ropes are harder than those on flux rope boundaries. 

Theoretical calculations show that the highest energy of adiabatic electrons is a few keV around 

the X-lines, tens of keV immediately downstream of the X-lines, hundreds of keV on the flux 

rope boundaries, and a few MeV in the flux rope cores. The X-lines cause strong energy 

dissipation, which may generate the energetic electron beams around them. The enhanced 

electron parallel temperature can be caused by the curvature-driven Fermi acceleration and the 

parallel electric potential. Betatron acceleration due to the magnetic field compression is strong 

on flux rope boundaries, which enhances energetic electrons in the perpendicular direction. 

Electrons can be trapped between the flux rope pair due to mirror force and parallel electric 

potential. Electrostatic structures in the flux rope cores correspond to potential drops up to half of 

the electron temperature. The energetic electrons and the electron distribution functions in the 

flux rope cores are suggested to be transported from other dawn-dusk directions, which is a 3-

dimensional effect. The acceleration and deceleration of the Betatron and Fermi processes appear 

alternately indicating that the magnetic field and plasma are turbulent around the flux ropes.  

 

Three key points: 140 characters or less 

1. Fermi and parallel potential is strong near X-lines, Betatron is strong on flux rope boundaries, 

and electrostatic structures in flux rope 

2. Adiabatic electrons are to a few keV around X-line, 10’s keV downstream of X-line, 100’s 

keV on flux rope boundary and a few MeV in flux rope 

3. Energetic electrons and electron distribution function suggest that field lines in flux rope core 

connect to X-line in dawn-dusk direction 

 

Plain Language Summary: < 200 words 

Theoretical physicists have been using simulations to explain the origin of energetic electrons in 

astrophysics and space plasma physics. The simulations and test particle calculations showed 

that flux ropes, an important magnetic structure generated by magnetic reconnection, can 

accelerate energetic electrons. Our study provides a comprehensive investigation of the 

properties and acceleration mechanisms associated with a pair of flux ropes and reconnection X-

lines. The three fundamental acceleration mechanisms, i.e., the Betatron process, the Fermi 

process, and the parallel electric field, have been directly assessed and are shown to be important 

in different regions. The results of our investigations should advance our understanding of the 

role of magnetic flux ropes in charged particle acceleration of all cosmic plasmas. 
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1.  Introduction 

 

The acceleration mechanism for energetic particles is one of the fundamental science questions 

in space and astrophysical plasma physics. Magnetic reconnection, which can convert magnetic 

energy into plasma kinetic and thermal energies, is believed an effective way of energizing 

particles [Zweibel & Yamada, 2009; Yamada et al., 2010]. Meanwhile, magnetic reconnection 

often produces coherent magnetic structures, e.g., flux ropes or plasmoids in spacecraft 

observations and magnetic islands in 2-dimensional (2D) simulations, which are proposed to 

play important roles in accelerating particles [Drake et al., 2006a]. Recent studies have shown 

that strong turbulence associated with magnetic reconnection in the Earth’s magnetotail can 

significantly accelerate particles, including the relativistic electrons with energies higher than 10s 

keV [Ergun et al., 2020a, 2020b]. 

 

In the reconnection diffusion region, where magnetic field lines reconnect, particles are 

accelerated by the non-ideal electric field as shown in theoretical and simulations studies, see, for 

example, Hoshino et al. [2001]; Fu et al. [2006]; Egedal et al. [2012]. Electrons can be 

accelerated by the parallel electric field near the separatrices, i.e., trapped electron model, where 

electrons are trapped by the mirror force or the parallel potential drops [Egedal et al., 2012]. 

Electrons may also be accelerated by the structures that carry the parallel electric field, such as 

electrostatic solitary waves (ESWs) [Drake et al., 2003], double layers [Egedal et al., 2015], and 

slow shocks in the low plasma 𝛽 reconnection [Zhang et al., 2019b, 2019a]. Electron 

acceleration in the exhaust jets immediately downstream of active reconnection sites but within 

the ion diffusion region might result from electron re-magnetization [Drake et al., 2009; Li et al., 

2017; Arnold et al., 2021]. Following the acceleration in and around the immediate vicinity of a 

reconnection X-line, particles are suggested to be further accelerated by Betatron and/or Fermi-

type acceleration processes downstream of the reconnection site [Pellinen & Heikkila, 1978; 

Scholer, 1984; Hoshino et al., 2001; Wang et al., 2016]. 

 

In the studies related to magnetic islands, it has been suggested that the contraction of magnetic 

islands can result in Fermi-reflection electron accelerations [Drake et al., 2006a]. The Fermi-

reflection acceleration refers to electrons trapped in closed magnetic field lines, and they would 

continuously gain energy when passing through the flows driven by contracting magnetic field 

lines repeatedly [Drake et al., 2006a; Li et al., 2021]. Electrons gain significant energy through 

the curvature-driven Fermi bounce mechanism and re-magnetizations by the flows through each 

crossing [Li et al., 2021]. Coalescence of neighboring magnetic islands through a secondary 

reconnection can repeatedly accelerate the trapped electrons through reconnection electric fields 

and further Fermi-reflection acceleration [Pritchett, 2008; Oka et al., 2010; Hoshino, 2012; 

Arnold et al., 2021]. In some 2D simulations, the electrons can be confined within the magnetic 

island and accelerated to high energy [Lu et al., 2020]. In 3-dimensional (3D) fully kinetic 

simulations, Zhang et al. [2021] show that the flux rope kink instability results in strong field 

line chaos during the magnetic reconnection with a weak guide field. The field line chaos allows 

particles to transport out of the flux ropes and then further be accelerated by the reconnection 

electric field. 
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In the Earth’s magnetotail, magnetic flux ropes or plasmoids have been observed with scales 

from several RE (RE is one Earth radius) to sub-ion scales (smaller than ion inertial length) [see, 

for example, Hones Jr., 1984; Slavin et al., 1989; Ieda et al., 1998; Slavin et al., 2003; Chen et 

al., 2007; Sun et al., 2019]. Energetic particles, i.e., both ions and electrons, are observed to be 

accompanied by large-scale (several RE) flux ropes, or plasmoids [e.g., Hones Jr., 1984; Scholer 

et al., 1985; Slavin et al., 1990; Zong et al., 1997; Zong et al., 2004], and the ion-scale flux ropes 

[e.g., Chen et al., 2007; Retinò et al., 2008; Wang et al., 2010; Huang et al., 2012; Zhong et al., 

2020]. Energetic electrons have been also detected in the reconnection diffusion regions [e.g., 

Øieroset et al., 2002; Imada et al., 2007; Wang et al., 2010; Huang et al., 2012; Oka et al., 2016; 

Zong & Zhang, 2018; Chen et al., 2019; Fu et al., 2019; Cohen et al., 2021; Turner et al., 2021] 

and in the reconnection outflow pileup regions [e.g., Imada et al., 2007; Fu et al., 2013; 

Nakamura et al., 2013; Xu et al., 2018]. The enhancements of energetic electrons are observed in 

the energy up to a few hundred keV in most of the above studies. Some studies report the 

enhancements of a few MeV electrons in the deep magnetotail (i.e., downtail ~ 100 RE), which 

are shown to be accompanied by substorms [Krimigis and Sarris, 1980; Slavin et al., 1992; 

Richardson et al., 1996]. 

 

The consequence of net acceleration by these different mechanisms is that particles typically 

develop power-law energy spectra. In the Earth’s magnetotail, many measurements have shown 

the power-law spectra of energetic electrons, and the slopes of the spectra vary in different 

structures or regions. For example, a diversity of power-law spectra are found for ions and 

electrons in the plasma sheet [see, Christon et al., 1991; Espinoza et al., 2018; Sun et al., 2018], 

and reconnection diffusion region [see, Øieroset et al., 2002; Huang et al., 2012; Oka et al., 

2016; Cohen et al., 2021]. 

 

Measurements from the Magnetospheric MultiScale (MMS) mission [Burch et al., 2016a] have 

directly revealed the process of energy converted from electro-magnetic energy into particle 

thermal and kinetic energy in and around the reconnection electron diffusion region (EDR) 

[Burch et al., 2016b]. Measurements from MMS have also enabled investigations of intensities 

of the local Betatron, local curvature-driven Fermi, parallel electric field, and non-

adiabatic/nonlinear acceleration processes. For example, the local Betatron, local curvature-

driven Fermi and parallel electric field associated with flux transfer events at the dayside 

magnetopause [Akhavan-Tafti et al., 2019], reconnection outflow [Eriksson et al., 2020] and flux 

ropes in Earth’s cross-tail current sheet [Zhong et al., 2020; Jiang et al., 2021] have been 

investigated.  

 

The study of energetic particles associated with flux ropes and X-lines based on in situ 

measurement is of significant interest. The in situ measurements can reveal the distributions of 

energetic electrons, and also the relative roles of the acceleration mechanisms. MMS has 

provided unprecedented high spatial and temporal measurements of fields and particles, which 

enable comprehensive investigations of the properties of energetic electrons and acceleration 

mechanisms. Moreover, previous studies based on in situ measurements frequently investigate 
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the energetic particle associated with flux ropes and X-lines, separately. In this study, based on 

the MMS measurements, we analyze the properties of electrons associated with a pair of flux 

ropes and X-lines near them. We also discuss the acceleration mechanisms associated with the 

flux rope pair and the reconnection X-lines. 

 

Our paper is organized as follows. Section 2 provides an overview of the MMS measurements 

across a pair of flux ropes bounded by X-lines. The general profile of the flux ropes is 

determined using the Grad-Shafranov (GS) reconstruction technique, and the features of the X-

lines are shown. In section 3, the properties of the energetic electrons, including the variations in 

particle fluxes, the pitch angle distributions, and the power-law spectra of the energetic electrons 

(> 50 keV), are shown. In section 4, the energies of the adiabatic electrons are analyzed based on 

the ratio of the local magnetic field curvature radius to the gyro-radius of the electrons. The 

energization of electrons due to the local Betatron, local curvature-driven Fermi, and the parallel 

electric field processes are analyzed. Electron distribution functions with energy lower than 30 

keV and the accelerations due to parallel electric potentials are discussed. Section 5 discusses the 

energization mechanisms during the flux rope pair, the power-law spectra of electrons, including 

the discussion of Fermi-reflection, and the 3-dimensional effect. Section 6 is devoted to the 

conclusions of this study. 

