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Short Title:   An FTE bounded by magnetic separatrices. 21 

Abstract 22 



In this paper, we present MMS observations of a flux transfer event (FTE) characterized by a clear signature in 23 

the magnetic field magnitude, which shows maximum at the center flanked by two depressions, detected during 24 

a period of stable southward interplanetary magnetic field. This class of FTEs are called ‘crater-FTEs’, and have 25 

been suggested to be connected with active reconnection X line. The MMS burst mode data allows the 26 

identification of intense fluctuations in the components of the electric field and electron velocity parallel to the 27 

magnetic field at the borders of the FTE, which are interpreted as signatures of the magnetic separatrices. In 28 

particular, the strong and persistent fluctuations of the parallel electron velocity at the borders of this crater-FTE 29 

reported for the first time in this paper, sustain the field-aligned current part of the Hall current system along the 30 

separatrix layer, and confirm that this FTE is connected with an active reconnection X line.  31 

Our observations suggest a stratification of particles inside the reconnection layer, where electrons are flowing 32 

toward the X line along the separatrix, are flowing away from the X line along the reconnected field lines 33 

adjacent to the separatrices, and more internally ions and electrons are flowing away from the X line with 34 

comparable velocities, forming the reconnection jets. This stratification of the reconnection layer forming the 35 

FTE, together with the reconnection jet at the trailing edge of the FTE, suggests clearly that this FTE is formed 36 

by the single X line generation mechanism. 37 

1. Introduction 38 

Magnetic reconnection at the dayside magnetopause is the main process that allows the entry of solar wind plasma 39 

and energy into the Earth’s magnetosphere. This process, originally proposed by Dungey [1961], has been the 40 

subject of many studies based on in-situ measurements of scientific spacecraft [see Paschmann et al., 2013 for a 41 

review]. While some effects of magnetic reconnection are visible in a large portion of the dayside magnetopause, 42 

like the bipolar perturbations of the magnetic field component normal to the magnetopause (Bn) associated with 43 

flux transfer events [Russell & Elphic, 1978; Lee and Fu, 1985; Scholer 1988 and Southwood et al., 1988] or the 44 

accelerated plasma flows called reconnection jets [Paschmann et al.,1979], reconnection actually takes place 45 

inside a small diffusion region, located along the intersection of the magnetic separatrices called the X line, where 46 

the magnetic flux is no longer frozen into the motion of the ions and electrons [Burch et al., 2016].  47 

In recent years it has been demonstrated that the diffusion region is constituted by two different parts. In the outer 48 

part, called the ion diffusion region, only the ions are decoupled from magnetic field lines, while the electrons 49 

remain frozen with the magnetic flux. Here the separation of ions and electrons generates a current system, called 50 

‘Hall current system’, that outside the diffusion region is closed by field aligned currents generated by electrons 51 



flowing toward the X line along the separatrices [Øieroset et al., 2001]. According to the simulations of Wang et 52 

al. [2010] and Zenitani & Nagai [2016], these electrons flow toward the X line along the separatrices, would be 53 

reflected and accelerated at the X line, and would flow away from the X line along the reconnected field lines 54 

adjacent to the separatrices. Geotail observations in the near-Earth magnetotail suggested that the Hall current 55 

system near the separatrix layer is formed by a thin double-sheet structure, consisting mostly of field aligned 56 

currents [Nagai et al. 2003]. 57 

The Hall current system, in turn, induces a quadrupolar perturbation of the out-of-plane magnetic field component 58 

(guide field) [Øieroset et al., 2001; Eastwood et al., 2010]. Given his small size, the ion diffusion region is 59 

generally identified with magnetic field data, which have usually much higher time resolution than plasma data, 60 

through the quadrupolar signature in the out-of-plane magnetic field component [Mozer et al., 2002; Nagai et al., 61 

2001; Øieroset et al., 2001; Vaivads et al., 2004]. Mistry et al. [2016] showed that Hall magnetic fields can also 62 

be observed far outside the ion diffusion region. Retinò et al. [2006] reported the presence of strong electric field 63 

fluctuations, electron beams and intense wave turbulence along the separatrices in proximity to the diffusion 64 

region, while other studies also highlighted the presence of low energy electron beams in proximity of the 65 

diffusion region flowing toward the X line along the separatrices [Fujimoto et al., 1997; Nagai et al., 66 

2001; Øieroset et al., 2001] and also away from the X line [Wang et al 2010; Hwang et al., 2017].  67 

In the inner part of the diffusion region, called the electron diffusion region, the electrons are also decoupled from 68 

magnetic field lines. The processes inside the electron diffusion region are known mostly from numerical 69 

simulations. The first observations in proximity to the X line were performed by Geotail in the magnetotail 70 

reconnection [Nagai et al., 2011], and [Zenitani et al., 2012] estimated the energy dissipation in the rest frame of 71 

the electron’s bulk flow. More recently the high time resolution observations of NASA Magnetospheric Multiscale 72 

(MMS) Mission has provided detailed measurements within the electron diffusion region of magnetic 73 

reconnection at the dayside magnetopause [Burch et al., 2016; Wang et al., 2017a; Hwang et al., 2017]. 74 

Reconnection jets, which are jets of plasma accelerated away from the X line (northward and southward) by the 75 

magnetic tension of reconnected field lines, can be detected also when the spacecraft is located several Earth radii 76 

away from the X line. For this reason, if only unidirectional reconnection jets are sampled, this indicates that 77 

reconnection is active somewhere at the magnetopause, northward or southward of the spacecraft according to the 78 

direction of the reconnection jets, and that the spacecraft remains on the same side of the X line. On the other 79 

hand, if both the northward and the southward reconnection jets are sampled in a short time interval (jet reversal 80 

events), this indicates that the spacecraft is near the X line. Indeed, these jet reversal events can provide 81 



information about the position of the X line, and they have played an important role both to define statistically the 82 

global configuration of reconnection at the magnetopause, defining the location and the extension of the X line 83 

for the different interplanetary magnetic field orientations [Trenchi et al., 2008, 2009; Trattner et al., 2012; 84 

Trenchi et al., 2015], but also to identify the intervals when the spacecraft is inside the diffusion region and to 85 

study the physical processes responsible for magnetic reconnection inside the diffusion region [Øieroset et al 86 

2001; Eastwood et al., 2010; Phan et al., 2016; Burch et al., 2016; Wang et al., 2017a]. 87 

Bipolar perturbations of BN, first identified by Russell and Elphic [1978], are caused by the passage of magnetic 88 

field structures generated by time varying reconnection, which propagate along the magnetopause, and are referred 89 

to as flux transfer events (FTEs). According to the different models, the FTEs can be formed by a reconnection 90 

burst along a short X line [Russell and Elphic, 1978], a burst of the reconnection rate along an extended X line 91 

