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Abstract
It is important to study the ‘concentrated’ electrostatic solitary waves/structures (ESWs) associated with the magnetic reconnection. In the literature published as regards this topic, very few studies have reported the observation of such a large number of ESWs in a single magnetic reconnection event. In this work, we report our observation of a large number of ESWs around the magnetic null-pairs within the magnetic reconnection ion diffusion region of Earth's magnetosphere on 10 September 2001. With more than 9,600 cases of ESWs observed around magnetic null-pairs and more than 97,600 cases observed during the ion diffusion region crossing time span, the observation of such a large number of ESWs in the diffusion region has not been reported often in published works. We further perform single-event-based statistical analysis of the characteristics of the ESWs around magnetic null-pairs. Based on the statistical result, we speculate that the two-stream instability originating from the magnetic null and traveling outward along the plasma sheet boundary layer (PSBL) is the candidate mechanism of the large number of observed ESWs. Our observation and analysis in this work suggests that even with the presence of a complex magnetic structure around a magnetic null-pair in the three-dimensional regime, concentrated ESWs can be observed. This single-reconnection-event-based statistical result of ESWs around the magnetic null-pairs can aid in understanding the microdynamics associated with three-dimensional (3D) magnetic reconnection.
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Background
The observation of electrostatic solitary waves (ESWs) and the study of their structure within the magnetic reconnection diffusion region of Earth's magnetosphere has attracted a surge of research interest recently (Matsumoto et al. [2003]; Deng et al. [2004], [2009]; Cattell et al. [2005]; Li et al. [2009], [2010], [2012], [2013a], [2013b], [2014]). ESWs were first observed in the plasma sheet boundary layer (PSBL) in the magnetotail by Matsumoto et al. ([1994]). Thereafter, they have been widely observed in many key regions in space, including the PSBL in the magnetotail (Matsumoto et al. [1994], [1999]; Kojima et al. [1999]; Cattell et al. [1999]), the auroral and cusp regions (Mozer et al. [1997]; Cattell et al. [1999], Pickett et al. [2004]), and the terrestrial bow-shock, magnetosheath, and magnetopause regions (e.g., Bale et al. [1998]; Cattell et al. [2002], [2003]; Matsumoto et al. [2003]; Pickett et al. [2003], [2005]; Shin et al. [2008]; Li et al. [2013c]).
Magnetic reconnection is the most important mechanism for the energy transformation from magnetic energy to kinetic energy and its transportation from the source region to other regions of interest. Both the structure and the microphysics related to reconnection have been extensively studied. As a primary focus of these studies, the ESWs associated with magnetic reconnection have also been investigated recently both through in situ observations (Deng et al. [2004], [2009]; Cattell et al. [2005]; Li et al. [2009], [2010], [2013b]) and simulations (Drake et al. [2003]; Cattell et al. [2005]). Fujimoto and Machida ([2006]) studied the generation mechanism of ESWs on the PSBL associated with magnetic reconnection by using 2-1/2-D kinetic simulations in a large system. Some types of ESWs have been observed in the vicinity of the magnetic reconnection diffusion region on the dayside (Matsumoto et al. [2003]) and in the magnetotail (Deng et al. [2004]; Cattell et al. [2005]). Recently, certain statistical studies have been performed on the characteristics and structure of the ESWs associated with magnetic reconnection (Li et al. [2009], [2013b]).
However, in previous publications, the ESWs are only regarded as one kind of plasma wave and the number of reported ESWs is fairly limited. For example, Deng et al. ([2009]) reported several ESWs around the magnetic null in only one case. Li et al. ([2009]) found only several hundreds of such cases within several tens of magnetic reconnection events. It is important to study the ‘concentrated’ ESWs within the magnetic reconnection diffusion region for purely study on the ESWs associated with magnetic reconnection. We have found an event of magnetic reconnection with a large number of ESWs only after surveying more than 20 cases of reconnection events during the tail season of the Cluster orbit. In the present study, we examine this unique event of magnetic reconnection in the near-Earth magnetotail that is rich with ESWs (approximately 123,000), which was detected by the Cluster Wideband (WBD) plasma wave receiver (Gurnett et al. [1997]) onboard the Cluster spacecraft SC1, SC3, and SC4.

