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Abstract
We present an in situ evidence of electron beam-associated symmetric bipolar electrostatic solitary waves (ESWs) on the current sheet-side of the separatrix of the magnetic reconnection in the near-Earth magnetotail by multi-spacecraft observation of Cluster. Within one spin period, 42 cases of symmetric ESWs are continuously observed during 2 s by SC2 while other spacecrafts do not “detect” them. And the Plasma Electron and Current Experiment (PEACE) spinPAD mode data exhibits unidirectional electron beam antiparallel to the ambient field, and no electron beam-like distribution is found by other spacecrafts without ESW observation. Though the electron beam is strongly associated with the ESWs in observation by multiple spacecraft differentiation, however, the relationship between the counter-directed electron beam and the simultaneously observed ESWs remains unclear and open to the next study.
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Background
The electrostatic solitary wave (ESW) has been regarded as one means of releasing the energy by carrying electrons out of the generating regions in the natural space. Magnetic reconnection (MR) presents an important mechanism in the space for the energy transformation from magnetic energy to kinetic energy and transportation from the source region to other important regions. The relationship between the ESWs and the MR has become a hot issue recently. The observation of ESWs in association with magnetic reconnection had been widely reported in the magnetotail (Cattell et al. 2005; Deng et al. 2004, 2006; Li et al. 2009, 2012, 2013a, 2013b, 2014a, 2014b) and in the dayside magnetopause (Matsumoto et al. 2003; Deng et al. 2006).
In the process of magnetic reconnection, Cattell et al. (2005) suggested that the electron phase space holes (i.e., electron holes) are excited in the separatrix region, near the outer edge of the current sheet, where there are narrow electron beams, either unidirectional or counter-streaming; Fujimoto and Machida (2006) also suggested that the electron two-stream instability in association with magnetic reconnection is also responsible for the generation of the electrostatic solitary waves that have been frequently detected in the boundary region. Recently, Lapenta et al. (2011) had conducted massively parallel simulations to study the generation of ESWs in the reconnection process for realistic conditions and for the hydrogen mass ratio in boxes larger than considered in similar previous studies. Their simulation results suggested that along the separatrices, a strong electron flow is observed, sufficient to lead to the onset of streaming instabilities and to form bipolar parallel electric field signatures. In all, to our knowledge, the ESWs can be generated through some kind of mechanism such as the bump-on-tail instability or two-stream instability excited by the electron beam which is generated in the MR process.
However, direct evidence of electron beam-excited ESWs in the separatrix is rarely reported in the previous studies. In our previous work, Li et al. (2014a) reported electron beam-associated ESWs in the tailward outflow region near the separatrix of the magnetic reconnection by Geotail observation. The direction of the electron beam on the lobe-side of the separatrix is mainly antiparallel to the ambient magnetic field, and it is mainly parallel on the current sheet-side, and both are consistent with the propagation of ESWs. This suggested a good correlation between the propagation direction of the ESWs and the direction of the enhanced high-energy electron flux. However, by single-spacecraft observation, this work cannot distinguish the spatial scale of the electron beam and the ESWs in the separatrix region which is indeed with subtle structure. In the early observation by Cluster, large-amplitude (up to ~50 mV/m) ESWs were observed near the outer edge of the plasma sheet during several plasma sheet encounters that have been identified as the passage of a magnetotail reconnection X-line (Cattell et al. 2005). However, the number of ESWs on their study is quite small. Thus, in the present work, we will present the study by multiple spacecrafts of Cluster observation to show the in situ observational evidence of electron beam-associated intense ESWs with large amplitude on the order of 20–30 mV/m associated with magnetic reconnection in the near-Earth magnetotail. Furthermore, we will make a comparison for the ESWs and electron beams between different satellites.
The organization of this paper is as follows. In the Results and discussion section, we briefly address the magnetic reconnection and separatrix crossing by Cluster firstly and then perform statistical analysis to the ESWs, followed by the study of the electron distribution associated with ESWs, as well as the discussion to the counter direction of the electron beam and ESWs. Conclusions will be presented in the final section.