 

2. Flux rope pair and reconnection X-lines on 12 July 2017 

 

2.1. MMS data and instrument 

 

This study utilizes field and particle measurements from the MMS mission [Burch et al., 2016a]. 

The magnetic field measurements are from the fluxgate magnetometers (FGM) [Russell et al., 

2016]. In burst mode, the FGM provides the measurement of magnetic field vectors at a 

sampling rate of 128 vectors/s. The electric field measurements are from the combination of the 

axial double probe (ADP) [Ergun et al., 2016] and the spin plan double probes (SDP) [Torbert et 

al., 2016]. The combination provides the measurements of the DC electric field vectors. 

 

The low-energy electrons and ions are from the measurements of the fast plasma investigation 

(FPI) [Pollock et al., 2016]. The FPI, in burst mode, measures 3D distributions of electrons and 

ions with the energy range of ~ 0.01 to 30 keV/q at time resolutions of 30 ms and 150 ms, 

respectively. We also employed the proton measurements from the Hot Plasma Composition 

Analyzers (HPCA) [Young et al., 2016]. The HPCA can measure four ion species (H+, He++, 

He+, and O+) with energies from ~ 1 eV to 40 keV/q at a time resolution of 10 s. The energetic 

electrons are measured by the Fly’s Eye Electron Proton Spectrometer (FEEPS) [Blake et al., 

2016]. FEEPS provides full 3D distributions of energetic (~ 47.2 keV to ~550 keV) electron 

differential energy intensities at a time resolution of 0.3125 s in burst mode.  
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2.2. Overview of MMS measurements 

 

On 12 July 2017 from 14:40 to 14:46 coordinated universal time (UTC), MMS was located ~ 

24.5 RE (RE, one Earth radius, 6378 km) downtail from Earth in the plasma sheet. It encountered 

strong tailward plasma flows accompanied by a pair of tailward traveling flux ropes. Figure 1 

shows the magnetic field and particle measurements from MMS during this period. The two flux 

ropes were accompanied by Bz bipolar signatures from positive to negative and enhancements in 

By and Bt (Figures 1a and 1b). The leading flux rope (leading FR) was centered at ~ 14:43:05 

UTC, and the trailing flux rope (trailing FR) was centered at ~ 14:43:50 UTC. As shown in 

Figure 1c, the energy fluxes of energetic electrons with energies between ~ 47.2 and 200 keV 

were significantly enhanced around the flux rope pair compared with the prior reconnection 

outflow (14:40 to 14:42 UTC). The electron temperature in Figure 1h shows that the parallel 

temperature of electrons exhibits several peaks with intensities higher than the perpendicular 

temperature. 

 

MMS crossed an active plasma sheet before the flux rope pair. Figure S1 in the supplementary 

material includes the measurements from 14:00 to 15:00 UTC. The nearest possible quiet plasma 

sheet crossing made by MMS was between 14:12 to 14:19 UTC. In comparison with the quiet 

plasma sheet, the enhancements of the energetic electrons of the flux rope pair were strong in 

both higher energy and stronger fluxes. 

 

The speed of the tailward flow reached small values during three short periods in Figure 1i, 

which were at ~ 14:42:30 UTC (before the leading flux rope), 14:43:30 UTC (between the two 

flux ropes), and 14:44:55 UTC (after the trailing flux rope). The tailward flow converted into 

earthward after ~ 14:44:55 UTC and the Bz changed from negative to positive ~ 30 s earlier 

indicating an X-line crossing. The dashed vertical red lines in Figure 1 represent the 

reconnection X-lines observed by MMS around the flux rope pair. In the following analysis, we 

show the measurements of the reconnection X-lines. 

 

2.3. Grad-Shafranov reconstruction of flux rope pair 

 

The Grad-Shafranov (GS) reconstruction technique [Sonnerup & Guo, 1996; Hau & Sonnerup, 

1999; Hu & Sonnerup, 2002, 2003] was applied to investigate the structures of the two flux ropes 

between 14:42:45 and 14:44:10 UTC. Figure 2 shows the reconstructed maps of the core 

magnetic field (BY) and the thermal pressure (pth) of the two flux ropes. The GS reconstruction 

required a few assumptions when applying it to the magnetic structures. First, the magnetic 

structure shall be time-independent in a proper frame of reference. Second, the gradients in the 

axial direction (defined by �⃑� ) are much smaller than those in the reconstructed plane (defined by 

𝑋  and 𝑍 ). Third, the structure can be deemed as quasi-magnetohydrostatic when the spacecraft 

crosses it (𝜕 𝜕𝑡⁄ ~0). As a result, the Hall term solely balances the gradient of the thermal 

pressure 

∇𝑝𝑡ℎ = 𝐽 × �⃑�  (1) 
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, where pth is the thermal pressure, 𝐽  and �⃑�  are the current density vector and magnetic field 

vector. In this equation, the particle distribution is assumed to be isotropic and pth is a scalar. 

Considering Ampere’s law (∇ × �⃑� = 𝜇0𝐽 ) and using magnetic vector potential (𝐴 ) to describe 

the transverse magnetic field �⃑� = [𝜕𝐴 𝜕𝑍⁄ ,− 𝜕𝐴 𝜕𝑋⁄ , 𝐵𝑌(𝐴)], the Grad-Shafranov equation 

[Sturrock, 1994] can be derived as 

𝜕2𝐴 𝜕𝑋2⁄ + 𝜕2𝐴 𝜕𝑍2⁄ = −𝜇0𝑑(𝑝𝑡ℎ + 𝐵𝑌
2/2𝜇0)/𝑑𝐴 (2) 

. In the GS equation, the pressure in the transverse plane (𝑃𝑇 = 𝑝𝑡ℎ + 𝐵𝑌
2/2𝜇0) is a function of 

the A. During the reconstructing interval between 14:42:45 and 14:44:10 UTC including the flux 

rope pair, the ion temperature anisotropy was weak (Figure 1g) with the perpendicular 

temperature larger than the parallel temperature. As demonstrated by Hasegawa et al. [2005], 

weak temperature anisotropy should have limited effects on the reconstruction. 

 

Building the appropriate local coordinate and finding the frame of reference are keys to the GS 

reconstruction technique. We first employed the Minimum Directional Derivative or Difference 

(MDD) method [Shi et al., 2005, 2019] to find the axial direction for the flux ropes (�⃑� ). Then we 

employed the axial searching method developed by Hu and Sonnerup [2002] to obtain an 

improved axial direction. This axial searching method is to minimize the differences between the 

PT, which were obtained by integrating the inbound and outbound paths crossing the flux ropes 

from the MMS in situ measurements. The PT is known as a double folding pattern for a flux rope 

crossing. The �⃑� 𝑀𝐷𝐷 were [0.321, 0.931, 0.171] and [0.313, 0.949, 0.051] for the leading FR and 

trailing FR, which were only separated by ~ 7°. The close separation of the axial directions 

between the two flux ropes enabled us to reconstruct them together. The axial finding technique 

was based on the �⃑� 𝑀𝐷𝐷 and determined the �⃑�  = [-0.149, 0.962, 0.231], which suggests that the 

flux rope axes are both predominantly located in the dawn-dusk direction. The frame of 

reference of the flux rope pair was determined from the de Hoffmann-Teller analysis (HT) 

[Khrabrov & Sonnerup, 1998], which was [-550, 70, -40] km/s (see Appendix A), corroborating 

the strong anti-planetward flow noted above. 

 

The magnetic field vector potential A was calculated by integrating the BY along the trajectory of 

the spacecraft. The magnetic vector potential A at Z distance of the spacecraft trajectory can be 

calculated through the Taylor expansion [Sonnerup & Guo, 1996; Hau & Sonnerup, 1999]. The 

values of the magnetic vector potential A near the boundaries of the reconstructed area were 

determined by the technique introduced by Hu and Sonnerup [2003]. 

 

Figure 2 shows the results of the G-S reconstruction of the flux rope pair. Figures 2a and 2b 

show the polynomial fittings of the magnetic pressure of the core field (𝑃BY = 𝐵𝑌
2 2𝜇0⁄ ) and the 

transverse pressure (𝑃𝑇) to the magnetic vector potential A. Based on the fitting relations, the 

core field and the transverse pressure were derived from the reconstructed map of the A. Figures 

2c and 2d demonstrate the intensities of BY and pth. The intensities of the pth were obtained by PT 

minus PBY. The core fields were significantly enhanced in the centers of flux ropes and the 

thermal pressure was depleted in the center compared with the boundaries. 
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The two white contours represented the boundaries of the flux ropes. The leading flux rope had a 

scale of ~ 15000 km along the X-direction, which corresponded to ~ 16 ion inertial lengths (di). 

In this study, FPI measurements of the electron density were used as the plasma density, which 

was reasonably consistent with the proton density measured by HPCA (Figure 1e). The plasma 

density was ~ 0.06 cm-3 on average, which corresponded to an ion inertial length (di) of ~ 930 

km. The scale along the Z direction for the leading flux rope was ~ 5000 km, which 

corresponded to ~ 5.3 di. The trailing flux rope had a scale of ~ 10000 km along the X direction, 

which was ~ 10.5 di. The scale along the Z direction was ~ 4000 km, which was ~ 4.2 di. The 

scale was smaller for the tailing flux rope than the leading flux rope. The strength of the BY and 

the pth were weaker of the trailing flux rope than the leading flux rope. In the reconstructed map, 

two possible reconnection X-lines appeared between the flux rope pair, which were marked in 

Figure 2c. 