Methods
The magnetic reconnection that occurred in the near-Earth magnetotail at approximately −19 RE on 10 September 2001 has been studied by Wang et al. ([2008], [2010]) extensively. They mainly focused on the energetic electrons within the magnetic reconnection ion diffusion region (Wang et al. [2008]) and the energetic particle distribution in different subareas within this region (Wang et al. [2010]). The crossing of all the spacecrafts to the ion diffusion region during the time interval of 07:50 to 08:05 UT has been confirmed by key observation characteristics by Wang et al. ([2008], [2010]) which characteristics include the following: (1) A reversal of high-speed flow V
                  x
                 (from negative to positive) coinciding with a reversal of B
                  z
                 (from negative to positive), and (2) observation of an out-of-plane Hall magnetic field B
                  y
                 by the four satellites of the Cluster spacecrafts. Most recently, Viberg et al. ([2013]) studied the plasma waves within this ion diffusion region and they identified three kinds of wave that were all observed within the separatrix regions: Langmuir waves (LWs), ESWs, and electron cyclotron waves (ECWs). Significantly, ECWs were observed for the first time within the magnetic reconnection diffusion region.
This event provides a great opportunity for us to perform statistical studies on the characteristics of the ESWs within the reconnection diffusion region around the magnetic null-pair. In this work, single-event-based statistical analysis of the characteristics of the ESWs around magnetic null-pairs is performed. The amplitudes, pulse widths, and the spatial scale of the ESWs both in the region adjacent to the magnetic null points and those observed during the entire diffusion-region-crossing time span are analyzed in detail.

Results and discussion
3D magnetic reconnection event overview
To provide an overview of this magnetic reconnection event, we plot the X-component of the plasma velocity (V
                    x
                  ) and the magnetic field (B
                    x
                  ) from 07:55 UT to 07:59 UT in the upper panels of Figure 1. All data are presented in geocentric solar- magnetospheric (GSM) coordinates. The plasma data have been obtained from the Cluster ion spectrometry (CIS) experiment (Réme et al. [1997]) with spin-time resolution (4 s) while the magnetic field data have been obtained from the fluxgate magnetometer (FGM) (Balogh et al. [1997]) with full-time resolution (approximately 22.45 Hz). In the bottom panels of Figure 1, we plot the Poincaré indices and the corresponding value of ∇⋅B, which are calculated by applying the method introduced by Greene ([1992]) and developed by Zhao et al. ([2005]), within the time interval from 07:55:00 UT to 07:59:00 UT. The Poincaré-index method has been successfully employed to infer the presence of a true magnetic null point (Priest and Titov [1996]; Xiao et al. [2006], [2007]; He et al. [2008a], [2008b]; Deng et al. [2009]).[image: A40623_2014_Article_161_Fig1_HTML.jpg]
Figure 1Overview of 3D magnetic reconnection on 10 September 2001. All data are shown within the time interval of 07:55 to 07:59 UT. In each panel, black, red, green, and blue lines represent C1, C2, C3, and C4 observations, respectively. (a) X-components of the plasma (proton) velocity observed by Cluster ion spectrometry (CIS). (b) X-component of magnetic field with data resolution of 22.4 Hz. (c, d) Poincaré index and the corresponding ∇⋅B values. The three ellipses denote the three groups of magnetic nulls or null-pairs. The flow reversal occurs at approximately 07:56:24 to 07:57:36 UT, and this interval is marked by two vertical dashed lines. The black bar between panels (c) and (d) denotes the time interval in Figure 2.




The crossing of all the spacecrafts to the ion diffusion region during the time interval of 07:50 to 08:00 UT has been confirmed by means of certain key observation characteristics in the study by Wang et al. ([2008], [2010]). Wang et al. ([2008], [2010]) observed the four spacecrafts directly crossing the ion diffusion region, with C1, C2, and C4 crossing mainly from the northern side of the current layer (B
                    x
                   > 0) and C3 from the southern side (B
                    x
                   < 0, refer to Figure 1a). We suggest that the spacecrafts skimmed the magnetic ion diffusion region along the boundary layer during the plasma flow reversal interval.
It is known that, when the Poincaré index values +1 or −1, there may be a magnetic null that lies within the Cluster tetrahedron (Xiao et al. [2006], [2007]). The corresponding ∇⋅B value (Figure 1d) is very small (∇⋅B → 0 and lies between −0.005 to 0.005, and these values are indicated by the two horizontal dotted lines), thereby confirming that the singular points are physical magnetic nulls which lie within the Cluster tetrahedron (Cai et al. [2001]; Xiao et al. [2006], [2007]). The magnetic nulls indicated by the Poincaré index as shown in Figure 1a are observed nearly within the time span over which the plasma flow reverses (Figure 1b). The types of null, i.e., A-type, B-type, As-type, and Bs-type, are determined by the eigenvalues of the δB matrix, which is a 3× 3 real matrix, where δB =  ∂ B
                    i
                  / ∂ x
                    j
                   (Priest and Titov, [1996]), of which the eigenvalues are listed in the last row of Table 1. The A-type and As-type nulls are classified as positive nulls because the Poincaré index is +1 and the corresponding eigenvalue of δB matrix is positive. The field lines along the spine line of the A-type null direct outward from the null, and the field lines on the fan plane direct toward the null. The field lines around the As-type null exhibit a spiral structure that is more complex than that is observed in the A-type null (He et al. [2008b]; Deng et al. [2009]). The B-type and Bs-type nulls are classified as negative nulls since the Poincaré index is −1, and the field line direction around these types of null is opposite those of the A-type or As-type null.Table 1
                          Characteristics of the magnetic null and null-pair within the reconnection diffusion region
                        