Methods
The data onboard the Cluster spacecrafts will be analyzed in this study. Apart from the spin-resolution data from the FluxGate magnetometer (FGM) instrument (Balogh et al. 1997, 2001) and the Cluster Ion Spectrometry (CIS) instrument (Rème et al. 2001), the following two kinds of data are mainly employed: (1) The burst science mode data from the Electric Field and Wave (EFW) instrument (Gustafsson et al. 1997, 2001). The EFW instrument consists of two sets of spherical probe dipoles of length 88 m in the spin plane of the satellite. There are no electric field measurements along the spin axis. In normal operations, the EFW returns electric field measurements between the opposing probes P1 and P2 (E12) and P3 and P4 (E34) with time resolutions of either 25 Hz (normal science mode) or 450 Hz (burst science mode). The EFW data in burst science mode will be used in this study. (2) The pitch angle distribution (PAD) electron data with spin resolution which are obtained from Plasma Electron and Current Experiment (PEACE) (Johnstone et al. 1997). Other kind of data such as the Auroral Electrojet (AE) index is also employed.
In the present work, we will analyze the ESWs observed on the separatrix of the magnetic reconnection event in different satellites of the Cluster tetrahedron. A series of intense ESWs will be continuously observed within 2 s during the separatrix skimming in the near-Earth magnetotail. A small statistics will be performed for these ESWs on some parameters, i.e., the pulse-to-pulse amplitude (P–P amplitude), pulse width, pulse interval, and efficiency of symmetry. We will also make comparison for the ESWs and electron beams between different satellites to investigate the relationship between ESWs and electron beam.

Results and discussion
Event overview
The magnetic reconnection event is observed by Cluster in the near-Earth magnetotail at about −15 RE on 29 July 2003. This event occurs during a substorm process from 17:10 to 20:00 UT as is seen from the AE index (not shown), which indicates that the substorm evolution process is composed of the growth phase (~17:10 to 18:00 UT), the expansion phase (~18:10 to 18:50 UT), and the recover phase (~18:50 to 20:00 UT). Figure 1 overviews this magnetic reconnection event by showing the data obtained from FGM and CIS instruments with a spin resolution, plotting the magnetic components (B
                  
                    x
                   and B
                  
                    z
                  ), the X-component of the plasma velocity (V
                  
                    x
                  ), and the plasma β (β = 2 μ
                  0·nkT/B
                  2
                  0) in sequence within the observation time interval of 18:20–18:40 UT. Lines in black, red, green, and blue color in each panel are plotted for spacecraft 1 to 4, respectively (CIS data from SC2 data not available). As seen from the magnetic components, the four satellites detected almost the same phenomenon with a slight difference in the magnetic field and other parameters (will be shown in the following context) which may be caused by the small separation (approximately ~200 km) of the Cluster tetrahedron in this event. The Cluster satellites are located in the northern hemispheric side of the current sheet (B
                  
                    x
                   > 0), and with only a small time span, it crosses the neutral current sheet to the southern side at approximately 18:31 UT. The plasma flow (V
                  
                    x
                  , Fig. 1c) reversal from the large tailward flow (|V
                  
                    x
                  |max > 500 km/s) to an intense earthward flow (V
                  
                    x,max > ≈500 km/s) at approximately 18:29 UT within 20 min during this time, as well as the reversal of magnetic field in the Z-components with almost the same tendency of the variation of V
                  
                    x
                  , suggests the encountering of a magnetic reconnection region, and the spacecrafts directly cross the reconnection diffusion region from the tailward-side to the earthward-side of it.[image: A40623_2015_256_Fig1_HTML.gif]
Fig. 1Overview of the magnetic reconnection event observed by Cluster on 29 July 2003. Top: observation history of Cluster from 18:20 to 18:40 on 29 July 2003. The black, red, green, and blue lines respectively represent the C1, C2, C3, and C4 observations. a–c The X- and Z-components of the magnetic field (B
                          
                            x
                          , B
                          
                            z
                          ) and the X-component of the plasma velocity. The vertical arrow denotes the flow reversal which occurred at ~18:29 UT. d The plasma β. The two horizontal dotted lines represent β = 0.1 and β = 1, which indicate the plasma sheet boundary layer