[Scholer, 1988 and Southwood et al., 1988], or time varying reconnection along multiple extended X lines [Lee 92 

and Fu, 1985]. (See Fear et al. [2008] for further discussion of the differences between these mechanisms). The 93 

polarity of the BN signature gives information about the relative position of the spacecraft with respect to the X 94 

line: a positive-negative (standard polarity) signature is observed when the spacecraft is northward of the X line, 95 

while a negative-positive (reverse polarity) signature is seen when the spacecraft is southward of the X line 96 

[Rijnbeek et al., 1984]. There has been some disconnect in estimates of the amount of flux transferred by FTEs as 97 

calculated from ground-based data and in-situ data, but these estimates can be reconciled to show that FTEs are 98 

likely to be the largest method of flux transfer from the solar wind to the magnetosphere [Fear et al., 2017].  99 

MMS is the ideal mission to study FTEs, given the higher time resolution with respect to previous missions, the 100 

excellent intercalibration of plasma and field instruments among the four spacecraft, and the close formation, with 101 

a minimum separation among the spacecraft of about 10 km in Phase 1a [Burch et al., 2015]. This allows MMS 102 

to determine the currents with unprecedented time resolution, with the curlometer technique [Robert et al., 1998; 103 

Dunlop et al., 2002] at smaller scales with respect to the previous missions, or directly from the ion and electron 104 

velocities measured by the plasma instrument [Phan et al., 2016]. The precise determination of the currents inside 105 

the FTEs allows investigation of the force balance, assessing the validity of the force-free assumption inside the 106 

FTEs. 107 

Zhao et al. [2016] analysed four FTEs with MMS data estimating the currents with the curlometer technique, and 108 

found that in some cases the force free assumption is satisfied, i.e. the current is essentially field aligned and the 109 

magnetic pressure force is balanced by the magnetic tension force; however, in other FTEs the perpendicular 110 

component of the current is not negligible, and also the ion pressure plays a role in the force balance. Farrugia et 111 



al. [2016] estimated the current directly from ion and electron velocities measured by the plasma instrument 112 

onboard MMS, and analysed a single FTE that does not satisfy the force free approximation, modelling the FTE 113 

with a non-force free circular flux rope model. Eastwood et al. [2016] studied two ion-scale FTEs, and computed 114 

the currents using both the curlometer and the plasma data, finding a very good agreement between the two 115 

methods. The currents within these ion-scale FTEs are predominantly field aligned, and are characterized by rapid 116 

fluctuations corresponding to spatial smaller than ion inertial length, and are called ‘filamentary currents’ 117 

[Eastwood et al., 2016]. Wang et al. [2017b] examined a sequence of three FTEs close to each other with MMS 118 

data. Two of these FTEs were characterized by filamentary currents, both parallel and perpendicular to the 119 

magnetic field, while the third FTE, which was closer to the reconnection X line, and was characterized by a 120 

singular compact current layer.  121 

The study of FTEs can be useful also to understand the processes at the X line. Indeed, one class of FTEs is 122 

associated with a ‘crater’ signature (a local minimum or minima) in the |B| signature, which has been further 123 

subcategorized into ‘M’-shape and ‘W’-shape crater FTEs [Farrugia et al., 2011]. It has been suggested that crater 124 

FTEs are related to encounters with the separatrix [Rijnbeek et al., 1987, Farrugia et al., 1988, Owen et al., 2008 125 

Farrugia et al., 2011]. Farrugia et al., [2011] in particular presented a number of signatures based on Cluster data 126 

that suggest the presence of a magnetic separatrix at the borders of a crater FTE. In particular, these authors 127 

reported the presence of an intermediate region between the FTE core and the draping region, characterized by: 128 

- Strong electric field fluctuations, which occur in several short burst (duration ≈ 1s) interpreted as multiple 129 

encounters with the separatrix.  130 

- The presence of antiparallel electrons moving toward the X line in the electron distribution function measured 131 

by the PEACE electron spectrometer, consistent with the Hall electron current. However, the sampling time 132 

of PEACE was much longer than the burst of the electric field fluctuations.  133 

- Fluxes of 500 eV electrons evaluated from EDI (Electron Drift Instrument) with enhancements of antiparallel 134 

electrons, i.e. toward the X line, approximately at times of the electric field fluctuations. 135 

The presence of magnetic separatrices at the borders of the FTE implies that the FTE is magnetically connected 136 

with an active X line. This excludes the original FTE model proposed by Russell and Elphic [1978], since in this 137 

model magnetic reconnection is active only during the formation of the FTE, and suggests the single or the 138 

multiple X line models. However, other interpretations of crater FTEs have been put forward. For example, Zhang 139 

et al. [2010] proposed that crater FTEs may be associated with the initial stages of formation of an FTE, and recent 140 



simulations suggest that a crater FTE may evolve into a typical FTE either due to imposed pressure perturbations 141 

[Teh et al., 2015] or once the growth of the FTE core field reaches a significant value [Chen et al, 2017].  142 

The presence of the magnetic separatrix at the borders of an FTE was also suggested by Hwang et al. [2016], who 143 

examined the substructure of an FTE using high resolution MMS data. In particular, detailed analysis of ion and 144 

electron distribution functions suggested the presence of a thin layer separating the open FTE core field lines from 145 

the external region. This thin layer, which contains localized enhancements of electrons streaming toward the X 146 

line, together with ions emanated from the X line (See figure 3 of Hwang et al., 2016), would contain newly 147 

opened field lines connected with an active X line northward of the FTE, i.e. the magnetic separatrix.  148 

The enhanced capabilities of MMS for measuring currents allowed recently also a remarkable progress also for 149 

defining the current structure in proximity of the X line, not associated with FTEs. In particular, Phan et al. [2016] 150 

demonstrated the presence of electron-scale filamentary Hall currents both near the X line region, and also in the 151 

reconnection exhaust region, further from the X line. These Hall currents were more intense in the region near the 152 

X line, where also larger electric field fluctuations and greater electron heating were observed. Highly filamentary 153 