 

2.4. Reconnection X-lines around flux rope pair 

 

Figure 3 shows the observations of an X-line region between the two flux ropes at ~ 14:43:32 

UTC. In Figure 3b, Bz changed from negative to positive which was accompanied by the reversal 

of electron flow direction from tailward to earthward (Figure 3d). The speeds of the x component 

of electron bulk velocity (vx) changed from ~ - 4000 km/s to 3000 km/s. Both the magnetic field 

and electron velocity changing directions indicated that an X-line region passed the spacecraft. 

The electron flow reversed in the x direction and the magnetic field reversed in the z direction 

suggested that the reconnection X-line reconnected the x component of the magnetic field, i.e., 

the reconnection was separating the flux rope pair. 

 

Figures 3e to 3g compare the DC electric field and the convection electric fields of ions and 

electrons. The differences between the DC electric field (black lines) and the convection electric 

field of ions (blue lines) indicated that ions were not frozen-in. Meanwhile, there were large 

differences between the DC electric field and the convection electric field of electrons (red 

lines). 

 

On the other hand, the current density was strong with peak intensities of ~ 75 nA/m2 (Figure 

3h), and the energy dissipation rate (𝐽 ∙ �⃑� ′), where �⃑� ′ was the electric field in the frame of 

convection electrons (�⃑� + 𝑣 𝑒 × �⃑� ), was strong as well. The values of 𝐽 ∙ �⃑� ′ were both negative 

and positive with the largest positive value of ~ 110 pW/m3. Meanwhile, the electron vx reversed 

from tailward into earthward. All suggested that MMS crossed an electron diffusion region 

(EDR). The EDR is accompanied by strong energy dissipation and significantly enhanced out-of-

plane electron bulk flow, i.e., the y direction in our case, as shown in both simulations and 

observations [e.g., Zenitani et al., 2011; Burch et al., 2016b; Phan et al., 2018]. However, MMS 

was not close enough to the current sheet center in this EDR event since the Bx remained large 

and the electron vy was not significantly enhanced. The negative values of the 𝐽 ∙ �⃑� ′ were often 

observed in the EDRs, especially in the outer EDRs [see, Daughton et al., 2006; Karimabadi et 
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al., 2007; Hwang et al., 2017; Xiong et al., 2022]. In our event, since ion bulk velocities were 

tailward with vx of ~ - 300 km/s (Figure 3c) during the entire period in Figure 3, it was likely that 

ions did not participate in this reconnection X-line and this reconnection X-line was an electron-

only reconnection (see Phan et al. [2018] and Zhou et al. [2021] for examples of electron-only 

reconnection). 

 

There were other reconnection X-lines around the flux rope pair, which are listed in Table 1. 

They were located at ~ 14:42:18, 14:42:23, 14:43:40, and 14:44:30 UTC. The first three 

reconnection X-lines corresponded to electron flow reversals, magnetic field direction changes, 

strong electric field and current density, and strong energy dissipation (𝐽 ∙ �⃑� ′ ≠ 0). They did not 

correspond to clear direction changes in ion velocity around the time when electron flow 

reversals. Therefore, the first three reconnections were likely electron-only reconnections similar 

to the one shown in Figure 3. The last X-line corresponded to Bz reversal at ~ 14:44:25 UTC and 

Vi reversal at ~ 14:44:52 UTC, which was likely a reconnection X-line involving ions. However, 

since MMS was located further away from the neutral sheet (Bx > 5nT) during this event, it did 

not encounter the EDR. The first and second reconnection X-lines correspond to strong negative 

values of 𝐽 ∙ �⃑� ′, which may indicate that the MMS encounters the outer EDRs. 

 

Therefore, around the flux rope pair, five reconnection X-lines were identified. Two of the 

reconnection X-lines were located between the flux rope pair. Four of the five reconnection X-

lines were likely electron-only reconnection. We note that it does not mean that there are only 

these five reconnection X-lines near the flux rope pair. Our selection criteria require strong 

electric fields, current densities, and energy dissipation. The spatial scale of the distances 

between MMS’s four spacecraft was in the scale of electron inertial length. Therefore, there may 

be reconnection X-lines that are not captured by the MMS. The properties of electron-only 

reconnection X-lines around the flux ropes are consistent with the recent observations of 

electron-only reconnections in the turbulent magnetosheath [Phan et al., 2018], turbulent 

foreshock region [Liu et al., 2020] and turbulent plasma sheet (see Zhou et al. [2021]). 

 

3. Distributions of energetic electrons 

 

3.1. Energetic electrons associated with flux rope pair and X-lines 

 

Figure 4 shows the properties of energetic electrons measured by FEEPS between 14:42:45 and 

14:44:10 UTC, which includes the flux rope pair and the X-lines in between. Both the leading 

and trailing flux ropes corresponded to energetic electron enhancements on the outer boundaries, 

including the front and rear boundaries, and the core. The particle fluxes within energy channels 

from 47.2 to 200 keV in Figures 4b and 4c are displayed as the “W” profile. The variations of 

electron fluxes did not show clear energy dependencies, i.e., the increase or decrease of electron 

fluxes were similar within different energy channels (Figure 4c). Only the forward boundary of 

the trailing flux rope does not correspond to an obvious increase of electron fluxes in the energy 

range from 160.5 to 200 keV. 
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Figures 4d and 4e show the pitch angle information of the energetic electrons associated with the 

flux rope pair and reconnection X-lines. It demonstrated that the energetic electron was highest 

in the direction perpendicular to the local magnetic field. The enhancements of energetic 

electrons in the perpendicular direction appeared particularly on outer boundaries and also in the 

core of both flux ropes. There were also enhancements of energetic electrons in parallel or 

antiparallel directions during this period. Different from the enhancements in the perpendicular 

direction persisting ~ 10 seconds, the enhancements in the parallel or antiparallel directions are 

exhibited as beams. These beams often persisted in a short time scale of a second or a few 

seconds, and they often appeared unidirectional. A unidirectional beam appeared in the cores of 

the trailing flux rope at ~ 14:42:50 UTC. The reconnection X-lines between the two flux ropes 

corresponded to clear energetic electron beams (Figure 4e) in the antiparallel direction at ~ 

14:43:31 UTC and bidirectional beams at ~ 14:43:40 UTC. 

 

3.2. Power law spectra 

 

The differential energy flux J(W) from the FEEPS was fitted by the power-law distributions 

(𝐽(𝑊) ∝ 𝑊−𝜅). Figure 5a shows the distributions of J(W) versus W around the reconnection X-

line and on the rear boundary of the leading flux rope. The spectrum of the energetic electrons 

near the reconnection X-line was averaged from 14:43:30 to 14:43:34 UTC, which corresponded 

to a 𝜅 value of ~ 3.339. The other reconnection X-line between the flux rope pair was observed 

at ~ 14:43:40 UTC, whose energetic electron spectrum corresponded to 𝜅 value of ~ 3.627. The 

spectrum on the rear boundary was averaged from 14:43:15 to 14:43:24 UTC corresponding to a 

𝜅 value of ~ 3.817. Thus, the energy spectrum was slightly harder near the reconnection X-lines 

than on the boundary of the leading flux rope. The 𝜅 differences between the spectra near the X-

lines and the rear boundary of the leading flux rope were ~ 14% and 5%, which were comparable 

to the 8% uncertainties of the fittings resulting from the linear regressions. 

 

Figures 5b and 5c show the spectra and power-law fittings of the J(W) of the outer boundaries 

and core of the flux rope pair. For the leading flux rope, the fluxes of the energetic electrons in 

the core were lower compared to those on the front and rear boundaries. The 𝜅 in the flux rope 

core was slightly harder than the 𝜅 on the boundaries. However, the differences in the 𝜅 were 

small <10%, which was comparable to the uncertainties resulting from the fittings. Therefore, the 

decrease of the 𝜅 in the flux rope core was not significant compared to those on the boundaries. 

For the trailing flux rope, the 𝜅 of the spectra show a similar feature to the leading flux rope. The 

𝜅 in the flux rope core (~ 3.536) was slightly smaller than those 𝜅 at the front and rear 

boundaries (~ 3.817 and ~ 3.635), but the decreases were not significant compared to the 

uncertainties. 

 

To summarize the variations of the spectra slope, Figure 6c shows the values of the 𝜅 in time 

sequences. Figure 6d shows the square of the correlation coefficient (R2) of the power-law 

fitting. Each fitting corresponds to the average of four data points measured by FEEPS. The 

values of R2 are higher than 0.95 for most points indicating that the distributions are well-fitted. 
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It can be seen that the 𝜅 values are indeed smaller near the reconnection X-lines (the two dashed 

vertical lines) compared with surrounding regions. 

 

In conclusion, the electron spectra near the reconnection X-lines were harder than the electron 

spectra on the boundaries of the flux ropes. The electron spectra in the flux rope cores were 

slightly harder than those spectra on the boundaries, but likely within the uncertainties. 

 

4. Energization of electrons associated with flux ropes and X-lines 

 

4.1. Energization under guiding center approximation 

 

The derivation of the total kinetic energy density (dU/dt) of electrons can be written under the 

guiding center approximation [Northrop, 1963; Dahlin et al., 2014] 

𝑑𝑈

𝑑𝑡
= 𝐸||𝐽|| +

𝑝⊥

𝐵
(
𝜕𝐵

𝜕𝑡
+ 𝑣 𝐸 ∙ ∇𝐵) + (𝑝|| + 𝑚𝑒𝑛𝑒𝑣||

2)𝑣 𝐸 ∙ (�⃑� ∙ ∇�⃑� ), (3) 

where 𝐸|| and 𝐽|| are the parallel electric field and current density, 𝑝⊥ and 𝑝|| are the 

perpendicular and parallel thermal pressure, 𝑣 𝐸 = �⃑� × �⃑� 𝐵2⁄  corresponds to the drifting velocity 

due to the convection electric field, �⃑�  is the magnetic field vector. It is noted that 𝑝⊥, 𝑝||, 𝑛𝑒, and 

𝑣|| in the equation are the integral of electrons as long as they are quasi-adiabatic and the guiding 

center approximation is valid. Thus, this equation represents the bulk acceleration/heating of 

electrons. 