                
The two horizontal lines in Fig. 1d denote the value β = 0.1 and β = 1, between which is mainly the plasma sheet boundary layer (PSBL) location of spacecraft (Asano et al. 2004). Within an interval of about 10 min (18:26 to 18:36 UT) before and after the plasma flow reversal, the Cluster stayed only at the boundary layer of the northern hemisphere during most part of the above-mentioned time span since the X-component of magnetic field is comparably large (B
                  
                    x
                   ≈ 10–15 nT) and the plasma β (Fig. 1d) is mainly in the value between 0.1 and 1 (indicated by the two horizontal dashed lines). The orbit of the satellites relative to the diffusion region of the ongoing magnetic reconnection is suggested to be along the separatrix (boundary layer of the reconnection diffusion region) in the tailward-northern-side part and then bypassing the reconnection X-line and finally entering the earthward-northern-side.
Recently, Zhou et al. (2014) has also studied this event in the magnetotail mainly focusing on super-Alfvénic electron jet in a reconnection region with a weak guide field. In their study, the northern-southern-northern crossing at around 18:30:43 UT (refer to the pink shaded time interval in Fig. 1 of Zhou et al. (2014) and the horizontal black bar between panels a and b in Fig. 1) was investigated. They presented the in situ evidence of deflected super-Alfvénic electron jet in a reconnection region with a weak guide field, and they also have shown that the electron-scale jet was detected at about 37 ion inertial lengths from the X-line. The corresponding strong electric field in the jet was also studied.
The electron-scale structure is highly sensitive to the guide field. In this event, there is a week guide field, B
                  guide = −5.2 nT by averaging the magnetic field B
                  M during the flow reversal interval between 18:26 and 18:38 UT (Zhou et al. 2014). As will be addressed in the next section, in this study, we only focus on the observation of ESWs within the spin period of 18:35:28 to 18:35:32 UT as indicated by the vertical dashed line in Fig. 1. At this time, the magnitude of plasma β for SC1 and SC4 is nearly equal to 1, indicating that the two spacecrafts are mainly located in the inner side of the PSBL, while the plasma β of SC3 is a little less than 0.1, indicating that SC3 is mainly located in the outer side of the PSBL. In brief, we suggest that at 18:35 UT, the spacecrafts are located on the separatrix of the earthward-northern-side of an ongoing magnetic reconnection diffusion region.
The trajectory of Cluster spacecrafts relative to the magnetic reconnection diffusion region between 18:16 and 18:40 UT is illustrated in Fig. 2. “R1”, “R2”, “R3,” and “R4” are the four subregions of the diffusion region in the X–Z plane in the 2-D reconnection model. The dashed cross lines and the solid lines represent respectively the separatrix and the magnetic field lines in the diffusion region. The reconnection jet, out-of-plane magnetic field, and Hall current are respectively denoted by the black thick arrows, the circles with crosses or dots in, and the pink dashed curves in Fig. 2. Note that the trajectory of Cluster spacecraft covers the current sheet twice with a small time interval of 18:31:30–18:31:50 UT (refer to the shaded area in Fig. 1 of Zhou et al. (2014)) but cannot be exhibited in this figure. The observations of ESW and the associated electron beam by C2 on 18:35: 28–32 UT are denoted by the red and purple arrows.[image: A40623_2015_256_Fig2_HTML.gif]
Fig. 2Illustration of the magnetic reconnection diffusion region within 18:16–18:40 UT interval. The diffusion region is viewed as a traditional ideal 2-D reconnection model where the X-line is the core region of the magnetic reconnection. The observations of ESW and the associated electron beam by C2 on 18:35:28–32 UT are denoted by the red and purple arrows. See the text for detail




                