	 	N1
	N2
	N3

	N2-a
	N2-b
	N2-c
	N2-c
	N2-d

	Time interval
	07:56:33.419 to 07:56:37.746
	07:57:2.811 to 07:57:4.952
	07:57:5.219 to 07:57:9.099
	07:57:10.705 to 07:57:11.552
	07:57:11.597 to 07:57:12.489
	07:57:14.273 to 07:57:14.585
	07:58:8.06 to 07:58:10.736

	Representative time point
	07:56:33.955
	07:57:03.435
	07:57:9.099
	07:57:11.418
	07:57:12.043
	07:57:14.407
	07:58:10.736

	Null type
	B
	B
	As
	B
	Bs
	As
	As

	∇⋅B
	0.0016
	0.0037
	0.0031
	0.0019
	0.0013
	0.0019
	0.0019

	|∇×B|
	0.0982
	0.1926
	0.1472
	0.0908
	0.0605
	0.0845
	0.105

	|∇⋅B|/|∇×B|
	1.63%
	1.92%
	2.11%
	2.09%
	2.15%
	2.25%
	1.81%

	Eigenvalue
	
                              λ
                              1
                            
	+0.0011
	+0.0022
	+0.0004 + 0.0016i
	+0.0019
	+0.0024 + 0.0036i
	+0.0007 + 0.0013i
	−0.0012 + 0.0034i

	
                              λ
                              2
                            
	+0.0063
	+0.0051
	+0.0004 − 0.0016i
	+0.0036
	+0.0024 − 0.0036i
	+0.0007 − 0.0013i
	−0.0012 − 0.0034i

	
                              λ
                              3
                            
	−0.0058
	−0.0036
	+0.0024
	−0.0036
	−0.0035
	+0.0006
	+0.0042




Table 1 lists the detailed characteristics of the magnetic nulls within the plasma flow reversal interval. They can be divided into three groups according to the observation time: N1 (07:56:33.3 to 07:56:37.8 UT), N2 (07:57:02.7 to 07:57:14.6 UT), and N3 (07:58:08.0 to 07:58:10.8 UT), which are denoted by the three ellipses in Figure 1c. Therefore, the type of magnetic null can be identified based on the characteristics for these three groups. Point N1 corresponds to the B-type magnetic null and N3 corresponds to the As-type magnetic null. N2 contains several magnetic nulls that coupled together to form a B-As-B(Bs)-As structure, which is regarded as a coupled magnetic null-pair because of the small angle of about 3° to 7° between the γ-line of one null and the Σ-surface of the other null for each null-pair. Herein, the γ-line represents a virtual line along the magnetic field emerging from the magnetic null and the Σ-surface represents a virtual surface where the magnetic field with opposite orientations on its two sides (Lau and Finn [1990]; Priest and Titov [1996]; Xiao et al. [2006], [2007]).
The magnetic null point and null-pair form the crucial regions of a three-dimensional (3D) magnetic reconnection, wherein the magnetic field lines break and then reconnect. Investigation of the detailed structures, waves, and particle dynamics around the magnetic null points is significantly important for understanding the reconnection in the 3D regime. The spatial structure of the magnetic null or null-pairs will be studied in another work.