 

On the left-hand side, the total kinetic energy contributes by two terms. One is the kinetic energy 

density of the bulk motion of particles, nmv2/2, in which n is the number density, m is the mass 

of particles, and v is the bulk velocity. The other is the thermal energy density, which is thermal 

pressure (pth). On the right-hand side, the first term represents the change of the U associated 

with 𝐸||, which typically corresponds to the parallel electric field near the X-line and along 

separatrices. The second term is the Betatron process due to the conservation of magnetic 

moment. In this term, the 
𝜕𝐵

𝜕𝑡
 is the magnetic field time derivative, and the 𝑣 𝐸 ∙ ∇𝐵 is the 

convective derivative. These two terms adding together result in magnetic field time derivative 

following the motion of the fluid element, and the calculation can be done in any consistent 

frame. In our study, both terms are measured in the spacecraft frame. In our calculations, the 

measurements of the magnetic field and electric field have been averaged and interpolated to the 

30 ms time resolution of electrons. The 30 ms is much larger than the gyro-period of electrons, 

which was ≲ 6 ms during the investigated period of this study. 

 

The third term is the Fermi process due to the curvature drift, which occurs during the 

contraction of the local magnetic field line [Kliem, 1994; Drake et al., 2006b]. In the lowest 

order of this curvature-driven Fermi mechanism, the electron's bouncing trajectory follows 

magnetic field lines. The energy gain of electrons at each bounce is caused by curvature drift 
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along the electric field, corresponding to bouncing off contracting field lines, quantified by the 

last term in the equation (3). 

 

4.2. Curvature parameter 𝚱𝟐 and theoretical energy of adiabatic electrons 

 

The curvature parameter Κ2 [Büchner & Zelenyi, 1989] is an important indicator controlling the 

motion of charged particles in the curved magnetic field lines, especially since this study aims to 

investigate the dynamics of energetic electrons with energies up to ~ 200 keV. The Κ2 is defined 

as the ratio of 

Κ2 = 𝑅𝑐𝑚𝑖𝑛 𝑟𝑚𝑎𝑥⁄  (4) 

, where the 𝑅𝑐𝑚𝑖𝑛 is the minimum curvature radius along the curved magnetic field line, which is 

normally located near the neutral plane. The 𝑟𝑚𝑎𝑥 is the maximum Larmor radius along the 

magnetic field line of the particles with fixed energies. It is shown that Κ2 corresponded to the 

minimum possible ratio of the extreme Larmor to bouncing frequencies of the particle motions 

[Büchner & Zelenyi, 1989] 

Κ2 = Ω𝐿,𝑚𝑖𝑛 𝜔𝑏,𝑚𝑎𝑥⁄  (5) 

, where the Ω𝐿,𝑚𝑖𝑛 is the possible minimum value of the Larmor frequency. The 𝜔𝑏,𝑚𝑎𝑥 is the 

possible maximum bouncing frequency. 

 

The situation of Κ2 >> 1 corresponds to the adiabatic case, where the guiding center 

approximation is valid (see Appendix B on the parallel velocities of particles are much larger 

than gradient and curvature drifts under guiding center approximation). However, when Κ2 

approaches unity, the particle trajectory would be chaotic due to the resonance of bouncing 

motion and gyro-motion. Consequently, strong pitch angle scattering would occur [Gray & Lee, 

1982; Sergeev et al., 1983; Büchner & Zelenyi, 1989]. Büchner and Zelenyi [1989] shows that as 

Κ2 become comparable with 25, the trajectories of particles would start chaotic. Some other 

studies show that Κ2 ≲ 10 correspond to strong chaotic trajectories [see, Sergeev et al., 1983; 

Propp & Beard, 1984; Young et al., 2008]. The pitch angle scattering causes the distribution of 

particles to be isotropic. 

 

Here, in the analysis, we introduce the highest energy of adiabatic electrons in theory through 

𝑊 = 𝑞2𝐵2𝑅𝑐𝑚𝑖𝑛
2 2𝑚𝑒𝛫

4⁄  (6) 

, where the q is the electron charge, the B is the magnetic field intensity, and me is the electron 

mass. Since Κ2 ≲ 10 correspond to strong chaotic trajectories of particles, we introduce 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 

with Κ2 = 10. The electrons with energies higher than 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 are in chaotic trajectories and 

would be subject to strong stochastic dynamics. The particles with energies smaller than 

𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 are quasi-adiabatic particles. 

 

The local curvature radius of the magnetic field line (�⃑� ∙ ∇�⃑� )−1 can be derived through the four 

spacecraft's simultaneous measurements from the MMS. During the interval from 14:42:45 UTC 
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to 14:44:10 UTC including the flux rope pair and the X-lines, MMS was located close to the 

neutral plane with small Bx and as revealed by the G-S reconstructions shown in Figure 2. 

Therefore, the calculated curvature radius should be close to the values of the minimum 

curvature radius. 

 

Figure 7d shows the values of 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 during the interval between 14:42:45 to 14:44:10 UTC. 

Figure 8 shows the histograms of the 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 in the regions between the rear boundary of the 

leading flux rope and the front boundary of the trailing flux rope. In the region between the flux 

rope pair, including the reconnection X-lines, the 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 can be as low as a few keV. The most 

probable 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 was ~ 43 keV. Therefore, the energetic electrons with energies from 50 keV to 

200 keV were in chaotic trajectories in the region between the flux rope pair. 

 

Inside the flux ropes, the 𝐸𝑐ℎ𝑎𝑜𝑡𝑖𝑐 increased. The most probable 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 was as high as 3 MeV. 

This is because the strong helical magnetic field lines in the flux ropes correspond to large 

curvature radii of the magnetic field lines [e.g., Shen et al., 2007; Zhang et al., 2013; Sun et al., 

2019; Bergstedt et al., 2020], which in turn results in high 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐. The electrons in the energy 

range from ~ 50 keV to 200 keV investigated here were in regular orbit inside the flux ropes. 

 

4.3. Betatron and Fermi processes 

 

Figures 7f and 7g show the values of the Betatron and Fermi processes based on the MMS 

measurements. The dashed red line and blue line represent the values obtained from the 

perpendicular component of electron velocity  (𝑣 𝑒𝑝𝑒𝑟𝑝) and drifting velocity due to the electric 

field (𝑣 𝐸×𝐵), respectively. The values calculated in the two ways are consistent with each other 

validating the calculations. 

 

It can be seen that the Betatron and Fermi processes include both acceleration (positive values) 

and deceleration (negative values) around the flux ropes. The acceleration and deceleration due 

to the Betatron process corresponded to the compression and expansion of the local magnetic 

field. The acceleration and deceleration of the Fermi process corresponded to the contraction and 

stretching of the curved magnetic field lines. The acceleration and deceleration appeared 

alternately indicating that the magnetic field and plasma processes were quite complex during 

this interval around the flux rope. The complex plasma and field conditions were likely driven by 

the frequently appeared X-lines since several reconnection X-lines were observed around the two 

flux ropes. Although the acceleration and the deceleration of particles appear alternately, the 

enhancements of the energetic electron fluxes indicated that some electrons gained energies from 

the electromagnetic field. 

 

Another feature is that the Betatron and Fermi processes were stronger on the boundaries of the 

flux ropes than in the flux rope cores. The values of the Betatron process can be as large as ~ 100 

to 200 eV/(s cm-3). The strong Betatron process corresponded to the enhanced energetic electrons 

in the perpendicular direction on the boundaries of the flux ropes. The values of the Fermi 

process (Figure 7g) were strong near the X-line regions (the two dashed vertical red lines), which 
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were ~ 100 to 200 eV/(s cm-3). Energetic electron beams appeared in the anti-parallel or/and 

parallel directions as shown in Figures 7a and 7b. The parallel temperature of electrons measured 

by FPI with energies lower than 30 keV (Figure 7c) was enhanced around the reconnection X-

lines and the regions where the values of the Fermi process were large. 

 

4.4. Parallel electric fields carried by electrostatic structures 

 

As shown in Figure 7h, the parallel electric field (𝐸||) with intensities larger than the errorbar 

intermittently appears inside the flux ropes. Two types of structures related with 𝐸|| were 

identified in the flux rope pair. One structure is the double layers [see, Block, 1972; Ergun et al., 

2001], which correspond to a unipolar profile in 𝐸||. The other is the electrostatic solitary waves 

(ESW) [see, Boström et al., 1988; Matsumoto et al., 2003; Khotyaintsev et al., 2010; Fu et al., 

2020], which correspond to a packet of bipolar 𝐸||. The ESWs including positive electrostatic 

potentials are often interpreted as electron holes, and negative electrostatic potentials are ion 

holes. It is suggested that electron holes are produced in the nonlinear stage of electron-

streaming instabilities [see, Omura et al., 1996], while the ion holes are produced by the ion-

streaming instabilities [see, Johnsen et al., 1987; Wang et al., 2022]. 

 

Figure 9 shows two examples of the observed double layers. Figure 9b shows two successive 

double layers with the largest amplitude in unipolar 𝐸|| of ~ -10 mV/m. Figure 9d shows that the 

𝐸||𝐽|| is negative in both double layers. The peak value for the 𝐸||𝐽|| was ~ - 1100 eV/(s cm-3), and 

the negative value indicated that more particles lost energy to the electromagnetic fields than 

gained energy from the electromagnetic fields. The traveling speed of the second double layer 

was calculated to be ~ 90 km/s by assuming that it traveled along the magnetic field and the 

spacecraft distance was projected onto the field. This double layer lasted around ~ 0.15 s, and 

thus, the potential drop (𝜙|| = ∫𝐸||𝑣𝑑𝑡) was calculated to be ~ -100 V. The background Te was 

~ 1.8 keV. Therefore, this double layer can contribute to 5.6% of the electron thermal energy. 