Analysis of ESWs observed by SC2
By carefully looking through the waveform of the EFW data during the whole reconnection diffusion region crossing process (from 18:20 to 18:40 UT) by the four satellites of Cluster, we find that there are totally approximately 790 cases of electrostatic solitary pulses observed by the four satellites of Cluster during the crossing process to the magnetic reconnection diffusion region within the time scope of the plasma flow burst and reversal. The observation suggests the small-scale electrostatic structure is rather actively associated with the magnetic reconnection in the magnetotail. However, in the present work, we focus only on the observation of ESWs within the spin period of 18:35:28 to 18:35:32 UT because of the special characteristics of ESWs in their spatial structure and the generation mechanism by multi-spacecraft observation which will be carefully addressed in the following context.
We firstly focus on the SC2 observation. Figure 3 plots the parallel component of the electric field (E
                  //) of C2 with the spin period of 18:35:28 to 18:35:32 UT (18:35:28.324 to 18:35:31.922 UT). The data shown in Fig. 3 is the parallel component of the electric waveform derived from the EFW instrument (Gustafsson et al. 1997) by projecting the original observed components E
                  
                    x
                   and E
                  
                    y
                   onto the ambient magnetic field data in the geocentric solar ecliptic (GSE) coordinate which is similar to the SC coordinate. The Z-component of electric field turbulence is assumed to be zero because the ambient field is mainly in the X–Y plain of the GSE coordinate. As is seen in the parallel component of the electric field (E
                  //) in Fig. 3a, a series of typical isolated bipolar spiky pulses, i.e., ESWs, with the pulse-to-pulse amplitude on the order of 20 mV/m are observed by SC2 which is located in the separatrix in the earthward-northern-side of the magnetic reconnection X-line.[image: A40623_2015_256_Fig3_HTML.gif]
Fig. 3A series of typical cases of ESWs observed by C2 on the separatrix. a Parallel component of the electric field (E
                          //) of C2 with the spin period of 18:35:28 to 18:35:32 UT (18:35:28.324 to 18:35:31.922 UT). b The zoomed-in waveform of E
                          // between the two solid lines (600 ms from 18:35:28.653 UT) in Fig. 3a. An offset value (1.5 mV/m) in the amplitude is denoted by the horizontal solid line




                
The waveform of E
                  // between the two solid lines (600 ms from 18:35:28.653 UT) in Fig. 3a is zoomed in in Fig. 3b. The solitary pulses exhibit clear large symmetric structure, with an offset value (1.5 mV/m) in the amplitude (denoted by the horizontal solid line). There are about 42 pulses of ESWs observed by SC2 (Fig. 3a) within the separatrix location time interval (18:35:28 to 18:35:32 UT) when other spacecrafts are rather nearby. A small statistics is made for these ESWs on some parameters, i.e., the P–P amplitude, pulse width, pulse interval, and efficiency of symmetry. The statistical results are displayed in Fig. 4. The four panels respectively show the bar plots for the peak-to-peak amplitude, pulse width, symmetry index, and the pulse interval of ESWs by dividing the corresponding parameters into several value scope. The efficiency of symmetry is interpreted by an index A
                  sym defined as: A
                  sym = (E
                  max − E
                  aver)/(E
                  aver − E
                  min),where, E
                  max and E
                  min are the values of E
                  // in the waveform of ESWs at the highest and the flute point, while E
                  aver is the average value of E
                  // in the waveform of ESWs. The A
                  sym represents the efficiency of symmetry of one electron hole on the amplitude. Results show that within these 42 pulses of ESWs on the separatrix, more than half of ESWs are with amplitudes between 10 and 20 mV/m (Fig. 4a). Most of the ESWs are highly symmetric in waveform with symmetry index between 0.7 and 1.1 (Fig. 4c); The pulse width is as large as 20–45 ms, with most of them between 25 and 30 ms (Fig. 4b). Most of the ESWs are with pulse interval smaller than 40 ms (Fig. 4d). These features suggest that the ESWs observed in this case are large intense ESWs with perfect symmetric structure (the efficiency of symmetry is nearly 1) which are different with the previous observation by other probes such as Geotail/WFC in the similar region near/within magnetic reconnection diffusion region (Li et al. 2009).[image: A40623_2015_256_Fig4_HTML.gif]
Fig. 4Statistics of the ESWs observed by SC2 within the separatrix location time interval. a P–P amplitude. b Pulse width. c Efficiency of symmetry. d Pulse interval