Hall currents in the exhaust region are predicted by various 3-D simulations [Daughton et al., 2014; Nakamura 154 

and Daughton, 2014]. The fine structure of the exhaust reconnection region in proximity of the X line was also 155 

examined with MMS data by Hwang et al. [2017]. They found that at/around the separatrix, large-amplitude 156 

parallel electric fields can accelerate the electrons along the separatrix, toward the X line, sustaining the Hall 157 

current system.  158 

Here we present MMS observations of a crater FTE observed at the dayside magnetopause, which is also 159 

associated with a reconnection jets at the trailing edge, suggesting the single X line, or possibly multiple X line 160 

mechanism as the generation mechanism for this FTE [Trenchi et al., 2016]. Both these models are expected to 161 

generate FTEs bounded by magnetic separatrices, magnetically connected with active reconnection X line. During 162 

prolonged time intervals, both at the leading and the trailing edge of this FTE, the high resolution MMS data 163 

observed strong fluctuations in electric field and electron velocity component parallel to the magnetic field. These 164 

intervals are characterized by stable ion velocity component, therefore the fluctuation of electron velocity give 165 

rise to currents parallel to the magnetic field carried mainly by electrons, which can be interpreted as encounters 166 

with the field aligned component of the Hall current system, along the separatrix at the borders of the FTE. The 167 

persistence of these fluctuations during extended time intervals can be due either to a filamentary structure of the 168 

Hall currents at the borders of the FTE, similar to the ones reported by Phan et al. (2016) in proximity to the X 169 

line, or rather to multiple encounters with a compact separatrix. The fact that these currents are highly attenuated 170 



in the reconnection exhaust, where both ions and electrons have similar velocities, suggests a stratification of the 171 

reconnection layer. 172 

During this event also a jet reversal is observed a few minutes after the FTE, when MMS was probably closer to 173 

the X line. The same fluctuations were also detected in the region adjacent to these reconnection jets, confirming 174 

the hypothesis that the fluctuations were caused by encounters with a magnetic separatrix. 175 

2. Event overview 176 

In this paper we examine the magnetopause crossings observed by MMS on October 27, 2015, around noon, at 177 

(9.3, 5.9, -4.1)GSM Re. The orientation of the interplanetary magnetic field (IMF) observed by Omni [King & 178 

Papitashvili, 2004] during this magnetopause crossing is shown in Figure 1, in GSM coordinates and time-shifted 179 

to the nose of Earth's bow shock. The IMF during this interval is stable, and it is characterized by negative BZ and 180 

positive BY components.  181 

For this study, we analysed the magnetic field vectors measured by the Fluxgate Magnetometer [FGM, Russell et 182 

al., 2014], the ion and electron data measured by the Fast Plasma Investigation (FPI) [Pollock et al., 2016] and 183 

the electric field measurements from electric field instruments which consist of the spin-plane double probe (SDP) 184 

[Lindqvist et al., 2016] and axial double probe (ADP) [Ergun et al., 2014].  185 

This magnetopause crossing is particularly useful for studying the various reconnection signatures with the high 186 

time resolution provided by MMS, because burst mode data are available during two extended time intervals, 187 

covering almost the entire event, i.e. from 12:33:44 to 12:38:14 UT, and from 12:40:54 to 12:47:03 UT. In order 188 

to take the maximum advantage from the high time resolution data, we have used burst mode magnetic field data 189 

with a time resolution of 128 Hz, burst mode plasma data with a time resolution of 30 ms for electrons and 150 190 

ms for ions and both burst mode DCE and fast mode electric field data, with a time resolution of 8192 Hz and 30 191 

ms, respectively.  192 

The overview of the MMS1 observations for this event is presented in Figure 2. Panels A and B of Figure 2 show 193 

the omnidirectional differential energy fluxes of ions and electrons in spectrogram format. At the start and end of 194 

the interval, a hot ion and electron population was observed, indicative of the spacecraft being located in the 195 

magnetosphere. Between 12:34 and 12:46 UT, the population observed was generally cooler and denser, 196 

consistent with a magnetosheath population, except for between 12:35 and 12:37 UT when the electron population 197 

was sheath-like (but lower fluxes and with the presence also of a hotter magnetospheric population) and the ion 198 



population was more magnetospheric (but with an ion population that is colder than the sheath). As will be 199 

discussed below, we interpret this period as an entry into the low latitude boundary layer.  200 

This spectrogram also shows the presence of a cold ion population with energies below 100 eV at the beginning 201 

and at the end of the interval, i.e. before 12:34:10 UT which is also observed after 12:46:30 UT. The spectrogram 202 

data are only plotted for the periods when the spacecraft were in burst mode and hence there is a data gap from 203 

12:38:14 - 12:40:54 UT; however, lower cadence spectrogram data (not shown) indicate that the spacecraft was 204 

in the magnetosheath throughout this time. 205 

In panel C of Figure 2 the ion and electron density are plotted. The two densities show a good agreement, except 206 

for the intervals when the cold ion population is detected, i.e. before 12:34:10 and after 12:46:30 UT, where the 207 

ion density was lower than electron density. In panel E we show the parallel and perpendicular ion temperatures, 208 

while in panels D and F we show the ion velocity vector and the magnetic field components in the local boundary 209 

normal reference frame (LMN) [Russell and Elphic, 1978]. The N direction is outward along the local 210 

magnetopause normal, evaluated with the empirical Fairfield model [Fairfield, 1971], and is (0.86 ; 0.41 ; -211 

0.29)GSM, while L and M are in the plane defined by N, being northward and dawnward respectively, and are (0.26 212 

; 0.13 ; 0.96)GSM and (0.43 ; -0.90 ; 0.00)GSM. In panel G the ion and electron velocity components parallel and 213 

perpendicular to the magnetic field direction are plotted, computed from the projection of ions and electrons 214 

velocity along the magnetic field vectors measured by FGM. Given the different time resolution, for these 215 

projections, the electron velocity data and the magnetic field data have been down-sampled to the same 150 ms 216 

resolution as the ion data.  In panel H we present the electric field components parallel and perpendicular to the 217 

magnetic field orientation from FAST mode data, and the parallel component from burst mode data, high pass 218 

filtered above 20 Hz. The quality index for the electric field measurements classifies as good the majority of the 219 

electric field data measured during this interval, except at the beginning of the interval (before 12:33:50 UT), 220 

where the cold ion population is observed. During this interval, while the FAST mode electric field data could be 221 

affected by the presence of ion wake around the spacecraft, more evident at the beginning of the interval, i.e. 222 

before 12:33:25 UT, the burst mode electric field data are not affected by this phenomenon, and therefore, can be 223 

considered as more reliable.   224 

Before 12:34:00 UT, MMS was in the magnetosphere proper, characterized by low density, high temperature, and 225 

a stable magnetic field oriented along positive L and negative M direction. From 12:33:30 to 12:36:10 UT, MMS 226 

detected a large FTE characterized by a negative – positive BN signature, and also a clear signature in the magnetic 227 

field intensity; this corresponds to the first period of observation of magnetosheath-energy plasma (Panels A & 228 