 

On the right-hand side, Figures 9e to 9h show another double layer that is observed by MMS1 

and MMS4 with an amplitude of ~ 12 mV/m. Figure 8h shows that the 𝐸||𝐽|| is positive with a 

peak value of ~ 1500 eV/(s cm-3). The positive values indicated that particles gained energy from 

the electromagnetic fields. This double layer corresponds to a traveling speed of ~ 560 km/s and 

a potential drop of ~ 1 kV, which can contribute to ~ 56% of the electron thermal energy. 

 

Based on the deduced propagation speeds and time durations of the double layers, the scales of 

the double layers along the magnetic field were determined to be ~ 14 km and ~ 67 km, 

respectively. The electron Debye length was ~ 3 km, so the scales of the double layers were 

larger than the electron Debye length. The separation between MMS1 and MMS4 perpendicular 

to the magnetic field was ~ 12 km. These indicate that the perpendicular scales of the double 

layers are comparable to 12 km. 
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Figure 10 shows an ESW packet observed inside the leading flux rope between 14:43:07.1 and 

14:43:07.3 UT, which includes the measurements of the four spacecraft of the MMS. We 

identified eight waveforms in this packet. Employing the four-spacecraft timing analysis, the 

propagation speeds (𝑣𝐸𝑆𝑊) of the waveforms were determined to be from 3400 km/s to 4900 

km/s and they propagated anti-parallel within 10 degrees from the magnetic field lines. Their 

propagation properties have been summarized in Table 2. The potential drop associated with 

each waveform can be calculated through Φ|| = ∫𝐸||(𝑡)𝑣𝐸𝑆𝑊𝑑𝑡. The potential drops were shown 

in Figure 10b. Most of the waveforms (7 out of 8) corresponded to positive net potentials, which 

ranged from 0.1 to 0.65 kV. Therefore, this ESW may be electron holes. The Te was ~ 3 keV, 

and the Φ|| associated with the ESW waveform can contribute ~ 20% of the electron thermal 

energy. 

 

It is necessary to make a few notes on the ESWs. First, the bipolar structures are predominantly 

in the parallel component of the electric field, which suggests that the ESWs are quasi 1-

dimensional structures along the magnetic field. Second, their propagating speeds (3400 km/s to 

4900 km/s) are several times the background convection speed (HT speed of 600 km/s). The 

speeds of the satellite were less than 1 km/s during this event. The calculations of the potential 

drops may be affected by the spatial distribution of the individual bipolar waveform but shall be 

small since the differences at different satellites are not significant compared to the potential 

amplitude. Third, the differences between the spacecraft on the 𝐸|| may be regarded as the spatial 

inhomogeneous or temporal variations of the waves. The last note is that electrons may not 

exhibit clear acceleration features in the ESWs, as shown by Fu et al. [2020]. 

 

4.5. Electron distribution functions and parallel electric potential  

 

The observed energetic electrons and electron temperature result from an energization history. 

The full evolution of the electric and magnetic fields of the reconnection X-lines and flux ropes 

is impossible to obtain for our case. However, since particles were accelerated/interacted with 

the electric and magnetic fields, we may be able to derive some information from the measured 

particles’ distributions, similar to the analysis in Egedal et al. [2016] and Wetherton et al. 

[2021]. We research the electron distribution functions to understand the possible energization 

processes that worked on the electrons.  

 

Figure 11 includes three electron distribution functions measured by FPI with energies up to 30 

keV. Figure 11c shows an electron distribution function inside the leading flux rope. This 

electron distribution function includes clear trapped-passing boundaries near the parallel and 

anti-parallel directions. The trapped-passing boundaries indicate that the trapped electron model 

due to parallel electric potentials near the reconnection separatrices [Egedal et al., 2012] worked 

on the electrons. Trapped electrons are subject to pitch angle scatterings. Meanwhile, trapped 

electrons are heated in the parallel direction. Inside the flux rope, the magnetic field has a 

significant out-of-plane component, i.e., the y component (Figure 11b). Thus, magnetic field 

lines are connected to the regions out of the plane of the flux rope. The curvature radii of the 

magnetic field lines inside the flux rope are significantly larger than the gyro-radii of the 
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electrons with energies lower than 30 keV, which indicates that the pitch angle scattering does 

not occur inside the flux rope. Therefore, the features of this electron distribution suggest that the 

electrons are energized in a place out-of-plane of the flux rope. The magnetic field lines in which 

the electrons gyrate likely connect to reconnection separatrices since the formation of trapped-

passing boundaries in the electron distributions requires parallel electric potentials. This is a clear 

3-D feature of the reconnection and flux ropes. 

 

Figure 11d shows an electron distribution on the rear boundary of the leading flux rope. This 

electron distribution function includes trapped-passing boundaries near the parallel and anti-

parallel directions. Meanwhile, electrons are energized in the perpendicular directions. This 

perpendicular energization in the electron distribution is a typical feature of Betatron 

acceleration. Similar electron distributions can be seen in Egedal et al. [2012] and Wang et al. 

[2016]. 

 

Figure 11e shows an electron distribution function downstream of the reconnection X-line. It 

shows clear trapped-passing boundaries and a bi-Maxiwellian distribution in the parallel and 

anti-parallel directions. This fattened electron distribution function indicates strong pitch angle 

scattering and heating in the parallel and anti-parallel direction, which is consistent with the 

trapped electron model [Egedal et al., 2012, 2016]. The bi-Maxiwellian suggests that the Fermi-

reflection acceleration occurs as well (Fermi-reflection acceleration see Drake et al. [2006a]). 

The above features clearly indicate that the electron parallel heating attributes to both the trapped 

electron model and Fermi acceleration. 

 

5. Discussions 

 

5.1. Energization mechanisms in flux ropes and between flux ropes 

 

This study investigates the energization of electrons associated with a pair of tailward travelling 

flux ropes and the surrounding five reconnection X-lines. The flux rope pair corresponds to 

enhancements of energetic electron fluxes with energies above 45 keV on the boundaries and the 

core. Four of the five reconnection X-lines are likely electron-only reconnection X-lines. 

Investigations on the flux rope pair and reconnection X-lines have revealed energization 

mechanisms for electrons near the reconnection X-lines, the boundaries, and the core of flux 

ropes. 

 

Our investigations suggest the following acceleration scenarios, which are summarized in Figure 

12. At first, the reconnection X-lines cause strong energy dissipations (𝐽 ∙ �⃑� ′ ≠ 0). The positive 

𝐽 ∙ �⃑� ′ is observed, which indicates that the electromagnetic energy is converted into the particle’s 

kinetic and thermal energies. However, as we discussed, since MMS was not close enough to the 

current sheet center, negative 𝐽 ∙ �⃑� ′ is also observed, which is a common feature in the outer 

EDR [see, Daughton et al., 2006; Karimabadi et al., 2007; Hwang et al., 2017; Xiong et al., 

2022]. 
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Secondly, our calculations show that the values of the Fermi acceleration term are strong 

downstream of the reconnection X-lines. Electron distribution functions include clear trapped-

passing boundaries and parallel heating, which suggest that the parallel electric field near the 

reconnection separatrix worked on the electrons. Therefore, the electron parallel heating and the 

enhancements of the energetic electrons in the parallel/antiparallel directions downstream of the 

X-lines are likely a combined result of the Fermi acceleration and the parallel electric potential.  

 

Meanwhile, although the theoretically predicted energy of the adiabatic electrons is limited to 

tens of keV in this region, energetic electron beams with energy above 50 keV are observed. 

Since the electrons with energies higher than 50 keV are possibly in a chaotic trajectory, the 

energetic electron beams shall be generated by other processes. For example, they could be 

generated by the reconnection electric field, similar to Turner et al. [2021], who reported such 

high energy electrons near a reconnection X-line in the magnetotail. 

 

Thirdly, when electrons travel further downstream in the reconnection outflow and pile up on the 

outer boundaries of the flux ropes. They are subject to strong Betatron acceleration. The values 

of the Betatron acceleration are strong near the outer boundaries of the flux ropes, where 

electrons are energized in the perpendicular direction. The theoretically predicted energy of the 

adiabatic electrons is as high as a few hundred keV. 

 

A fact is that the acceleration and deceleration of the Betatron process appear alternately 

indicating that the compression and expansion of the local magnetic field appear alternately. The 

acceleration and deceleration of the Fermi process appear alternately indicating that the 

electron’s convection electric field drift moves along or opposite the magnetic curvature 

direction alternately. These observations might indicate that the magnetic field and plasma 

process are turbulent during this interval around the flux rope, which might be driven by the 

frequently appearing reconnection X-lines surrounding the flux rope pair. In the turbulent plasma 

sheet, as shown in Bergstedt et al. [2020] and Ergun et al. [2020b], significant electromagnetic 

field energy is observed to be converted to particles, however, a large fraction of energy can 

return from particles to the electromagnetic field. 

 

Fourthly, the values of the Betatron and Fermi processes are both small inside the flux ropes. 

However, the double layers, which correspond to unipolar 𝐸||, and the ESWs, which correspond 

to a packet of bipolar 𝐸||, are observed inside the flux ropes. The potential drop associated with 

the double layers (~ 1 kV) can be as large as half of the electron thermal energy. The ESWs 

exhibit positive net potentials, and the net potential drops associated with waveforms can 

contribute to 20% of the electron thermal energy. Therefore, it is hard for these structures to 

accelerate electrons up to energy above 50 keV. Electron distribution functions inside the flux 

rope suggest that the magnetic field lines may connect to another X-line that is out-of-plane of 

the flux rope. Section 5.3 discusses more on what the enhancement of energetic electrons and 

electron distribution functions inside flux ropes imply. The theoretically predicted energy of the 

adiabatic electrons can be as high as a few MeV. 
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In a simulation study, Hoshino et al. [2001] have shown two-step accelerations of the supra-

thermal electrons (> 20 keV) associated with magnetic reconnection, during which electrons are 

first accelerated by the reconnection electric field and then further are accelerated by the drifts 

associated with the gradient of the magnetic field and curvature in a simulation. Wang et al. 