                
In the magnetotail, it is usually a positive potential for the ESWs; thus, the polarization in the waveform of ESWs stands for the propagation direction along the ambient magnetic field referring to the spacecraft (Kojima et al. 1999a). However, to infer the propagation direction of the ESW referring to the ambient background magnetic field, the traveling direction of spacecraft should also be taken into consideration. In this case, the Cluster spacecrafts skim the northern boundary layer traveling from the tail-side to the Earth-side relative to the reconnection X-line (refer to Fig. 2); thus, the direction is consistent with the ambient magnetic field. Thus, in this case, the propagation direction of type-A ESWs (negative-to-positive waveform) and type-B ESWs (positive-to-negative waveform) are respectively antiparallel and parallel to the ambient magnetic field (Kojima et al. 1999b; Shin et al. 2008; Li et al. 2014a). In this case, all the waveform of ESWs are of type-B ESWs, i.e., with a propagation direction along the ambient magnetic field. On the boundary layer of the earthward-northern-side of the current sheet, the magnetic field is earthward; thus, the ESWs are earthward propagating away from the magnetic reconnection X-line. This is consistent with the previous understanding of ESW outward propagation after generating in the region near the reconnection X-line (Li et al. 2014a).
It is noted that the P–P amplitude of the ESWs observed by C2 in this spin interval exhibits an increasing–decreasing tendency as seen in Fig. 3. In Fig. 3a, the ESWs series can be divided into two series as denoted by the two black bars. In the first series, both the typical pulse width and the pulse interval of ESWs are 27 ms, and the P–P amplitude is as large as 20 mV/m. The increasing–decreasing tendency in the P–P amplitude can be clearly seen in Fig. 3b which plots the most part of the first series of ESWs. In this event, the small-amplitude ESWs with small spatial structure observed in the former sequence indicate the electron holes in the early nonlinear evolution process (e.g., Omura et al. 1996; Miyake et al. 1998; Umeda et al. 2002), which indicate that the ESW series with small amplitude may also be closer to the generating site. This conclusion gives evidence that the ESWs propagate toward the Earth along the ambient magnetic field in the Earth-side of the reconnection X-line. The second series of ESWs also exhibit the same tendency but with their parameters slightly smaller than the previous series. We then focus on the spatial scale of the ESWs (i.e., electron holes) observed within this interval of 18:35:28–18:35:31 UT. Forming a tetrahedron with a separation between spacecrafts only about 200 km in the small separation season, the Cluster spacecrafts present good opportunity for us to study the space structure of the electron phase space hole (electron hole), i.e., the electrostatic solitary wave in the waveform of E
                  // in the separatrix region, which is with subtle substructure, of magnetic reconnection.
Figure 5 plots the parallel component of the electric field (E
                  //) obtained by the EFW instrument on all the four spacecrafts of the Cluster tetrahedron (which is with a small separation between satellites) within the time span of 18:35:25.624 to 18:35:31.922 UT, a time interval covering approximately two spin periods. However, with the second spin period of 18:35:28 to 18:35:32 UT (18:35:28.324 to 18:35:31.922 UT), the ESWs can only be observed by SC2 (refer to Fig. 5b), suggesting that the electron hole must be limited in the tetrahedron of Cluster; thus, the spatial scale in the perpendicular direction should be less than the distance between satellites. During the time interval when SC2 observes ESWs, the distances between SC2 and other satellites are as follows: Dr21 = 270.3 km, Dr23 = 191.1 km, and Dr24 = 238.3 km. Thus, it is clear that the spatial scale of ESWs (i.e., electron holes) must be smaller than 200 km, i.e., ~7.5 d
                  
                    e
                  , where d
                  
                    e
                   ≈ 26.5 km is the electron initial scale. It also manifests that the ESWs are mainly excited by electron dynamics.[image: A40623_2015_256_Fig5_HTML.gif]
Fig. 5Overview of the parallel component of the electric field (E
                          //) of the four spacecrafts. The E
                          // is evaluated from the EFW data of four spacecrafts on the separatrix within two spin periods from 18:35:25 to 18:35:32 UT (35:25.624 to 35:31.922 UT). a C1. b C2. c C3. d C4




                