B) which we interpret as entry of plasma on open field lines. The polarity of the BN signature implies that the 229 

spacecraft is southward of the X line.  230 

This is further confirmed by the spectrograms reported in Figure 3, which present an enlargement about the FTE 231 

with the same format as Figure 2, where the ion and electron omnidirectional fluxes are re-stated (Panels A & B), 232 

and the electron populations observed parallel (Panel B1), anti-parallel (Panel B2) and perpendicular (Panel B3) 233 

to the magnetic field are shown for the interval corresponding to the entry of MMS into this FTE. This spectrogram 234 

demonstrates that the magnetosheath energy plasma was observed first antiparallel (& perpendicular) to the 235 

magnetic field, and then parallel. The observation of magnetosheath antiparallel electrons before the parallel 236 

magnetosheath electrons is consistent with being on open field lines connected to the southern hemisphere, which 237 

is also consistent with the negative – positive BN signature. The subsequent appearance of the parallel population 238 

is consistent with electrons mirroring and returning towards the magnetopause. According to Vaivads et al. [2010], 239 

the location of the magnetic separatrix at the leading edge of the FTE can be identified from particle data as the 240 

boundary where high energy magnetospheric electrons (with energies larger than 1 keV) moving away from the 241 

X line disappear. In this case, given that MMS is southward of the X line when the FTE is observed, we identified 242 

the separatrix at the leading edge of the FTE from the antiparallel electrons, shown in panel B2 of figure 3. With 243 

this criterion, the first encounter with the magnetic separatrix at the leading edge of the FTE is observed at 244 

12:34:03, indicated by black line in figure 3. Later on during the FTE interval, the fluxes of high energy 245 

antiparallel electrons show several other intensifications (e.g. at 12:34:20, 12.34.30, 12:35:40, 12:35:55 UT, see 246 

the black shaded boxes in panel B2), which could be related to other encounters with magnetic separatrices. 247 

MMS was located in the magnetosphere proper before the FTE, instead at the trailing edge of the FTE, from 248 

12:35:10 to 12:36:45 UT, it returned in the magnetospheric side of the low latitude boundary layer. This is 249 

indicated by the combination of a magnetosheath-energy electron population (with differential energy fluxes 250 

lower than in the magnetosheath proper) and a higher energy magnetospheric electron population (seen most 251 

clearly in the pitch angles perpendicular to the magnetic field – Panel B3). The ion population (Figure 3A and 252 

also Figure 2A) are also more consistent with a magnetospheric population, though a cold ion population is 253 

observed. This means that this FTE can be classified as a magnetospheric FTE. Moreover, in analogy with the 254 

magnetospheric crater FTEs examined by Farrugia et al. [1988], this FTE is characterized by a maximum of the 255 

magnetic field intensity at the FTE center, identified as the time interval where the BN is approximately zero, 256 

flanked by two local minima in the magnetic field intensity; this makes it a ‘W’-shape crater FTE [Farrugia et 257 

al., 2011]. 258 



It has been noted that these crater FTEs are generally characterized by a stratification of three distinct regions 259 

[Rijnbeek et al., 1987], which are: the draping region in the external part (R1), the core region formed by open 260 

reconnected field lines (R3), and an additional intermediate region (R2), where the density and temperature change 261 

gradually from the magnetospheric to the magnetosheath values and vice versa, which has been suggested to 262 

contain newly open field lines connected with an active reconnection X line, i.e. the separatrices [see also Farrugia 263 

et al.,  1988, 2011]. The draping, intermediate and core regions are referred to as R1, R2, R3, and are crossed in 264 

reverse order as the spacecraft exits the FTE. In Figure 2, we used the same classification proposed by Farrugia 265 

et al. [2011], based on magnetic field and ion data, using the green, orange and yellow shadings to identify the 266 

draping (R1, R1’), intermediate (R2, R2’) and core (R3) regions, respectively. We use the notation R2’ to refer to 267 

the intermediate region encountered as MMS1 was outbound from the FTE, and we note that the outbound draping 268 

region R1’ is probably not detected after this FTE, since MMS remained in the boundary layer and did not enter 269 

the magnetosphere proper after the FTE. For this reason, the extent of R2’ on the trailing edge of the FTE is 270 

chosen according to the BN signature, which is somewhat arbitrary. After the FTE, MMS crossed the 271 

magnetopause at around 12:37 UT (indicated by a reversal in BL which also corresponds to the transition seen in 272 

the spectrograms from LLBL to magnetosheath), and remained in the magnetosheath until around 12:43 UT 273 

(Figure 2). Between 12:43 and 12:46 UT, the spacecraft observed a heated magnetosheath population (Figure 2A 274 

& B) and a reversal in BL back to a northward orientation (Figure 2F), consistent with an inbound magnetopause 275 

crossing back through a boundary layer structure until the magnetosphere-proper was observed (after 12:46 UT). 276 

During this interval, a number of periods of fast flow were observed (Figure 2D). In order to identify reconnection 277 

jets, we performed the Walén test in the spacecraft reference frame taking into account the plasma anisotropy 278 

[Hudson 1970], which has been successfully applied in several statistical studies of magnetic reconnection at the 279 

magnetopause [Paschmann et al., 1986; Phan et al., 1996; Trenchi et al., 2008; Trenchi et al., 2009]. This test 280 

consists of the comparison of the observed velocity jump relative to a reference value in the magnetosheath 281 

V−VMSH with the expected velocity jump ΔVth predicted by the Walén relation [equation (1) of Trenchi et al., 282 

2008, 2011, 2016]. For this event, the magnetosheath reference period is chosen from 12:41:00 to 12:42:00 UT. 283 

Comparing these two vectors, we obtained RW as the ratio of their absolute values, and ΘW as their relative angle, 284 

which are shown in Panel I) of Figure 2. The Walén test is perfectly fulfilled when RW equals unity and ΘW equals 285 

0° or 180°, corresponding to the positive or negative signs of the Walén relation that, at the dayside magnetopause, 286 

correspond to observations northward or southward of the X line. Here we consider that the Walén relation is 287 

satisfied when 0.4 < RW < 3, and ΘW <30° or ΘW >150°, for at least three consecutive data points, with average 288 



ion density larger than 1 cm−3 [Trenchi et al., 2008, 2011, 2016]. The northward and southward reconnection jets 289 

selected by means of the Walén relation are highlighted by cyan and pink shadings in Figure 2. 290 