[2016] and Eriksson et al. [2020] have shown the step accelerations of electrons associated with 

reconnection outflows from the in situ measurements. In the second step of acceleration, 

Hoshino et al. [2001] have shown that supra-thermal electrons correspond to a κ value close to 

unity, and therefore they are subject to strong stochastic accelerations. The observations in our 

study have confirmed the accelerations of electrons around the reconnection X-lines are similar 

to the first-step acceleration in their scenario. However, our observations of the energetic 

electrons in the boundaries of the flux ropes, which corresponds to the reconnection outflows, are 

strongly subject to adiabatic accelerations, i.e., the Betatron and Fermi accelerations. The 

differences could be because our observations are about regions around flux ropes, while the 

above simulations and observations do not include flux ropes. 

 

5.2. Electron power-law spectra and Fermi-reflection acceleration 

 

This study has investigated the power-law spectra (𝜅) of energetic electrons around the 

reconnection X-lines and the flux rope pair. The 𝜅 values are summarized in Table 3. Electron 

spectra near the reconnection X-lines are harder than the electron spectra associated with flux 

ropes. Electron spectra in the flux rope cores are slightly harder than those spectra on the flux 

rope boundaries. 

 

The accelerations due to Fermi-reflection have been investigated by simulations. In the scenario 

of Fermi reflection suggested by Drake et al. [2006a], electrons bounce between the high 

latitudes of flux ropes or are trapped in the closed field lines of flux ropes. However, Drake et al. 

[2006a] described a two-dimensional picture. 

 

In our study, the flux ropes are 3-dimensional structures. Flux ropes include helical field lines 

with a component in the out-of-plane, i.e., y, direction, which are not closed field line loops. 

Therefore, electrons are unlikely trapped in the closed field lines in 3-dimensional. However, 

electrons can still be trapped in the regions between the flux rope pair. Electrons can be reflected 

by the mirror force during their travel to the high latitude of the flux ropes since the magnetic 

field intensity is much higher on the high latitude than in the reconnecting current sheet. 

Electrons may also be trapped by the parallel potential drop. 

 

The in situ measurements in our study have revealed a few features of the acceleration of 

electrons, which are not the same as the 2-dimensional structures in the simulation. Firstly, 

electron spectra around the reconnection X-lines between the flux rope pair correspond to the 

hardest spectra. The theoretical predicted highest energy of adiabatic electrons near the 

reconnection X-lines is only a few keV. This indicates that electrons of higher energy (> 40 keV) 

are in a chaotic trajectory near the reconnection X-lines. The hardest spectra can be due to non-

adiabatic accelerations associated with the reconnection X-lines. 
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Secondly, the curvature-driven Fermi process appears to be strong downstream of the X-line but 

is small inside the flux rope from our in situ measurements, while the Fermi process seems 

strong both downstream of the X-line and inside the flux rope in simulations. 

 

Thirdly, strong Betatron acceleration, i.e., the pileup of magnetic field lines, is found 

downstream of the X-lines and on the flux rope boundaries. The enhancement of energetic 

electrons in the perpendicular direction does imply the significant role of Betatron acceleration in 

accelerating electrons. Since the magnetic field intensity is high and the curvature radius of the 

magnetic field line is large on the high latitude of the flux ropes. Electrons travelling from the 

equatorial plane to the high latitude could be forced back by the mirror force and then trapped in 

the field lines. The parallel electric potential suggested by Egedal et al. [2015] may also support 

trapping the electrons. One note is that the energetic electron fluxes increased from the X-line to 

the flux rope boundaries. The softer spectrum on the boundaries of the flux ropes is associated 

with the enhancement of fluxes at tens of keV, indicating the energization at such energy ranges. 

 

Many studies have investigated the power-law spectra of energetic electrons associated with 

reconnection diffusion regions and flux ropes. Here we make a comparison with those results. It 

needs to note that these studies are using different quantities to derive the index of power-law 

spectra, including differential particle flux, and phase space density. This study used differential 

energy flux. To make the comparison, we have transformed all of those indices to make them 

consistent with the 𝜅 used in this study (see Oka et al. [2018] for detail on how to make the 

transform). The results are summarized in Table 3. 

 

The values of the 𝜅 associated with the flux ropes obtained in this study are similar to those in 

Zhong et al. [2020], which used MMS measurements. However, the values of the 𝜅 obtained by 

Cluster measurements were broader, i.e., from 4 to 5.3 in Chen et al. [2009], and 2.24 in Huang 

et al. [2012]. The values of the 𝜅 around the reconnection X-lines obtained in this study are 

similar or located between those values obtained by Wind [Øieroset et al., 2002], Cluster [Huang 

et al., 2012; Zhou et al., 2016; Chen et al. 2019; Fu et al., 2019], THEMIS [Wu et al., 2015; Oka 

et al., 2016] or MMS [Cohen et al., 2021]. 

 

Many simulations have produced the power-law spectra of electrons associated with the 

reconnection X-lines and flux ropes. Here, we compare with Zhang et al. [2021], which have 

demonstrated that the curvature-driven Fermi mechanism can efficiently accelerate electrons and 

develop power-law spectra with an index of ~ 2.8. Zhang et al. [2021] have employed 3-

dimensional fully kinetic simulations. In their simulations, the guide field is weak (0.2), which is 

generally true of Earth’s magnetotail. Several flux ropes are generated in their simulations. The 

distribution of electrons is averaged over the entire domain region of their simulations. The value 

of 2.8 is smaller than our observations (3.3 to 3.8), which can attribute to the strong turbulent 

plasma in their simulations. 
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5.3. What do enhancements of energetic electrons inside flux ropes imply? 

 

The electrons demonstrate several types of distributions associated with the two flux ropes and 

reconnection X-lines. The energetic electron fluxes are enhanced on the boundaries and in the 

core of the flux ropes. The perpendicular enhanced energetic electrons are observed on the 

boundaries of the flux ropes, which has been suggested due to the local acceleration of the 

Betatron process. However, the values of the local Betatron and Fermi terms are small in the core 

of flux ropes, which could not account for the enhancements of energetic electrons in those 

regions. The double layers and ESWs observed inside flux ropes can contribute to around one 

keV energy for the electrons, which is difficult to accelerate the electrons to energies above 50 

keV. 

 

Magnetic flux ropes consist of helical magnetic field lines. In the flux rope core, the magnetic 

field lines are significant in the dawn or dusk, i.e., y in GSM, direction since the By is the 

dominant component for our cases. The energetic electrons shall be accelerated in another dawn 

or dusk direction other than the X-Z plane crossed by the spacecraft and then transport into the 

flux rope core, i.e., a 3-dimensional effect. This scenario is supported by the electron distribution 

functions near the flux rope core, which contain clear trapped-passing boundaries in the 

parallel/anti-parallel directions and clear evidence that the electrons are accelerated by parallel 

electric potentials near the reconnection separatrices and the magnetic field lines are connecting 

to an X-line in another dawn or dusk direction. 

 

Another implication is related to the acceleration mechanism for ~ 200 keV to several MeV 

electrons observed in the deep tail (downtail ~ 100 RE) [Krimigis & Sarris, 1980; Slavin et al., 

1992; Richardson et al., 1996]. These studies all observed energetic electrons in the Earth’s 

magnetotail during substorms ranging in energy from ~ 200 keV injection events in the near-tail 

to several MeV at distances of ~ 30 RE to 100 RE tailward of the Earth. Slavin et al. [1992] 

studied an interval of ~ 36 hours in duration when ISEE-3 was between 76 and 80 RE tailward of 

the Earth. They observed 12 isolated, quasi-periodic substorms that first loaded and then 

unloaded energy stored in the lobes through the formation and ejection of a series of plasmoids. 

Each substorm produced energetic electrons with energies up to ~ 200 keV in the near-tail. Later, 

Richardson et al. [1996] analyzed ISEE-3 and IMP-8 energetic electron measurements and found 

that most of the ISEE-3 substorm events were associated with energetic electron events, ~ 200 

keV to 2 MeV, in the middle to deep magnetotail (i.e. ~ 30 to 100 RE). Richardson et al. [1996] 

observed a few of these highly energetic electron events beyond 100 RE downstream despite 

ISEE-3’s apogee of ~ 240 RE. Our study implies that the electrons can remain adiabatic up to 

MeV in the flux rope core. In the regions near reconnection X-lines and flux rope boundaries, the 

highest energy of adiabatic electrons is a few hundred keV or lower, electrons would be escaped 

before reaching the energy of MeV. Inside the flux ropes, the helical magnetic field lines 

correspond to a large curvature radius and therefore higher adiabatic energy of electrons. 

However, the local acceleration terms do not manifest large values inside the flux ropes observed 

in this study. Since the flux rope pair is located in the near-Earth tail (downtail ~ 24.5 RE), and 

observations of MeV electrons in Richardson et al. [1996] and Slavin et al. [1992] are in the 
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deep tail, electrons may be accelerated further as the flux rope travelling further downtail. 

Especially, merging flux ropes might prevent the escape of energetic electrons and enhance the 

accelerations of electrons as suggested by Pritchett [2008]; Oka et al. [2010], and many others. 

 

6. Conclusions 

 

This study has investigated the properties and accelerations of electrons up to 200 keV associated 

with a flux rope pair and a few reconnection X-lines. The Grad-Shafranov (GS) reconstruction 

reveals that the MMS spacecraft cross near the center of the flux ropes, and both flux ropes have 

elongated profiles with scales of ~ 10 ion inertial lengths. Five reconnection X-lines are 

identified around the flux rope pair. The reconnection X-lines are accompanied by reversals in 

electron bulk velocity, strong electric fields, strong current densities, and strong energy 

dissipations (𝐽 ∙ �⃑� ′). Four of the five reconnection X-lines are likely electron-only reconnection 

X-lines. 