Electron beam observation and analysis
Figure 6 plots the sample electron pitch angle distributions for the electron phase space density (PSD) as a function of energy obtained from the pitch angle distribution (PAD) data of the PEACE instrument on board all the four spacecrafts of Cluster within two spin periods from 18:35:25 to 18:35:32 UT. The energy range of PEACE is from 0.59 eV to 26.4 keV. The electron distribution data are shown in a magnetic field coordinate system, in which parallel to the local magnetic field is set to 0° (in black) and 180° (in green) for the antiparallel direction. The perpendicular direction to the magnetic field is set to 90° (in red), which is the mean value of pitch angles 75° ~ 90° and 90° ~ 105°.[image: A40623_2015_256_Fig6_HTML.gif]
Fig. 6Distribution of the electron phase space density (PSD) as a function of energy. a, b C1. c, d C2. e, f C3. g, h C4. Panels in the left column show the distribution within the former spin period while the panels in the right column show those in the latter spin period of the four spacecrafts. The black, red, and green lines in each subplot denote the phase space density at 0°, 90°, and 180° pitch angles, respectively




                
The PSD of the antiparallel velocity distribution (green line) in Fig. 6d shows a bump roughly in the range of 0.4–1 keV, suggesting that a strong cold electron beam exists and is detected by SC2 during this spin interval. We have also examined the distribution in this spin interval in other directions apart from those in the parallel, antiparallel, and perpendicular directions. However, the electron beam can only be seen in the antiparallel directions. The distribution of this electron beam which overlapped on the background plasma can be fitted by the Maxwellian distribution. Parameters for the beam components are n
                  
                    b
                   = 0.003 cm−3, T
                  
                    b
                   = 300 eV, ν
                  
                    b
                   = 2200 km/s ≈ 0.55 keV, where n
                  
                    b
                  , T
                  
                    b
                  , and ν
                  
                    b
                   are respectively the density, temperature, and the drift speed of the electron beam. The corresponding background plasma is fitted with parameters as follows: n
                  0 = 0.04 cm−3 and T
                  0 = 3000 eV, where n
                  0 and T
                  0 are respectively the density and temperature of the background plasma. This electron beam is colder than that observed in the density cavity in the magnetic reconnection diffusion region in the presence of a guide field as shown in Zhou et al. (2011), but hotter than the cold counter-streaming electron beams flowing through the hot Maxwellian plasma in the plasma sheet boundary layer measured by Cluster (Teste and Parks 2009) which was also associated with broadband (~2–6 kHz) electrostatic noise.
It is noteworthy that other spacecrafts do not detect such an electron beam even though they are only 190 ~ 270 km nearby. This difference indicates that the location of Cluster tetrahedron, i.e., the separatrix region, has a subtle structure within about 200 km (~7.5 d
                  
                    e
                  ) and the electron beam is limited by the magnetic tube. And of most interest is that only SC2 has observed ESWs within the second spin period of 18:35:28 to 18:35:32 UT. Furthermore, for the SC2 observation, the electron distribution at 4 s before does not exhibit similar parallel-dominated anisotropy distribution. Again, no ESWs are observed by SC2 during this time interval as shown in Fig. 5b.
Note that the electron phase space distribution function is obtained by integrating the electron amount during a spin period of 4 s. Generally on the observation, it is difficult to address the relationship between the ESWs and the electron beams because the particle measurements do not have the time resolution necessary to identify the electron phase space holes (electron holes) on such short time scales. However, since the observation of ESWs is continuously observed lasting more than 2 s within this spin period, and cold electron beam is rather strongly observed, we can find the obvious relationship between the two of them. In summary, results from the electron phase space distribution and the EFW observation manifest that the intense ESWs are strongly associated with the cold electron beams of a few hundreds of eV (0.4 ~ 1 keV) antiparallel to the local magnetic field.
This observational result is similar with the previous understanding of the electron beam near the separatrix identified in observations (Fujimoto et al. 2001; Cattell et al. 2005; Nagai et al. 2011; Li et al. 2014a) and in kinetic simulations (Pritchett 2001; Hoshino et al. 2001). The present observed unidirectional electron beam is a cold beam embedded in the hot background.