Observation of ESWs
The primary observations presented here are mainly obtained from the WBD plasma wave receiver (Gurnett et al. [1997]) onboard the Cluster spacecrafts. The WBD performs only 1D measurements along one axis only within the spin plane of the spacecraft (Pickett et al. [2005]). Moreover, the WBD provides continuous observations of the electric field waveforms with a time resolution of 9.5 kHz. As regards the 3D magnetic reconnection event in question, the WBD instruments onboard SC1, SC3, and SC4 work well in the 9.5-kHz bandwidth mode, thereby providing the best opportunity for the study of ESWs associated with magnetic reconnection in the near-Earth tail. In the present work, we examined the 9.5-kHz bandwidth mode of the WBD data carefully, and we observed a large number of ESWs continuously forming along the trajectory of all the four spacecrafts around the magnetic null-pairs and within the ion diffusion region.
We firstly surveyed the WBD data of Cluster when the magnetic null and null-pairs, i.e., N1 (07:56:33.3 to 07:56:37.8 UT) and N2 (07:57:02.7 to 07:57:14.6 UT), were detected during the plasma flow reversal. Numerous ESWs were observed within these two time intervals. Figure 2 shows the observations of the WBD instruments within the second time interval (07:57:00 to 07:57:12 UT), during which the magnetic null-pairs were detected and were involved by the Cluster tetrahedron. The WBD waveforms (E
                    z
                  ) and the corresponding spectrograms are shown for SC1 (panels a and b), SC3 (panels c and d), and SC4 (panels e and f). The local electron plasma frequency (f
                    pe
                  ) and cyclotron frequency (f
                    ce
                  ) are superposed in red and black lines, respectively. It is worth noting that E
                    z
                   is one of the measurements of the electric field made by the WBD instrument (another is E
                    y
                  ) in the spin plane of the spacecraft, which is nearly parallel to the ambient magnetic field in this region. As shown, the waves are enhanced mainly over a wide range in the frequency domain (several hundred to several thousand hertz, i.e., f
                    ce
                   ~ f
                    pe
                  ) Herein, f
                    ce
                   = 336 Hz for a magnetic strength of 12 nT and f
                    pe
                   = 5.692 kHz for an electron density of 0.4 cm−3. The frequency range for the wave enhancement is consistent with the signature of broadband electrostatic noise (BEN) (Matsumoto et al. [1994]). The spike-shaped waveforms support the speculation that this kind of BEN results from ESWs. The continuous observation of the spiked solitary wave structures suggests that ESWs can be observed around the magnetic null-pair in the diffusion region.[image: A40623_2014_Article_161_Fig2_HTML.jpg]
Figure 2Cluster/Wideband (WBD) observations around the magnetic null-pairs (N2). The time interval covers 12 s starting from 07:57:00 UT. Panels from top to bottom display the electric field and corresponding frequency time diagram for SC1 (a, b), SC3 (c, d), and SC4 (e, f) in this order. The local electron plasma frequency (f
                            pe
                          ) and cyclotron frequency (f
                            ce
                          ) are superposed in red and black lines, respectively.




Figure 3 displays the typical waveforms of the ESWs observed by Cluster/SC1 around the first group of magnetic null-pairs which are shown in Figure 1c. Figure 3a displays the waveforms of E
                    z
                   within a time span of slightly more than 1 s starting at 07:56:32.4290 UT, and Figure 3b shows the magnified waveform over a span of approximately 40 ms, corresponding to the black bar (07:56:32.429 to 07:56:32.469 UT) in Figure 3a, in order to highlight the details of the waveform. The waveform comprises clear spike-shaped solitary nonlinear pulses. These waveforms are typical ESWs. Both bipolar and tripolar pulses (Li et al. [2013b]) can be seen clearly in these ESW waveforms. Because the tripolar ESWs for this case study constitute only a small portion of all the observed ESWs, we do no analyze such waveforms.[image: A40623_2014_Article_161_Fig3_HTML.jpg]
Figure 3Electric field observed by Cluster-1/Wideband (WBD). (a) 1 second waveform after 07:56:32.026 UT. (b) Waveforms zoomed-in within time interval of 07:56:32.4290 UT to 07:56:32.4693 UT. Waveforms exhibiting spiked solitary structures are shown within the observational time period of magnetic null points (group 1). Clear bipolar and tripolar electrostatic solitary waves (ESWs) are seen.




In the magnetic reconnection case in question, numerous ESWs were observed. Since the number of ESWs is very large, the automatic waveform selection (AWS) method introduced by Kojima et al. ([2000]) was employed to extract the ESW waveforms and to collect their parameters. We also surveyed the WBD data within the second time interval around the second group of magnetic null-pairs. Similarly, numerical ESWs were observed. From the WBD data, we determined that approximately 12,100 ESW waveforms were observed within the time interval of 07:56:00 to 07:57:30 UT during which the magnetic null-pairs were detected by the Cluster tetrahedron. Upon considering the entire reconnection diffusion crossing span from 07:50 to 08:00 UT, an enormous number of ESWs (123,200, i.e., 10 times of that observed in the adjacent magnetic null-pair) could be detected. The reporting of such a large number of ESWs that were continuously observed within one reconnection diffusion region is rare in published works.
As to the basic characteristics of the ESWs, we define the four following four aspects to perform statistical analysis. (1) Type of ESWs (Li et al. [2014]): there are two types of ESWs with respect to bipolar waveforms. One type comprises negative-to-positive bipolar solitary structures and the other type comprises positive-to-negative bipolar waveforms. These two types of ESWs are designated as ‘type-A-ESW’ (negative-to-positive) and ‘type-B-ESW’ (positive-to-negative) for convenience by Li et al. ([2014]). (2) ‘Solitariness’ of the ESW waveform: coupled ESWs and isolated ESWs. The coupled ESW comprises a coupled waveform whose pulse interval is smaller than their individual pulse widths (refer to Figure 4a). (3) ESWs with and without offset fields (refer to Figure 4b). (4) ESWs with asymmetrical and symmetrical waveforms (refer to Figure 4c). Figure 4 presents several typical series of ESWs observed by SC1 at 07:56:32 UT, which are all ‘type-B-ESW’. Figure 4a depicts sample coupled ESWs and isolated ESWs, wherein the interval between the two spiked pulses marked by the dashed ellipse is considerably smaller than the pulse width of the isolated ESW pulse. We defined two indexes, symmetrical index Isym = |Emax − Eaver|/|Emin − Eaver| and the guide index Iguide = |Eaver|/|Emax − Emin|, where Emax and Emin denote the maximum and minimum amplitudes of the solitary pulse, respectively, and Eaver represents the averaged value. For a solitary ESW pulse, when Iguide > 0.1, the pulse can be regarded as an ESW with an offset field, and when 0.9 < Esym < 1.1, the pulse can be viewed as a symmetrical ESW. Figure 4c depicts the plots of several waveforms comprising asymmetrical and symmetrical ESWs, wherein the solitary pulse marked by a dashed ellipse represents an asymmetrical ESW. Figure 4b depicts ESWs with and without offset fields, wherein the two small solitary pulses in the dashed ellipse denote ESWs with an offset field. We note that the first spiked wave in Figure 4c depicts a tripolar ESW (Li et al. [2013b]). Since the occurrence rate of tripolar ESWs is generally considerably smaller than that of bipolar ESWs, we neglect tripolar ESWs in the present work as regards our statistical analysis.[image: A40623_2014_Article_161_Fig4_HTML.jpg]
Figure 4Typical series of electrostatic solitary waves (ESWs) observed by SC1 at 07:56:32 UT. The solitary pulses indicated by the dashed eclipses in panels (a-c) represent the coupled ESWs, the ESWs with offset field, and the asymmetrical ESWs in that order.