 

The flux ropes correspond to enhancements of energetic electron fluxes on the boundaries and in 

the core. Energetic electrons are intense in the directions perpendicular to the local magnetic 

field on the outer boundaries and in the core of flux ropes. Energetic electron beams are observed 

as well. The beams appear around the reconnection X-lines and in the flux rope core. The 

parallel electron temperature exhibits several peaks with intensities higher than the perpendicular 

temperature downstream of the reconnection X-line. The differential energy flux of energetic 

electrons is fitted by the power-law distribution. The spectra of energetic electrons around the 

reconnection X-lines are the hardest, and the spectra near the flux rope cores are slightly harder 

than those spectra on the flux rope boundaries. 

 

We have calculated the theoretical predicted highest energy of adiabatic electrons (𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐). 

Electrons with energies higher than 𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐 are in chaotic trajectories. The energy of the 

adiabatic electrons is only a few keV around the reconnection X-lines and is often below 50 keV 

in the immediately downstream region of the X-lines. The energy of adiabatic electrons increases 

to a few hundred keV on the boundaries of flux ropes, and in the core of the flux ropes, the 

energy of adiabatic electrons can be a few MeV. 

 

Our investigations reveal different energization mechanisms for electrons near the reconnection 

X-lines and the flux ropes. The reconnection X-lines cause strong energy dissipation 

(𝐽 ∙ �⃑� ′ > 0), which indicates that the electromagnetic energy is converted into electron kinetic 

and thermal energies. In the region between the flux rope pair, downstream of the reconnection 

X-line, the curvature-driven Fermi acceleration is strong. The electron distribution functions 

including clear trapped-passing boundaries and heating in the parallel direction indicate that 

electrons are trapped and accelerated by the parallel electric field potential as well. Both 

curvature-driven Fermi acceleration and trapped electrons model can account for the enhanced 

electron parallel temperature and energetic electrons with energy below 50 keV. Since the 

energetic electrons (>50keV) are in a chaotic trajectory in this region and the energetic electron 

beams should not be due to the Fermi process but to other processes, possibly the reconnecting 
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electric field. The Betatron process is strong near the outer boundaries of the flux ropes, which 

accounts for the enhanced energetic electrons in the perpendicular direction. We propose that 

electrons can be bounced between the south and north high latitude boundaries of flux ropes by 

the mirror force and parallel electric field potentials. They would be repeatedly accelerated by 

the processes occurring in the regions between the flux rope pair.  

 

Furthermore, the acceleration and deceleration of Betatron and Fermi processes appear 

alternately indicating that the magnetic field and plasma process are turbulent during this interval 

around the flux rope, which might be driven by the frequently appearing reconnection X-lines 

surrounding the flux ropes. 

 

Near the flux rope cores, both Betatron and Fermi processes are weak. Electrostatic structures 

carry parallel electric fields, which correspond to potential drops smaller than the electron 

thermal energy and far smaller than the energy of energetic electrons (> 50 keV). Because the 

flux rope cores contain strong core fields, which form helical field lines, we propose that the 

energetic electrons in the core are accelerated in other dawn-dusk directions and are transported 

into the flux ropes. This 3-dimensional effect is confirmed by the appearance of clear trapped-

passing boundaries in the electron distribution functions in the flux rope core. 

 

Appendices 

Appendix A: de Hoffmann-Teller analysis and Walén test 

The frame of reference of the flux rope pair was determined by the de Hoffmann-Teller analysis 

(HT) [Khrabrov & Sonnerup, 1998]. Figure A1 (a) includes the scatter plot of the electric field 

under the de Hoffmann-Teller reference frame versus the convection electric field of the ion bulk 

velocity. The correlation coefficient R2 is determined to be ~ 0.94. The HT frame was 

determined to be [-550, -70, -40] km/s, corroborating the strong anti-planetward flow embedding 

the flux rope pair. 

 

Figure A1 (b) includes the Walén test [Paschmann, 1985; Sonnerup and Guo, 1996]. The slope 

of the regression line in the Walén test is determined to be 0.078. The small slope means that the 

remaining ion flow speed in the HT frame is much smaller than the Alfvén speed, which 

indicates the high coherence of the structure and a small magnitude of the remaining flow speed. 

 

Appendix B: Guiding center approximation: parallel velocities of particles are much larger 

than gradient and curvature drifts during Fermi acceleration 

The guiding center approximation implies that the gyro-radius of particles is much smaller than 

the curvature radius. 

𝑅𝑐 𝑟𝐿𝑎𝑟𝑚𝑜𝑟⁄ ≫ 1 (B1) 

, where the 𝑅𝑐 is the curvature radius of the curved magnetic field line, and the 𝑟𝐿𝑎𝑟𝑚𝑜𝑟 is the 

Larmor radius of particles. Since 𝑟𝐿𝑎𝑟𝑚𝑜𝑟 = 𝑚𝑣⊥/𝑞𝐵, where 𝑚, 𝑣⊥, and 𝑞 are the mass, 

perpendicular velocity, and charge of a particle, we then have 

𝑞𝐵𝑅𝑐 𝑚𝑣⊥⁄ ≫ 1 (B2) 

. 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

 

The guiding center approximation also implies that the Larmor frequency is much larger than the 

bouncing frequency. 

Ω𝐿 𝜔𝑏⁄ ≫ 1 (B3) 

, where the Ω𝐿 is the Larmor frequency, 𝑞𝐵/𝑚. The bounce frequency at the curved field line, 

𝜔𝑏~2𝜋/(2𝜋𝑅𝑐/𝑣∥) = 𝑣∥/𝑅𝑐, where 𝑣∥ is the parallel velocity of a particle. Thus, (B3) can be 

written as 

𝑞𝐵𝑅𝑐 𝑚𝑣||⁄ ≫ 1 (B4) 

.  

 

When the magnetic field is inhomogeneous, the gradient of the magnetic field causes gradient 

drift and the curved field lines cause curvature drift, 

{
 
 

 
 𝑣 ∇ =

𝑚𝑣⊥
2

2𝑞𝐵3
�⃑� × ∇𝐵

𝑣 c =
𝑚𝑣∥

2

𝑞𝑅𝑐
2𝐵2

�⃑� 𝑐 × �⃑� 

 (B5) 

[Baumjohann & Treumann, 2012]. For simplicity, here we do a scaling/dimensional analysis. 

The curvature and gradient drifts can be written in similar formats, 

{
 
 

 
 𝑣∇ ~ 

𝑚𝑣⊥
2

2𝑞𝑅𝑐𝐵

𝑣c ~ 
𝑚𝑣||

2

𝑞𝑅𝑐𝐵

 (B6) 

. If we compare the values of the drift velocity with the velocity of particles along the field lines 

(𝑣∥), one can find that 

𝑣∥ 𝑣∇⁄  ~ 
2𝑞𝑅𝑐𝐵𝑣∥

𝑚𝑣⊥
2  (B7) 

. In combination with (B2), it shows that those particles with |2𝑣∥/𝑣⊥| ≳ 1 correspond to 

𝑣∥ 𝑣∇⁄ ≫ 1. Most of the particles satisfy this requirement except a minority with pitch angles 

close to 90°. This is especially true since Fermi acceleration mostly boosts 𝑣∥ [Drake et al., 

2006a]. 

Similarly, 

𝑣∥ 𝑣c⁄  ~ 
𝑞𝑅𝑐𝐵

𝑚𝑣||
 (B8) 

. From equation (B4), therefore, 𝑣∥ 𝑣c⁄ ≫ 1. 

Therefore, under guiding center approximation parallel velocities of particles are much larger 

than gradient and curvature drifts for most particles during Fermi acceleration, so these particles 

are approximately traveling along the field lines. 
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Figures and Tables. 

 

Figure 1. Overview of the measurements from MMS1 on 12 July 2017 between 14:40 to 14:46 

UTC. (a) Magnetic field intensity (Bt). (b) Magnetic field components, Bx in blue, By in green, 

Bz in red. (c) Energetic energy spectrum from FEEPS (> 47.2 keV). (d) Electron energy 

spectrum from FPI (< 30 keV). (e) Electron number density measured by FPI (solid line) and ion 
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number density measured by HPCA (crosses). (f) Ion energy spectrum from FPI (<30 keV). (g) 

Ion and (h) electron temperature, the perpendicular component is marked in blue and the parallel 

component in red. (i) Ion bulk velocity measured by FPI and HPCA, the solid lines are from FPI, 

and the crosses are from HPCA. In the electron momentum, low-energy photo-electrons are 

removed [Gershman et al., 2017]. In panel (a), the flux rope observed first is termed “Leading 

FR”, and the flux rope following it is termed “Trailing FR”. Both flux ropes correspond to 

bipolar Bz and strong fields in the centers (By and Bt). The vertical dashed red lines indicate the 

reconnection X-lines surrounding the flux ropes. The measurements in panel (b) and (i) are 

shown in the Geocentric Solar Magnetospheric (GSM) coordinate system. 
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Figure 2. Grad-Shafranov (G-S) reconstruction of the flux rope pair between 14:42:45 and 

14:44:15 on 20 July 2017. (a and b) The magnetic pressure of the core field (𝑃BY = 𝐵𝑌
2 2𝜇0⁄ ) 

and the transverse pressure (𝑃𝑇 = 𝑝𝑡ℎ + 𝐵𝑌
2/2𝜇0) versus magnetic potential vector A. The black 

lines are the polynomial fits of the circles. The circles are the measurements from MMS1. Rf 

represents the fitting residue. (c and d) The reconstructed cross-section maps of the axial field 

intensity (BY) and the thermal pressure (pth). The white and green arrows indicate the measured 

BY and remaining ion flow in the frame of flux ropes. The white contours represent the 

boundaries of the flux ropes. The Leading FR, Trailing FR, and “X-lines” are labeled in (c) and 

(d). The “X-line” are possible X-lines. Note that the last three X-lines in Figure 1 correspond to 

the three possible X-lines revealed by G-S reconstruction.   
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Figure 3. Observations of an active X-line between the two flux ropes. (a) Magnetic field 

intensity (Bt). (b) Magnetic field components, Bx in blue, By in green, Bz in red. (c) Ion bulk 

velocity measured by FPI and HPCA, the solid lines are from FPI, and the crosses are from 