It can be noted that in region R2’ of the FTE the Walén relation indicates the presence of a southward reconnection 291 

jet at 12:35:15 UT, soon after the FTE centre; another southward reconnection jet is observed at 12:37:00 UT, 292 

soon after the FTE (and coinciding with the magnetopause crossing). These jets are moving in the same direction 293 

of the FTE, and the first one is observed at its trailing edge. This feature suggests the single X line, or possibly 294 

the multiple X line mechanism (with a dominant X line) as the generation mechanism of this FTE [Trenchi et al., 295 

2016]. The electron signatures in the spectrogram are also consistent with the single X line model: the presence 296 

of magnetosheath-energy electrons moving antiparallel to the magnetic field before parallel electrons are observed 297 

(spectrograms in Figure 3) is consistent with open field lines connected to the southern hemisphere. Although we 298 

do not observe any evidence for converging jets either side of the FTE [Trenchi et al., 2011], the observations 299 

could alternatively be consistent with a multiple X line formation if reconnection at the northern X line is 300 

dominating, and the spacecraft does not enter deeply enough into the FTE to see directly the effects of the 301 

secondary X line [Trenchi et al., 2016].  302 

Around 12:44:00 UT other reconnection jets have been identified, which are directed northward around 12:43:30 303 

UT, and then a southward reconnection jet at 12:46:00 UT. These jets can be interpreted as a jet reversal event, 304 

indicating the passage of the X line in proximity of MMS, and coincide with the boundary layer structure observed 305 

around the magnetopause crossing at 12:43:00-12:46:00 UT, and will be discussed later in Section 4.  306 

3. High resolution particle observations of a crater FTE 307 

In Figure 3, which presents an enlargement about the FTE with the same format as Figure 2, the additional panels 308 

G1 and G2 show the comparison of the parallel and perpendicular electron velocities observed by the four MMS, 309 

while the additional panel G3 illustrates a comparison between the parallel current densities obtained from plasma 310 

data, and from magnetic field data estimated with the curlometer technique. At the borders of this FTE, in region 311 

R2 and R2’, more precisely during prolonged time intervals around 12:34:05 and after 12:35:20 UT, the electric 312 

field components (Panel H) show high frequency fluctuations, involving mainly the parallel electric field 313 

component. These fluctuations of the parallel electric field component are highly attenuated inside the FTE core, 314 

are more intense in region R2, and occur also in region R2’ at the trailing edge of the FTE, with lower amplitudes 315 

until 12:36:45. These electric field fluctuations, which are similar to the electric field fluctuations reported by 316 

Farrugia et al. [2011] in the intermediate region R2, can be interpreted as due to encounters with a magnetic 317 



separatrix surrounding the FTE [Retinò et al., 2006; Farrugia et al., 2011, Wilder et al., 2016 ]. This interpretation 318 

is confirmed by the fact that these electric field fluctuations are highly attenuated also during the time intervals 319 

selected as reconnection jets (pink shading). Indeed, due to time of flights effects in the reconnection layer, the 320 

accelerated particles forming the reconnection jets can be observed only in the more internal part of the 321 

reconnection layer [Lockwood et al., 1996]. This point will be far enough from the separatrix, so that the signatures 322 

of the separatrix are absent during the jets. 323 

In regions R2 and R2’, approximately at the same time intervals of these electric field fluctuations, several 324 

fluctuations of the parallel electron velocity component were observed, both with positive and negative signs 325 

(Panel G). The amplitudes of these fluctuations exceeded 500 km/s, and have time scales shorter than one second 326 

(hence such velocity fluctuations would not be detectable by plasma instruments on previous spacecraft missions). 327 

These parallel electron velocity fluctuations are most intense at the beginning of R2, soon after the reconnection 328 

jet at 12:35:15, and before the jet at 12:37 UT. It should be noted that these fluctuations of the electron velocity 329 

involve only the parallel velocity component, while the perpendicular electron velocity component matches 330 

remarkably well the perpendicular ion velocity component during the entire interval, and the ion parallel velocity 331 

component remains stable, indicating that these signatures correspond to parallel current fluctuations. As with the 332 

electric field fluctuations, the fluctuations of parallel electron velocity component are significantly attenuated 333 

during both intervals selected as reconnection jets (pink shadings). Indeed, during the two reconnection jets, the 334 

parallel component of electron velocity matches remarkably well the parallel component of ion velocity.   335 

To rule out the possibility that these fluctuations are artefacts of the instrumentation aboard MMS1, we compared 336 

the parallel and perpendicular electron velocity components measured by all the other MMS spacecraft in panels 337 

G1 and G2 in figure 3. All the four spacecraft detected very similar fluctuations of the parallel component of the 338 

electron velocity (Panel G1). This suggests that the observed fluctuations of the electron velocity are caused by 339 

some real physical effect in this region, which has a spatial scale larger than the separation of the MMS spacecraft 340 

(approximately 10 km during this event). As a further test, we computed the parallel current density from ion and 341 

electron velocities measured by FPI on MMS1 as , where n is the electron density, q is the 342 

elementary charge of proton, and  and  the velocity of ions and electrons, respectively [Eastwood et al., 2016]. 343 

In panel G3 we compare this parallel current density obtained from FPI with the parallel current density computed 344 

via the curlometer method [Robert et al., 1998; Dunlop et al., 2002]. We can note that the two current densities 345 

show a very good agreement during this interval, confirming the real nature of these electron velocity fluctuations.  346 

4. The reconnection jet reversals 347 



Figure 4 presents an enlargement about the reconnection jets observed in the last part of the event, with the same 348 

format as Figure 3. 349 

At the start of the interval displayed in Figure 4, MMS was observing the magnetosheath proper, where all the 350 

parameters displayed in Figure 4 show a smooth and stable behaviour. Only the perpendicular component of the 351 

electric field shows some periodic oscillations before 12:42 UT, with a time period of approximately 5 seconds 352 

(Panel H). Therefore, these oscillations have different features with respect to the fluctuations discussed in the 353 

previous paragraph, since they involve mainly the perpendicular component, and are characterized by a much 354 

lower frequency.  355 

The northward reconnection jets observed around 12:43:30 UT suggest that MMS is now northward of the X line. 356 

The magnetic separatrix is therefore identified as the first encounter with magnetospheric electrons moving away 357 

from the X line, from the parallel electrons spectrogram [Vaivads et al., 2010]. The separatrix is observed at 358 