Primitive statistics is performed on the ESWs obtained by SC1, SC3, and SC4 within two time intervals. The first time interval corresponds to the duration over which the spacecrafts are around the magnetic null-pairs (group 1), and the second corresponds to the time spent within the entire magnetic reconnection diffusion region (group 2). The statistical information concerning the detected ESWs is summarized and listed in Table 2. The total number of ESWs in group 1 is 12,111 while it is 123,291 (about 10 times that in group 1) in group 2. The table provides a comparison of the ESWs with respect to the following characteristics: 1) type of ESWs: type-B ESW and type-A ESW; 2) solitariness of the waveform of ESWs: coupled ESWs and isolated ESWs; 3) ESWs with and without offset field; and 4) asymmetrical and symmetrical ESWs. This information concerning the ESWs within the magnetic reconnection ion diffusion region and around the magnetic null-pairs as summarized in Table 2 suggests that most of the ESWs exhibit a solitary, nonlinear evolution structure; however, a small number of the observed ESWs exhibit coupled waveforms, thereby suggesting that the electron holes are in the development stage when two adjacent electron holes merge. It is interesting that most of the solitary structures are observed with an offset electric field, which may reflect some type of low-frequency turbulence or background DC electric field. The ESWs have perfect symmetrical structure for the most part, thereby suggesting the presence of symmetrical electron potential holes in this region.Table 2
                          Summary of the statistical information of electrostatic solitary waves (ESWs)
                        


	 	Group 1
	Group 2

	Total
	12,111
	123,291

	Type
	 	 
	 Type-A
	5,968 (49.3%)
	61,871 (50.2%)

	 Type-B
	6,143 (50.7%)
	61,420 (49.8%)

	Solitariness
	 	 
	 Coupled
	1,200 (9.9%)
	14,063 (11.4%)

	 Solitary
	10,911 (90.1%)
	109,228 (88.6%)

	If offset
	 	 
	 Offset
	7,683 (63.4%)
	80,033 (64.9%)

	 Not offset
	4,428 (36.6%)
	43,258 (35.1%)

	Symmetry
	 	 
	 Asymmetrical
	3,736 (30.8%)
	37,268 (30.2%)

	 Symmetrical
	8,375 (69.2%)
	86,023 (69.8%)


Observed near the magnetic nulls within the magnetic reconnection diffusion region on 10 September 2001.
Group 1: Data corresponding to the ESWs observed during 07:56:30 to 07:57:30 UT (close to the nulls); Group 2: Data corresponding to the ESWs observed during 07:50 to 08:00 UT (the entire diffusion region crossing).




Statistical analysis of ESW characteristics
The observation of such a large number of ESWs within a single reconnection diffusion region presents evidence of wave/turbulence activities during the ongoing magnetic reconnection process, and this presents a good opportunity for us to understand such waves via a statistical study. In the following sections, we perform statistical analysis of the characteristics of the ESWs observed within the magnetic reconnection diffusion region.