HPCA. (d) Electron bulk velocity from FPI. (e, f, and g) Electric field x component, y 

component, and z component. Black lines are the measurements of EDP DC electric fields (E), 

blue lines are ion convection electric fields (−𝑣 𝑖 × �⃑� ), red lines are electron convection electric 
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field (−𝑣 𝑒 × �⃑� ). (h) Current density calculated from particle measurements, 𝑛𝑒𝑒(𝑣 𝑖 − 𝑣 𝑒). (i) 

Energy dissipation rate 𝐽 ∙ �⃑� ′, where �⃑� ′ = �⃑� + 𝑣 𝑒 × �⃑� . 
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Figure 4. Observations of the energetic electrons from FEEPS associated with the flux rope pairs 

and the X-lines. (a) Energetic-electron energy spectrum (> 47.2 keV). (b) Differential particle 

fluxes of electrons within the energy channel centered at 65.9 keV. (c) Differential particle fluxes 

of energetic electrons within energy channels up to 200 keV. (d) Pitch angle distribution of 

energetic electrons with energy from ~ 47.2 keV to 200 keV. (e) Average particle fluxes of 

energetic electrons of pitch angle bins in the parallel direction including pitch angle bins of 0° to 

16.35°, 16.35° to 32.7° (the red line), perpendicular direction including pitch angle bins of 65.46° 

to 81.82°, 81.82° to 98.18°, 98.18° to 114.54° (the blue line), and antiparallel direction including 

pitch angle bins of 147.27° to 163.63°, 163.63° to 180° (the green line). The horizontal dashed 

line indicates the mean particle flux of the pitch angle bins during the period of this figure, which 

is ~ 38.4 [cm2 sr s keV]-1. The blue bars indicate the periods corresponding to the enhancements 

of perpendicular electrons, and the red bars indicate the periods of enhancements of parallel 
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electrons. (f) Magnetic field components, Bx in blue, By in green, Bz in red. (g) Magnetic field 

intensity, Bt. The dashed red vertical lines indicate the possible reconnection X-lines.  
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Figure 5. The power law fittings (𝐽(𝑊) ∝ 𝑊−𝜅) of the differential energy flux J(W) in the flux 

ropes and around the reconnection X-lines. (a) black dots with errorbars are the measurements 

around the X-line region (from 14:43:30 to 14:43:34 UTC), the black line represents the fitting 

result of the power-law distribution. Green dots and the green line are for the measurements and 

fitting on the rear boundary of the leading flux rope. (b) the colors in blue, red, and green 

represent the measurements and fittings on the front boundary, the core, and the rear boundary of 

the leading flux rope centered at ~ 14:43:08 UTC. (c) is in the similar format as (b) and is for the 

trailing flux rope centered at ~ 14:43:50 UTC. The values of the R2 represent the square of the 

correlation coefficient obtained by the linear regression fitting of log10(J(W)) and log10(W). The 

power-law fitting includes the data points with energies between ~ 47.2 keV and ~ 200 keV, 

including the measurements from eight energy channels. The horizontal errorbars correspond to 

the widths of the energy channels and the vertical errorbars correspond to the standard deviations 

of the measurements within each time interval. The bumps on the tails of the J(W) with energies 

higher than 300 keV are due to cosmic rays (See Cohen et al. [2021] on the contaminations by 

cosmic rays). 

  



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

 

Figure 6. The distribution of the 𝜅 values of the energetic electrons measured by FEEPS. (a) 

Magnetic field components, Bx in blue, By in green, Bz in red. (b) Magnetic field intensity, Bt. (c) 

The values of 𝜅 obtained from the power-law fitting. (d) The square of the correlation coefficient 

(R2) obtained by the linear regression fitting of log10(J(E)) and log10(E). In (c) and (d), one fitting 

point corresponds to the average of four data points. 
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Figure 7. Energization processes of energetic electrons associated with flux ropes and X-line. (a) 

and (b) are from Figures 4d and 42. (c) Electron temperature from FPI. The parallel temperature 

is in red and the perpendicular temperature is in blue. (d) The highest energy of adiabatic 

electrons (Wchaotic), which corresponds to Κ2 = 10. The Κ2 is the ratio of the minimum curvature 

radius to the maximum Larmor radius of electrons. (e) Magnetic field components, Bx in blue, By 

in green, Bz in red. (f and g) The values of the Betatron and Fermi terms, the intensity of the red 

line is calculated based on FPI measured electron bulk velocity, the blue line is from the drifting 
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velocity calculated from EDP DC electric field and magnetic field. (h) Parallel electric field (E||) 

and errorbar from EDP DC electric field.  
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Figure 8. The histograms of the highest energy of adiabatic electrons (𝑊𝑐ℎ𝑎𝑜𝑡𝑖𝑐) in the regions 

between the leading flux rope and trailing flux rope (red lines) and in the flux rope cores (blue 

lines). The region between the flux rope pair includes the data points from 14:43:17 to 14:43:34. 

The flux rope cores include the data points from 14:42:59 to 14:43:13 in the leading flux rope, 

and 14:43:45 to 14:43:53 in the trailing flux rope. (a) The number of data points in each interval. 

(b) The probability of data points in each interval. 
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Figure 9. Observations of double layers corresponding to the unipolar parallel electric field in 

the leading flux rope. (a and e) Parallel electric field 𝐸∥ from MMS1. (b and f) Parallel electric 

field 𝐸∥ from MMS4. (c and g) Field-aligned currents 𝐽∥, the current density is calculated from 

particle moments. (d and h) Energy dissipation rate of  𝐽∥ ∙ 𝐸∥. The red and blue lines are the 

measurements from MMS1 and MMS4, respectively. 
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Figure 10. Observations of a packet of electrostatic waves (ESW) between 14:43:07.1 and 

14:43:07.3 UTC. (a) Parallel electric field 𝐸∥ and errorbars. The 𝐸∥ is filtered at > 10 Hz. The 𝐸∥ 

errorbar is from MMS1’s values. (b) Potential drop associated with the individual 𝐸∥ bipolar 

waveform. (c) Electron temperature from FPI. 
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Figure 11. Electron distribution functions measured by FPI (up to 30 keV). (a) electron 

temperature measured by FPI, Teperp is in blue, Tepara is in red. (b) Magnetic field components, Bx 

in blue, By in green, Bz in red. Electron distribution functions inside the leading flux rope (c), on 

the rear boundary of the leading flux rope (d), and downstream of an X-line (e). 
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Figure 12. A schematic figure on the structure and energization processes associated with the 

flux rope pair from this study. Theoretical predicted highest energy of adiabatic electrons 

(Wchaotic) is a few keV around the X-lines, tens of keV immediately downstream of the X-lines, 

hundreds of keV on the flux rope boundaries, and a few MeV in the flux rope cores. Electrons 

are accelerated at the reconnection X-lines. The curvature-driven Fermi acceleration and the 

trapped electrons due to parallel electric field occur downstream of the X-lines. Betatron 

acceleration is strong on flux rope boundaries. Electrons can be trapped in the regions between 

the flux rope pair due to mirror force and parallel electric potential. Electrons are accelerated by 

reconnection X-lines on the other dawn-dusk direction in the core of the flux ropes. 
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Table 1. Reconnection X-lines around the flux rope pair. 

Time (UTC) 
Peak intensity of current density 

(nA/m2) 

Peak intensity of 𝐽 ∙ �⃑� ′ 
(pW/m3) 

 

14:42:18 50 -85 

14:42:23 33 -112 

14:43:32 (Figure 3) 75 110 

14:43:40 39 82 

14:44:25 15 25 
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Table 2. Properties of individual solitary Epara structures in the electrostatic wave packet shown 

in Figure 9. 

Event 

number 
Propogation velocity (km/s) 

Propogation angle 

relative to background 

magnetic field (degree) 

Peak potential 

(V) 

Net 

potential 

#1 4900 × [-0.52, -0.85, -0.02] 178 650 100 

#2 3600 × [-0.53, -0.85, -0.03] 178 800 340 

#3 4200 × [-0.62, -0.78, -0.09] 172 1000 550 

#4 3400 × [-0.42, -0.90, -0.10] 173 -170 -50 

#5 3700 × [-0.44, -0.90, -0.05] 174 910 640 

#6 4100 × [-0.43, -0.90, -0.11] 172 770 460 

#7 4100 × [-0.50, -0.87, -0.06] 177 1020 650 

#8 4700 × [-0.42, -0.91, -0.06] 172 960 590 
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Table 3. The 𝜅 of electron power-law spectra associated with flux ropes and reconnection 

diffusion region from the measurements of different spacecraft in Earth’s plasma sheet. 

 Flux Ropes 
Reconnection diffusion 

region 
Spacecraft 

This study 3.54 to 3.82 ~ 3.34 MMS 

Øieroset et al. [2002] --- 2.8 to 3.7 Wind 

Wu et al. [2015] --- ~ 2.5 to 4.3 THEMIS 

Oka et al. [2016] --- 3.0 to 4.0 THEMIS 

Zhou et al. [2016] --- ~ 2.0 to 5.0 Cluster 

Cohen et al. [2021] --- 2.0 to 5.0 MMS 

Huang et al. [2012] 2.24 2.07 to 2.12 Cluster 

Chen et al. [2009] 4 to 5.3 --- Cluster 

Chen et al. [2019] --- ~ 3.3 Cluster 

Fu et al. [2019] --- 4.0 to 5.0 Cluster 

Zhong et al. [2020] 3.3 to 3.6 --- MMS 
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Figure A1. The de Hoffmann-Teller analysis and the Walén test for the flux rope pair from 

14:42:45 to 14:44:10 UTC. (a) Scatter plot of the electric field under the de Hoffmann-Teller 

reference frame versus the convection electric field of the ion bulk velocity. The de Hoffmann-

Teller velocity is determined to be [-550, -70, -40] km/s with a correlation coefficient R2 of 

around 0.94. (b) Scatter plot for the ion velocity under de Hoffmann-Teller frame versus the 

local measured Alfvén speeds. The regression line, i.e., Walén slope, is determined to be around 

0.078. 

 

 