12:42:07 UT, and it is indicated by the black line in figure 4. 359 

After the magnetic separatrix in the boundary layer, MMS observes similar behaviour to that seen in region R2 360 

and R2’ of the FTE. At this time, both the parallel and perpendicular components of the electric field (Panel H) 361 

show some high frequency oscillations, with smaller amplitudes respect to the ones discussed previously, and the 362 

parallel electron velocity component starts to oscillate (Panel G). These fluctuations of the parallel velocity 363 

component have smaller amplitude with respect to the ones discussed in the context of the FTE, but are 364 

continuously observed in the entire interval after 12:42:15 (once the spacecraft has entered the boundary layer – 365 

Panel B). Also in this case, all four MMS spacecraft detect very similar fluctuations of the parallel component of 366 

the electron velocity (Panel G1), and the parallel current densities estimated from plasma data and from curlometer 367 

technique agree well (Panel G3). Again, the fluctuations of electric field and parallel electric velocity component 368 

appear to be highly attenuated during both the northward reconnection jets, with some intensification of the 369 

fluctuations of parallel electron velocities just before the northward reconnection jets at 12:43:15. 370 

The detection of the two northward reconnection jets around 12:43:30 – 12:44:00 UT (cyan shadings), implies 371 

that during these jets MMS has penetrated into the reconnection layer, as also deduced from the spectrograms in 372 

the first two panels. In particular, during the second northward reconnection jet, observed at 12:43:50 UT, MMS 373 

was in the magnetospheric side of the reconnection layer, as deduced by the positive sign of BL. This implies that 374 

in the time interval preceding these jets, MMS should have crossed the magnetic separatrix, and penetrated into 375 

the reconnection layer, crossing the magnetopause. The electric field and parallel electron velocity fluctuations 376 



detected in the time interval 12:42:10 – 12:43:20 UT could therefore be caused by the encounter with the 377 

magnetosheath magnetic separatrix northward of the X line.  378 

During the time interval 12:44:00 – 12:46:00 UT, MMS remained in the boundary layer, as deduced by the 379 

simultaneous presence of magnetosheath and magnetospheric ions in the spectrograms. The spacecraft remained 380 

on the magnetospheric side of the magnetopause as deduced from the positive BL, while the IMF remained 381 

constantly southward during this interval (Figure 1).  During this interval, high frequency fluctuations of the 382 

parallel electron velocity component are detected continuously, although with smaller intensity. This suggests that 383 

MMS is remaining near the magnetospheric separatrices. 384 

Around 12:46:15 UT, MMS detects a southward reconnection jet, and then after 12:46:30 UT, it leaves the 385 

boundary layer and enters the magnetosphere-proper. The passage from northward to southward reconnection jets 386 

during this interval could be explained by a northward motion of the X line, which would be expected according 387 

to the diamagnetic drift effect, given the positive IMF BY component (see Figure 1 of Trenchi et al., [2015]). 388 

Alternately, this passage could be explained by an FTE generated by multiple X line reconnection sites travelling 389 

southward, and the observed reconnection jets would be the converging jets expected at the borders of the FTEs 390 

generated by multiple reconnection X lines [Hasegawa et al., 2010; Trenchi et al., 2011]. In fact, in the interval 391 

12:44:48 – 12:45:50 (see panel F of figure 4), MMS observed an intensification of the BM component, associated 392 

with an extremely weak and extended negative – positive bipolar signature in the BN component, although not 393 

symmetric about BN=0, which could indicate the presence of a second FTE moving southward. However, the four-394 

spacecraft timing technique does not confirm that this is a coherent structure moving southward. Instead, when 395 

applying this method to various intervals within this structure, we obtained different velocities (not shown). The 396 

velocity of this structure obtained with the deHoffmann Teller analysis has a negligible southward component, 397 

and it is essentially along negative M, such as the magnetosheath velocity (not shown). Therefore, we cannot 398 

confirm which scenario (i.e. single X line moving northward, or FTE generated by multiple X lines moving 399 

southward) was responsible for the jet reversal during this interval. 400 

Also during the southward reconnection jet, the fluctuations of the parallel electron velocity are further reduced 401 

in amplitude, while these fluctuations appear again after the jet (after 12:46:20 UT), with increased amplitudes, 402 

when also high frequency fluctuations of the parallel electric field component with increased amplitude are 403 

detected (Panel H). These fluctuations can be therefore interpreted as due to other encounters with the 404 

magnetospheric separatrix southward of an X line. 405 



In the last part of the event (after 12:46:30 UT) the parallel electron velocity component shows a large and stable 406 

deviation with respect to the ion parallel velocity. We speculate here that this deviation could be due to some 407 

instrumental issues.  408 



5. Discussion 409 

In this paper, we reported a magnetopause crossing characterized by the presence of a crater FTE, and 410 

reconnection jets, based on high time resolution MMS plasma and field data. This event in particular is very useful 411 

to study the reconnection layer with high definition, since the burst mode data are available during two extended 412 

time intervals, covering almost the entire event. 413 

In Figure 5, a schematic of the FTE which includes the structure of the reconnection layer as inferred from our 414 

observations, is shown.  415 

At the borders of the FTE, in the intermediate regions between the FTE core and the draping regions (Points 1, 2 416 

and 4, 5 respectively, in Figure 5), we detected during prolonged time intervals several high frequency fluctuations 417 

of the parallel electric field component, which were attenuated in the FTE core, during the reconnection jet at the 418 

trailing jet of the FTE and in the magnetosheath intervals. Similar fluctuations were already reported at the borders 419 

of a crater FTE by Farrugia et al [2011], and were interpreted as due to multiple encounters with the magnetic 420 

separatrix. 421 

We found that these electric field fluctuations are associated with strong positive and negative fluctuations of the 422 

component of the electron velocity parallel to the magnetic field. These fluctuations are similar among all the four 423 

MMS spacecraft, and involve only the parallel component of electron velocity since the perpendicular components 424 

of ion and electron velocities remain always in a good agreement. These fluctuation of electron velocity give rise 425 

to currents parallel to the magnetic field, carried mainly by electrons, since the parallel component of the ion 426 

velocity is more stable. The high time resolution MMS burst mode data were crucial to highlight this behaviour 427 

of the electron velocity in these regions, since the frequency of these fluctuations is higher than 1 Hz, so that these 428 

fluctuations would not be detectable by plasma instruments onboard previous missions, characterized by much 429 

lower time resolution. 430 

These positive and negative fluctuations of parallel electron velocity component (and field-aligned currents) can 431 

be due to encounters with the magnetic separatrix and the reconnected field lines adjacent to it at the borders of 432 

this FTE.  433 

Indeed, it is expected that along the separatrices the electrons flow toward the X line, having a larger parallel 434 

velocity with respect to ions, sustaining the field aligned component of the Hall current system. In the case of the 435 

present observations, MMS is located southward of the X line, as deduced by the FTE polarity, by the presence 436 

of southward reconnection jet and by the anisotropy of the magnetosheath-energy electrons observed on entry to 437 

the FTE at 12:34:00 UT (see the black line in Figure 3) between the parallel and antiparallel magnetosheath 438 



populations. Furthermore, MMS was on the magnetospheric side of the magnetopause, as deduced by the positive 439 