Amplitude and pulse width of ESWs within diffusion region in V
                    x
                   − B
                    x
                  plane
The magnetic structure around a 3D magnetic null or null-pair appears as an 2D X-type configuration viewed from proper viewing angles (He et al. [2008a]), e.g., in a diagonal direction in the X-Y plane in He et al. ([2008a]). As mentioned previously, a large number of ESWs were observed in the vicinity of the magnetic null on both the northern side and the southern side of the X-line when viewed using a 2D model (He et al. [2008a]). In this subsection, we discuss our statistical analysis of the peak-to-peak amplitudes and the pulse widths of the ESWs associated with the magnetic reconnection diffusion region in the V
                    x
                   − B
                    x
                   plane, which roughly represents the diffusion region in the magnetotail in the X-Z plane.
The results of our statistical analysis are shown in Figure 5. The top row displays the results for the ESWs observed during the interval of 07:56:30 to 07:57:30 UT (near the magnetic null-pair), and the bottom row corresponds to those observed during the entire diffusion region crossing. Panels (a) and (c) show the results concerning the ESW amplitudes, and panels (b) and (d) show the results for the pulse widths. It is to be noted that the magnitude of the amplitude or pulse width is color coded, wherein positive values represent type-B ESWs (negative-to-positive) and the negative values represent type-A ESWs (positive-to-negative). The results indicate that type-A and type-B ESWs are ‘interleaved’ within the diffusion region represented by the V
                    x
                   − B
                    x
                   plane.[image: A40623_2014_Article_161_Fig5_HTML.jpg]
Figure 5Statistical results for the amplitudes and pulse widths of ESWs. Panels (a, b) are for the ESWs observed in the PSBL around magnetic nulls and panels (c, d) are for those observed within the entire reconnection diffusion region on 10 September 2001.




As regards the ESW amplitudes, our analysis shows that, during this magnetic reconnection process, the amplitudes of the observed ESWs in the vicinity of the X-line (magnetic null-pairs) are mainly less than 1 mV/m (ranging from approximately 0.01 mV/m to 0.7 mV/m), while for the whole data set of the ESWs within the ion diffusion region, the amplitude varies over a wider range from approximately 0.01 mV/m to approximately 2 mV/m.
Bench tests with the WBD flight spare instrument were recently carried out at Iowa. In the tests, some solitary waves in the form of bipolar and tripolar pulses were input using a signal generator, and the output was examined in terms of the pulse shape and duration. These tests show that any pulses of these types that are observed in the WBD data and that have time durations longer than the suggested guidelines should not be used for analysis purposes other than in this case that the researcher clearly states that these pulses, although considered to be solitary waves, cannot be characterized in terms of specific shape, time duration, or amplitude (refer to: Swanner et al, [http://www-pw.physics.uiowa.edu/cluster/pulse_tests.pdf]). Thus, the ESWs observed near the magnetic null points that have pulse widths greater than 2 ms are not suitable for analysis of shape, amplitudes, and time durations.
In the present study, the solitary pulses were analyzed regardless of their pulse. We examined the data set that was studied, and we found that ESWs with pulse widths of less than 2 ms dominate the observations. This result is listed in Table 3 in detail. For those ESWs observed adjacent to the magnetic null (07:56:30 to 07:57:30 UT), 79.4% of the ESWs have pulse widths of less than 2 ms; while within the whole time span (07:50 to 08:00 UT), this ratio is equal to 79.2%. Thus, we eliminate those ESWs with pulse widths larger than 2 ms for the statistical study. The numbers of the ESWs that are valid for analysis are 9,613 and 97,641 for group 1 and group 2, respectively.Table 3
                          Pulse widths of ESWs observed within the reconnection diffusion region on 10 September 2001
                        