Discussion
ESW is usually regarded to be generated by the two-stream electron beam instability or the bump-on-tail instability, which was formed by the high-energy electron beam injecting into the cold electron (Omura et al. 1994, 1996, 1999a; Miyake et al. 1998; Umeda et al. 2002). These instabilities finally lead to the formation of Bernstein–Greene–Kruskal (BGK) (Bernstein et al. 1957) potential structures (i.e., phase space electron holes) which exhibits usually the nonlinear bipolar (sometimes monopolar or tripolar (Li et al. 2013a)) spiky structure in the parallel electric field which was termed as ESWs. In the PSBL region in the magnetotail, the bump-on-tail instability is the most realistic generation mechanism of ESW (Omura et al. 1996). Recent simulation results suggested that the two-stream instability (Che et al. 2009), Buneman instability, and lower hybrid instability (Che et al. 2010) can all generate the ESWs (i.e., the electron holes), but they can be distinguished by the moving speed of the electron holes. During the spin period with ESW observation, the PEACE spinPAD mode data exhibits unidirectional electron beam antiparallel to the ambient field and no electron beam-like distribution is found by other spacecrafts without ESW observation. The present results derived from the electron phase space distribution and the EFW observation manifest that the strong ESWs are closely associated with the cold electron beams of a few hundreds of eV (0.4 ~ 1 keV) antiparallel to the local magnetic field. Our study has conquered the restriction of single-spacecraft observation as shown in our previous work by Geotail (Li et al. 2014a) and present direct evidence of electron beam-associated ESWs.
Furthermore, since the observation is made when spacecrafts are staying at the northern hemisphere and with earthward plasma flow, the type-B ESWs suggest that the propagation of ESWs is along the ambient magnetic field in the current sheet-side of the separatrix and outwards away from the magnetic reconnection X-line, which is similar with the recent Geotail observation (Li et al. 2014a). We illustrate our observation result in Fig. 2. Cluster/C2 is located on the CS-side of the separatrix in the concerning time interval of 18:35:28–32 UT. It observes outward-traveling ESWs whose direction is denoted by the red arrow, while the simultaneously observed electron beam is antiparallel to the ambient field and is denoted by the purple arrow.
However, it puzzled us that the direction of the electron beam is antiparallel to the ambient magnetic field and is inward toward the reconnection X-line. The generated isolated potentials of ESWs travel along the ambient magnetic field in the same direction of electron beams with the same order of electron beam velocities in computer simulation (Omura et al. 1996; Miyake et al. 1998; Umeda et al. 2002). In our study, the electron beam is counter directed to the traveling direction of ESW. This observation prevents us from interpreting that the ESWs are locally generated by the bump-on-tail instability exhibited by the electron beam.
A candidate interpretation to this case is that the ESWs are not locally generated by the electron beam observed simultaneously. The ESWs can be generated in the region close to the reconnection diffusion region (Drake et al. 2003; Li et al. 2010). By using a particle-in-cell simulation, Hoshino (2005) discussed that relativistic electrons with MeV energies are quickly generated in and around the X-type neutral region by utilizing the surfing acceleration, and some electrons can be trapped by the electrostatic potential well of the polarization field inducted by reconnection. As is addressed above, the ESWs possibly originate from the region near the reconnection X-line, which is consistent with the simulation. For the simultaneously observed electron beam in this event, since it is antiparallel to the ambient magnetic field, we suggest that the electron beam is not responsible for the generation of the simultaneously observed ESWs. This electron beam is possibly some kind of incoming backstream of electron which is similar to those low-energy electrons flowing toward the reconnection region near the separatrix in previous observation (Fujimoto et al. 2001; Deng et al. 2004) and simulations (e.g., Pritchett 2001; Hoshino et al. 2001).
In observation, Kojima et al. (1999b) performed a statistical study on the propagation direction of ESW and the electron beam on the plasma sheet boundary by Geotail observation. Their results suggested that 88 % of the observed ESW traveling direction is almost the same with the electron beam direction. Their result based on Geotail observation was consistent with the ESW generation mechanism due to the electron beams which resulted from particle simulation performed by Omura et al. (1996) and Miyake et al. (1998). We also note that in the statistics performed by Kojima et al. (1999b), a small portion of the observed ESWs do not travel in the same direction of the electron beam. We suggest that the case in this study corresponds to the small portion of cases in Geotail observation, which only detects that ESWs travel along the magnetic tube with antiparallel electron beam.
As in observation, it is out of the ability to address the counter direction between the ESWs and the electron beam since the two are closely related. It remains open to the next study by computer simulation.
The amplitude of ESWs represents the potential energy of the electron hole. Though it was reported that large-amplitude (on the order of 100 mV/m) ESWs were observed in the magnetopause and bow shock and the cusp region by FAST satellite (Ergun et al. 1998) and by Polar in the low-altitude auroral zone and, at high altitudes (~4–8 RE), during crossings of the plasma sheet boundary and cusp (Cattell et al. 1999, 2003), however, the amplitude of ESWs observed in the magnetotail is usually on the order of 1 ~ 100 uV/m by Geotail (e.g., Matsumoto et al. 1994, 1999; Kojima et al. 1997, 1999b; Li et al. 2009) and on the order of 0.01 ~ 1 mV/m by Cluster (Li et al. 2010). Cattell et al. (2005) had observed large-amplitude (up to 50 mV/m) solitary waves (electron holes) near the outer edge of the plasma sheet, within and on the edge of a density cavity, and at distances on the order of a few ion inertial lengths from the center of the current sheet. The present cases of ESWs are strong with large amplitude in the CS-side of the separatrix, consistent with the observation of Cattell et al. (2005) but different with the observation of Geotail in the magnetotail (Li et al. 2009).
The perpendicular scale of the electron holes is not possible to be clearly derived since the perpendicular component is not available; however, since the ESWs are detected only by one spacecraft of the Cluster tetrahedron which separation is smaller than 200 km, the spatial scale in the perpendicular direction should be limited in one small magnetic tube smaller than the max of the separation, i.e., approximately 200 km (~7.5 d
                