BL component and the magnetospheric/LLBL plasma populations observed immediately before and after the FTE 440 

respectively. Therefore, the electrons moving toward the X line are the ones with positive parallel velocity, and 441 

all the positive fluctuations of the parallel electron velocity can be interpreted as due to the electrons flowing 442 

toward the X line along the separatrices (points 1 and 5 in Figure 5, for regions R2 and R2’ respectively). 443 

Also the negative fluctuations of parallel electron velocity can be due to encounters with the separatrices, and 444 

reconnected field lines adjacent to them. Indeed, according to the simulations of Wang et al. [2010] and Zenitani 445 

& Nagai [2016], in proximity of the X line, the electrons flowing toward the X line are reflected back along the 446 

field lines, and then accelerated by the reconnection electric field near the X line. These electrons would then flow 447 

away from the X line along the reconnected field lines adjacent to the separatrices. It has to be noted, however, 448 

that these simulations adopt a symmetric plasma density profile across the current sheet, which is not 449 

representative of the conditions of reconnection at the magnetopause. Other simulations reporting the electron 450 

behavior around the separatrices for asymmetric reconnection representative for the magnetopause conditions, are 451 

reported by Pritchett [2008] and Zenitani et al. [2017]. Pritchett [2008] reported a substantial flux of parallel 452 

electrons moving toward the X line along the magnetospheric separatrices, while along the reconnected field lines 453 

adjacent to the magnetospheric separatrices the electrons were moving away from the X line (see Figure 8, Panel 454 

d) of Pritchett [2008]). In these simulations, however, these electrons moving away from the X line adjacent to 455 

the magnetospheric separatrix would be mostly of magnetosheath origin, i.e., electrons penetrating from the 456 

magnetospheath, rather than electrons reflected at the X line. 457 

Therefore, the negative fluctuations of the parallel electron velocity observed at the borders of the FTE (regions 458 

R2 and R2’) can be explained as being due to these electrons flowing away from the X line, along the reconnected 459 

field line adjacent to the southward magnetospheric separatrix (Points 2 and 4 for regions R2 and R2’, 460 

respectively).  461 

As a test of the hypothesis that these fluctuations are due to encounters with the magnetic separatrix layer, we 462 

displayed in the scatterplot in Figure 6 the parallel electron velocity component as a function ofelectron density , 463 

measured by MMS1, in the two intervals at the borders of the FTE characterized by stronger fluctuations of 464 

parallel electron velocity at the borders of the FTE, i.e. 12:34:07 – 12:34:17 UT and 12:36:32 – 12:36:44 UT. As 465 

mentioned before, the simulations predict an electron flow moving toward the X line along the magnetospheric 466 

separatrices, and another electron population moving away from the X line along the reconnected field lines 467 

adjacent to them. In case of asymmetric reconnection [Pritchett, 2008], also a density gradient is present at the 468 



magnetospheric separatrices, therefore, a negative correlation between parallel electron velocity and electron 469 

density is expected in proximity of the southward magnetospheric separatrix [panels b) and d) in figure 8 of 470 

Pritchett, 2008]. From Figure 6, these two quantities show a clear and negative correlation, which is statistically 471 

significant since the correlation coefficients of the linear fits (indicated by V_Pr in the figure) are larger than 0.7. 472 

This confirms that MMS observed magnetospheric separatrices at the borders of this Crater FTE.  473 

In these intervals, the multiple repetitions of positive and negative fluctuations of parallel component of electron 474 

velocity can be due either to multiple encounters with a compact separatrix, or alternatively to a filamentation of 475 

the separatrix current layer, as observed by Phan et al. (2016) in proximity to the X line. 476 

In this regard, we note that brief and intermittent encounters with magnetosheath populations are also evident in 477 

the parallel - antiparallel - perpendicular electron spectrograms shown in Figure 3. In particular, this intermittent 478 

behaviour is more evident in the antiparallel & perpendicular spectrograms shown in Panels B2 and B3 during 479 

both intermediate regions surrounding the FTE core R2 and R2’. This feature supports the idea of multiple 480 

encounters with a compact separatrix during these intervals, which in turn can be related to a back and forth 481 

motion of the magnetic separatrix, or rather to some kind of ripples in the separatrix surface.  482 

We performed the multi-spacecraft timing analysis described by the technique described by Harvey (1998) to 483 

further investigate the motion of the separatrix current layer. In particular, we used the simple boundary crossing 484 

technique illustrated by Harvey (1998, p 308), and we examined several separatrix current sheet crossings, where 485 

the more evident fluctuations of parallel electron velocity component are observed (not shown). We found that 486 

the velocity of the current sheet with respect to the MMS tetrahedron do not reverse the normal component 487 

between consecutive crossings, contrarily to what expected if the multiple crossings are caused by a back and for 488 

motion of the current sheet. Therefore, our observations suggest that the multiple crossings of the magnetic 489 

separatrices are due to ripples in the current sheet.  490 

The fact that these fluctuations of parallel electron velocities are highly attenuated during the reconnection jets 491 

suggests a stratification of the particles in the reconnection layer, where electrons are flowing toward the X line 492 

along the separatrix, electrons are flowing away from the X line along the reconnected field lines adjacent to the 493 

separatrices, and ions and electrons forming the reconnection jets are flowing away from the X line with similar 494 

velocities, more internally in the reconnection layer.  495 

This behaviour is confirmed by the MMS observations during the jet reversal, when MMS passed from northward 496 

to southward of the X line. Indeed, the high frequency fluctuations of the electric field and of the parallel 497 



component of the electron velocity are absent during the magnetosheath interval, and then start simultaneously 498 

just before the northward reconnection jets observed at 12:43:30 UT (see Figure 4), when the spacecraft is more 499 

probably crossing the northward magnetosheath separatrix (point 6 in Figure 5) and the reconnected field line 500 

adjacent to it (point 7 in Figure 5). These fluctuations are then again attenuated during the northward reconnection 501 

jet (points 8 and 9 in Figure 5). After that, the spacecraft is moving southward with respect to the X line, remaining 502 

probably nearby the northward and then southward magnetospheric separatrices, continuing to detect these 503 

fluctuations of electric field and parallel electron velocity, even if with smaller amplitudes. A northward motion 504 

of the X line is expected during this event given the positive IMF BY component, according to the diamagnetic 505 

drift effect [Trenchi et al., 2015]. After the southward reconnection jet detected around 12:46:15 UT (see Figure 506 