	Time span
	 	Total
	<1 ms
	<2 ms
	<3 ms
	<4 ms
	<5 ms

	07:56:30 to 07:57:30
	Number
	12,111
	5,097
	9,613
	10,711
	10,979
	11,407

	Ratio
	100%
	42.0857%
	79.3741%
	88.4403%
	90.6531%
	94.1871%

	07:50:00 to 08:00:00
	Number
	123,291
	48,560
	97,641
	109,618
	112,238
	116,153

	Ratio
	100%
	39.3865%
	79.1956%
	88.9100%
	91.0350%
	94.2104%





Spatial scale estimation
The ESWs in space are regarded to as electron phase-space potential holes (electron holes, EHs) that are the Bernstein-Greene-Kruskal (BGK) modes, i.e., 1D equilibrium solutions to the time-independent Vlasov-Poisson equations [Bernstein et al. [1957]; Chen and Parks [2002]. In this section, we replace ‘ESWs’ with ‘EHs’ on studying the spatial scale of the corresponding spatial structure of the ESWs. The spatial scale of the EHs observed in nature is usually estimated by assuming the propagating speed of the waves along the magnetic field or by calculating the speed through interferometer measurements (Franz et al. [1998]) from single-satellite observations. Though multiple-satellite analysis presents another approach to study the spatial scale, in this subsection, we only estimate the spatial scale of ESWs in space by considering the propagation of ESWs along the ambient magnetic field. We remark here because the 3D structure of ESWs cannot be constructed by the WBD onboard Cluster, we simply take into account the scale of the ESWs parallel to the ambient magnetic field.
The propagation speed of ESWs is obtained by calculating the time lags between different spacecraft, which are on the same magnetic flux tube and observing the same ESWs, and the distance in the direction along the magnetic field tube between these satellites. However, the direct evidence of ESW propagation in the present event is not available because of the large distance between the spacecrafts. Thus, we consider the electron beam velocity for the estimation of the spatial scale of EHs. In general, the propagating speed of the ESWs is related to the electron beam velocity if the ESWs are formed during the electron beam instability. Though the electron beam velocity is different in different regions, as a single-event-based statistical study, it is feasible to assume that the ESWs can propagate with a speed in a fixed range during one reconnection process. The spatial scale of the ESWs is estimated by assuming that the ESWs are propagating outward of the X-line along the PSBL with a velocity of 1,500 km/s. This velocity is close to the velocity assumed by Kojima et al. ([1999]) for those ESWs observed in the tail lobe and the tail PSBL regions. This value is also consistent with the results obtained from the Cluster multi-satellite analysis carried out by Pickett et al. ([2004]) in the auroral region and near the dayside magnetopause.
Figure 6 shows the statistical results of the estimated spatial scales of the ESWs based on the observations of a single magnetic reconnection diffusion region crossing on 10 September 2001. The panels in left column correspond to the ESWs observed between 07:56:30 UT and 07:57:30 UT (hereafter referred to as group 1 ESWs) when Cluster was located in the PSBL near the magnetic null-pair while the right panels correspond to those observed over a wider time span of 07:50 to 08:00 UT (hereafter referred to as group 2 ESWs) during which the spacecrafts skimmed through the entire diffusion region. The spatial scale of the ESWs is normalized respectively by Debye length (λ
                    D
                  ) in the upper row and by the electron inertial length d
                    e
                   = c/ω
                    pe
                   (i.e., the electron skin depth) in the lower row.[image: A40623_2014_Article_161_Fig6_HTML.jpg]
Figure 6Statistical results of the estimated spatial scale of ESWs. Panels (a) and (c) on the left column are For electrostatic solitary waves (ESWs) observed near the magnetic null-pairs (group 1 ESWs); Panels (b) and (d) on the right column are for ESWs observed during the entire reconnection diffusion region crossing time period (group 2 ESWs). The top (a, b) and bottom panels (c, d) in each column show the scale normalized by the Debye length (λ
                            D
                          ) and electron skin length (d
                            e
                          ), respectively.




To better show the results for the spatial scale, we provide a scatter plot of this scale as a function of plasma β, which can be an indicator of the location of the spacecraft (and the ESWs) relative to the PSBL. As has been shown, the locations of the Cluster spacecraft were mainly in the PSBL, and therefore, the ESWs observed in this case are mainly propagating in the PSBL. Thus plasma β, which is plotted on the horizontal axis in each panel, ranges mainly between 0.1 and 1 for group 1 ESWs. However, group 2 ESWs, because the spacecraft are in an orbit close to the neutral current sheet, the plasma β can have a considerably large ratio of β > 1, thereby suggesting that the ESWs are observed on the PSBL side of the reconnection ion diffusion region.
The width of the ESWs is related to the Debye length. In the early days, a statistical study of the spatial scales of solitary pulses (i.e., ESWs) by FAST satellite observations (Ergun et al. [1998], [1999]) in the auroral ionosphere revealed that solitary pulses with a positive potential typically have a Gaussian half-width ranging from less than one λ
                    D
                   to several λ
                    D
                   with a mean value of 1.80 λ
                    D
                   and a standard deviation of 1.13 λ
                    D
                  . The WIND satellite also observed bipolar, Debye-scale electrostatic structures in the transition region of the Earth's collisionless bow shock (Bale et al. [2002]). The latest observation of electron phase-space holes (EHs), i.e., ESWs, in Earth's plasma sheet by the THEMIS satellites reveals that the ESWs are found to have a spatial scale of tens of Debye lengths along the ambient magnetic field (Andersson et al. [2009]). Figure 6a,b clearly shows that most of the ESWs observed by the Cluster spacecraft around the magnetic nulls within the reconnection diffusion region have a spatial scale between 10 and 100 λ
                    D
                  . This statistical result for scale length is slightly larger than that observed in the auroral ionosphere (Ergun et al. [1998], [1999]) and in the shock transition region (Bale et al. [2002]) but consistent with that observed by THEMIS in Earth's plasma sheet (Andersson et al. [2009]).
The statistical results in Figure 6c,d shows that the group 1 ESWs lie in the range between 0.05 and 1 d
                    e
                   for the most part, while for group 2 ESWs, the scale range is wider, 0.01 to 5 d
                    e
                  . Though a statistical effect maybe exists, i.e., it is possible to result in a wider range of the spatial scale of ESWs in statistics since the group 2 ESWs number about 10 times that of group 1 ESWs; however, this statistical result can still suggest that the farther away the ESW is from the magnetic reconnection null (or X-line), the larger it is expected to be as a solitary structure. Moreover, the ESW scale is mainly comparable with the electron inertial scale, thereby suggesting that the electron dynamics is the main evolving process (e.g., nonlinear evolution of the electron two-stream instabilities) in the formation and propagation of the ESWs as revealed by simulation results (e.g., Omura et al. [1996]; Fujimoto and Machida [2006]).