                  e
                ). Umeda et al. (2002) had performed a 2-D particle-in-cell (PIC) simulation to the 2-D ESWs and found the tube-like structure of the electron holes. In the observation, Omura et al. (1999b) and Li et al. (2013b) found that many of the PSBL ESWs observed in the near-tall region have large electric fields in perpendicular component relative to the ambient magnetic field. However, we do not have a clear conclusion at this point. The data analysis with EFI on board THEMIS (Angelopoulos 2008) will hurdle this restriction and is currently undertaken.

Conclusions
In our previous work (Li et al. 2014a), strong and weak electron beams are respectively associated with ESWs on the current sheet-side than on the lobe-side of the separatrix based on mono-point observations. In the present work, we have presented an in situ evidence of electron beam-associated ESWs in the separatrix of magnetic reconnection in the near-Earth magnetotail by multi-spacecraft observation of Cluster. The main conclusions are addressed as follows:(1)During one spin period, 42 cases of ESWs are continuously observed during 2 s by SC2 while other spacecrafts do not “detect” them, suggesting that the spatial scale of ESWs is limited in the separation of Cluster (smaller than 200 km, ~15 d
                        
                          e
                        ).

 

(2)The ESWs exhibit perfect symmetric structure with a small offset about 1.5 mV/m in the amplitude. A simple statistic is performed to this series of ESWs, and the result reveals that more than half of them are large electron holes with amplitude between 10 and 20 mV/m and most of the ESWs are highly symmetric in waveform with symmetry index between 0.7 and 1.1.

 

(3)During the spin period with ESW observation, the PEACE spinPAD mode data exhibits unidirectional electron beam antiparallel to the ambient field and no electron beam-like distribution is found by other spacecrafts without ESW observation.

 

(4)The observation with multi-satellite comparison manifests that the ESWs are strongly associated with the cold electron beams of a few hundreds of eV (0.4 ~ 1 keV) antiparallel to the local magnetic field which is consistent with the bump-on-tail instability.

 

(5)However, since the electron beam is inward and the ESWs are outward traveling, the relationship between the counter-directed electron beam and the simultaneously observed ESWs remains unclear and open to the next study.
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