4) an intensification of fluctuations of parallel electric field and electron velocity components is observed, 507 

probably in correspondence with the southward magnetospheric separatrix (similar to point 5 in Figure 5, even 508 

though the bipolar perturbation indicating the presence of the FTE structure is not observed). 509 

 510 

 511 

6. Conclusions 512 

We have presented here MMS observations of a crater FTE, characterized by a reconnection jet at its trailing edge. 513 

This feature suggests the single X line, or possibly the multiple X line mechanism (with a dominant X line) as the 514 

generation mechanism of this FTE [Trenchi et al., 2016]. We used the highest time resolution burst mode MMS 515 

data, that in this event are available during two extended intervals, covering almost the entire event. These high 516 

resolution MMS data allowed a detailed study of the FTE and the surrounding reconnection layer.  517 

During extended time intervals before and after the FTE core, we observed strong fluctuations in components of 518 

electric field and electron velocity parallel to the magnetic field. These fluctuations are observed only at the 519 

borders of the FTE, since they are absent in the FTE core, during the reconnection jet at the trailing edge of the 520 

FTE and during the other magnetosheath or magnetosphere intervals.  521 

While similar fluctuations in the electric field were also reported by Farrugia et al. [2011], the fluctuations of the 522 

parallel electron velocity component at the borders of the crater FTE were reported for the first time in this paper. 523 

Indeed, these fluctuations are observed at time scales shorter than 1 second, so that they were not detectable by 524 

plasma instruments on previous missions. 525 



We interpreted these fluctuations as due to the presence of the magnetic separatrix connected with an active 526 

reconnection X line at the borders of the FTE. The relative motion of electrons and ions generate parallel currents, 527 

which would be the signature of the field aligned component of the Hall current system around the FTE. Electrons 528 

are expected to flow toward the X line along the separatrix, and away from the X line along the reconnected field 529 

line adjacent to the separatrix [Nagai et al. 2003; Wang et al., 2010; Zenitani & Nagai, 2016].  530 

At the borders of the FTE, these positive-negative fluctuations in the parallel electron velocity component are 531 

observed repeatedly during extended time intervals. The repetition of these fluctuations can be explained by 532 

multiple encounters with a compact magnetic separatrix as suggested by Farrugia et al. [2011], or rather by a 533 

filamentation of the currents in the separatrix region [Phan et al., 2016]. Our observations are more in agreement 534 

with the former hypothesis, since in these intervals also the magnetosheath population is encountered 535 

intermittently (see the electron spectrograms in Figure 3, panels B2 and B3). Similar fluctuations are observed 536 

also during following encounters with magnetic separatrices, adjacent to the other intervals selected as 537 

reconnection jets. 538 

The presence of the magnetic separatrix connected with an active X line at the borders of this FTE suggests that 539 

the FTE is formed by the single X line generation mechanism. Our observations indeed suggest a stratification of 540 

the reconnection layer forming the FTE, analogous to the one predicted by the single X line model. Given the 541 

similarities of the signatures observed in the electron velocity by the four MMS spacecraft, it seems that the spatial 542 

separation between these different reconnection layers is larger than the MMS separation during this event (which 543 

was approximately 10 km). Further statistical studies are needed to confirm this stratification of the reconnection 544 

layer inside the FTEs. 545 

 546 
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 712 

Figure Captions 713 

Figure 1:  The orientation of the interplanetary magnetic field (IMF) observed by Omni (King and Papitashvili 714 

2004), in GSM coordinates, time-shifted to the nose of the earth's bow shock, for the time interval of the 715 

magnetopause crossing examined in this paper. 716 

 717 

Figure 2:  Overview of the MMS1 observations for the magnetopause crossing observed on October 27, 2015.  718 

(A/B) The omnidirectional differential energy fluxes of ions and electrons in spectrogram format. (C) Ion and 719 

electron density. (E) Parallel and perpendicular ion temperatures respectively. (D/F) Ion velocity vector and  720 

magnetic field components in the local boundary normal (LMN) reference frame, where N direction is outward 721 

along the local magnetopause normal, while L and M are in the plane defined by N, being northward and 722 

dawnward respectively. (G) Ion and electron velocity components parallel and perpendicular to the magnetic field 723 

direction. (H) The electric field components parallel and perpendicular to the magnetic field orientation. In panel 724 

I the two quality parameters, RW and ΘW are used to evaluate the agreement of the Walén relation. The green, 725 

orange and yellow shadings highlight the draping, intermediate and core FTE regions, referred to as R1, R2, R3 726 

using the same classification as Rijnbeek et al. [1987], while the cyan and pink shadings highlight the northward 727 

and southward reconnection jets, selected by means of the Walén relation. 728 

 729 

 730 

Figure 3: An enlargement about the FTE, with the same format as Figure 2. The additional spectrograms in panels 731 

B1, B2, B3 show the electron populations observed parallel to the magnetic field (B1), anti-parallel to the magnetic 732 

field (B2) and perpendicular to the magnetic field (B3). The additional panels G1 and G2 show the parallel and 733 

perpendicular components of the electron velocity measured by the four MMS spacecraft, while the additional 734 

panel G3 illustrate a comparison between the parallel currents obtained from plasma data, and from magnetic field 735 

data estimated from the curlometer technique. The green, orange and yellow shadings highlight the draping, 736 



intermediate and core FTE regions (R1, R2 and R3), while the cyan and pink shadings highlight the northward 737 

and southward reconnection jets, selected by means of the Walén relation. The black line indicates the first 738 

encounter with the magnetic separatrix at the leading edge of the FTE, while the black shaded boxes in panel B2 739 

highlight the enhancements of high energy antiparallel electrons, which can be due to other encounters with 740 

magnetic separatrices. 741 

 742 

Figure 4:  An enlargement about the reconnection jets observed in the last part of the event, with the same format 743 

as Figure 3. The cyan and pink shadings highlight the northward and southward reconnection jets, selected by 744 

means the Walén relation. The black line indicates the magnetic separatrix. 745 

 746 

Figure 5:  A schematic of the FTE which includes the structure of the reconnection layer as inferred from our 747 

observations. 748 

 749 

Figure 6:  A scatter plot of parallel electron velocity component as a function of the electron density, measured 750 

by MMS1, in the two intervals at the borders of the FTE characterized by stronger fluctuations of parallel electron 751 

velocity at the borders of the FTE, together with the linear fits. 752 
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