Discussion
Most recently, Viberg et al. ([2013]) have studied the same reconnection event and the same WBD dataset in great detail. They have presented detailed observations of electrostatic HF waves and related electron distributions within the reconnection diffusion region for the same event. Moreover, they have mapped the observations of different wave types to different parts within this region, and they have proposed possible generation mechanisms. However, in our study, we are mainly concerned with the overall characteristics of ESWs that are concentrated in one reconnection diffusion region and may dominate the waves. Such a concentration of ESWs suggests that the ESWs may play a key role in energy release during the reconnection process.
Recent 2-1/2-D particle-in-cell kinetic simulation results have suggested that the electrostatic turbulence plays an important role in strong electron energization in the plasma sheet-lobe boundary region during magnetic reconnection (Fujimoto and Machida [2006]). The statistics concerning the single magnetic reconnection reveal that the ESWs are mainly observed on the PSBL side of the reconnection ion diffusion region. In this event, the spacecraft detected numerous ESWs (group 1 ESWs) when plasma flow reversal was detected by Cluster, i.e., near the magnetic null observation region, thus suggesting that the PSBL near reconnection null may be an important region that is responsible for the generation of ESWs. Fujimoto and Machida ([2006]) also suggest that the two-stream instability in the PSBL includes an electron beam with high- and low-energy electrons. The former originates from the lobe region in the vicinity of the reconnection X-line (or magnetic null), while the latter originates from the opposite boundary region of the plasma sheet. We suggest that the two-stream instability originated from the magnetic null and its outward release along the PSBL is the candidate generation mechanism of the large number of ESWs observed in our study.

Conclusions
In the present work, by examining the 9.5-kHz bandwidth mode of the WBD data carefully, we determined that a large number ESWs was continuously observed along the trajectory of all the four spacecrafts around the magnetic null-pairs (more than 9,600 valid observations) and within the ion diffusion region (more than 97,600 valid observations). Such a large number of ESWs has not often been observed in the diffusion region as per previously published works.
Primitive statistics was performed for an overview of these sets of hundreds of thousands of ESWs around the magnetic null-pairs and within the ion diffusion region. Our results showed that most of the ESWs exhibit a solitary, nonlinear evolution structure; most of the solitary structures are observed with an offset electric field, which may reflect some kind of low-frequency turbulence. The ESWs exhibit a perfectly symmetrical structure for the most part, thereby indicating the presence of symmetrical electron potential holes in space near the magnetic nulls and within the ion diffusion region.
With such a large number of ESWs being observed within a single magnetic reconnection, the amplitudes, pulse widths, and the spatial scale of the ESWs are analyzed in detail. The main conclusions of these statistics can be summarized as follows:(1)The ESWs are mainly observed in the plasma sheet boundary layer of the reconnection region, but a small number of ESWs is observed in the region near the magnetic null-pairs within the diffusion region. The amplitude of ESWs near the magnetic null-pairs is smaller than those in the region farther away from the reconnection X-line or the magnetic null-pairs.

 

(2)Most of the ESWs have pulse widths of the order of <2 ms, both for the ESWs near the magnetic null (79.4%) and within a wider spatial range in the diffusion region (79.2%).

 

(3)Most of the ESWs observed by the Cluster spacecraft around the magnetic nulls within the reconnection diffusion region have a spatial scale between 10 and 100 λ 
                          D
                        , which result is consistent with that observed by THEMIS in Earth's plasma sheet (Andersson et al. [2009]).

 

(4)The ESW scale is mainly comparable with the electron inertial scale, thereby suggesting that the electron dynamics is the main evolving process. The farther away is the ESW from the magnetic reconnection null (or X-line), the larger it is expected to be as a solitary structure.

 

(5)Our observation and analysis in this work suggests that concentrated ESWs can be observed even with the existence of a complex magnetic structure around the magnetic null-pair in the three-dimensional regime.

 



Very few studies have reported on ESWs in such high concentrations observed in such a region near the magnetic null-pair, which is similar to the X-line in the traditional 2D region considered for magnetic reconnection. In our next work, we plan to perform detailed statistical studies of the characteristics of ESWs within the magnetic reconnection diffusion region based on this set of ESWs. A computer particle simulation is necessary for examining their generation mechanism and their roles within the magnetic reconnection diffusion region.
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