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 38	
One Sentence Summary: NASA’s Magnetospheric Multiscale mission detected fast magnetic 39	
reconnection and high-speed electron jets in the Earth's magnetotail.  40	
 41	
Abstract: Magnetic reconnection is an energy conversion process which occurs in many 42	

astrophysical contexts including the Earth’s magnetosphere, where the process can be investigated 43	

in-situ by spacecraft. We present the encounter of a reconnection site in Earth’s magnetotail by the 44	
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Magnetospheric Multiscale spacecraft, where reconnection involves symmetric inflow conditions. 45	

The electron-scale plasma measurements revealed i) super-Alfvénic electron jets reaching 15,000 46	

km/s, ii) electron meandering motion and acceleration by the electric field, producing multiple 47	

crescent-shaped structures in the velocity distributions, iii) the spatial dimensions of the electron 48	

diffusion region with an aspect ratio of 0.1-0.2, consistent with fast reconnection . The well-49	

structured multiple layers of electron populations indicate that, despite the presence of turbulence 50	

near the reconnection site, the dominant electron dynamics are mostly laminar.  51	

 52	

Main Text:  Magnetic reconnection is a large-scale plasma process which converts electromagnetic 53	

energy to particle energy, and the dominant mechanism by which solar wind energy enters the 54	

Earth’s magnetosphere.  This energy is subsequently dissipated by geomagnetic substorms and 55	

aurorae (1,2). Although the consequences of reconnection are large scale, the process starts at the 56	

small ion-scale, and even smaller, the electron-scale diffusion region (EDR). Studying the physical 57	

processes that cause magnetic reconnection requires determining structures and dynamics inside the 58	

EDR with sufficiently high resolution plasma and field measurements (3), beyond the capabilities 59	

of previous spacecraft missions that have encountered the EDR (4-6). 60	

The Magnetospheric Multiscale (MMS) mission focuses on investigating two reconnection regions 61	

known to exist around the Earth, the dayside magnetopause and the nightside magnetotail, which 62	

host very different plasma parameter regimes. During its first phase (2015-2016), the four MMS 63	

spacecraft investigated reconnection in the dayside magnetopause (3), where the inflow conditions 64	

are highly asymmetric, with different plasma and magnetic pressures in the two inflow regions. In 65	

dayside reconnection, magnetic energy conversion processes occur in two separated regions--the X-66	

line, where the magnetic field reverses, and the electron flow stagnation point (7-8). In its second 67	
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phase (2017), MMS explored the kinetic processes of reconnection in the Earth’s magnetotail where 68	

the inflow conditions are nearly symmetric, the available magnetic energy per particle is more than 69	

an order of magnitude higher than on the dayside, and the X-line and stagnation point are coincident 70	

(9). The amount of magnetic energy per particle in the magnetotail is comparable to that of the solar 71	

corona, where magnetic reconnection also occurs.  72	

On 11 July 2017, at ~22:34 Universal Time (UT) MMS encountered an EDR when it 73	

detected tailward-directed ion and electron jets (negative ion and electron bulk velocities, ViL and 74	

VeL,, Figures 1f,g) followed by earthward-directed jets, spanning a reversal of essentially the north-75	

south component of the magnetotail magnetic field BN (Figure 1d) in an intense current sheet (large 76	

VeM. We adopt an (LMN) coordinate system to orient the data to the usual 2D view of the magnetic 77	

field near a reconnection X-line (Figure 1j), with L in the outflow direction, M along the X-line, and 78	

N normal to the current sheet (10). The out-of-plane guide field ratio, BM/BL, for this event is 79	

estimated to be small (< 10% ) (10). The spacecraft were in the magnetotail at a radial distance from 80	

Earth of 22 Earth radii. Four-spacecraft timing of the flow and field reversals indicate that the 81	

structure moved away from Earth with velocity VL~ -170 km/s. These are signatures of a tailward 82	

retreat of the reconnection X-line past the spacecraft, as indicated by the MMS path in Figure 1j 83	

(5,6,11-16). Except for a brief excursion to the edge of the inflow region, seen in a small 84	

perturbation in magnetic field components beginning at 22:34:00UT (due to a flapping of the current 85	

sheet), the spacecraft stayed close to the neutral sheet (BL = 0 plane), indicated by small values of 86	

|BL| ( ~0-2 nT), during the flow and field reversal. These observations are consistent with crossing 87	

both ion and electron diffusion regions, an identification which is supported by the profiles of the ion 88	

and electron flows: the out-of-plane electron velocity, VeM, peaked at ~-15,000 km/s, within an order 89	

of magnitude of the electron Alfvén speed (B/Ö(2µ0mene), where me and ne are electron mass and 90	
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density), approximately 20-25,000 km/s. Starting from the X-line (at the VeL and B reversal location) 91	

and going left and right in Figure 1h, the electron perpendicular outflow speed |Ve^L| increased and 92	

greatly exceeded the ion speed. While the ion outflow speed (|ViL|, Figure 1f) increased with 93	

increasing distance from the X-line, |Ve^L| reached a peak (~7,000 km/s) before slowing and 94	

approaching the ion flow speed at ~22:33:50 before, and ~22:34:20 after, the X-line. Thus, the ends 95	

of the ion diffusion region, where the ion and electron outflow velocities are expected to match, are 96	

encountered likely near these times. The end of the electron diffusion region, on the other hand, 97	

marked by the departure of Ve^ from ExB/B2, was confined to a much smaller interval around the 98	

X-line, where the electron density reached a symmetric minimum of 0.03 cm-3 (electron inertial 99	

length, de~30 km).  100	

Figures 2a-j (and 3a-e) display MMS3 data in and around the EDR, again in LMN 101	

coordinates. Figures 2(k-n) show reduced electron distribution functions (DFs) during the strong 102	

reconnecting current (JM) at times before, and during, the peak of the quantity J・E′ (where E′=E+ 103	

Ve×B), which is the electromagnetic energy conversion rate in the plasma frame, a signature of the 104	

EDR (15).  Although J・E′ is mostly positive throughout the period shown in Figure 2, there are 105	

some regions with negative values, indicating that the electrons are transferring energy to the 106	

electromagnetic field, as seen also in simulations (17-19). Figure 3c shows that, at all spacecraft, the 107	

signs of EN and BL were opposite, consistent with EN converging toward the neutral sheet (BL=0) 108	

from both hemispheres, as expected for symmetric reconnection with a minimal guide field 109	

(13,15,20,21). MMS2 (and 4) remained below the neutral sheet (BL<0 and EN>0) in the vicinity of 110	

the EDR crossing, while MMS1 and 3, located at higher N, made excursions above the sheet, where 111	

BL>0 and EN<0. This EN field accelerates the neutral sheet electrons towards the inflow region 112	
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where they are accelerated along meandering trajectories (22) by the reconnection field, EM ~1-2 113	

mV/m (Figures 3c,e and (10)). The electrons were eventually turned towards the L, or exhaust, 114	

direction by BN as they exited the EDR, forming the electron jet seen in figures 2c and 3b on either 115	

side of the X-line.  116	

The electron temperature profile in panel 2f shows strong anisotropy from 22:34:01.0 to 117	

02.8 due to magnetic field-aligned electrons in the in-flow region (4). During the EDR crossing, 118	

there was only a small rise (few 100eV) in parallel or perpendicular temperature (parallel, 119	

perpendicular pressure divided by ne), unlike the case of asymmetric reconnection (3), implying that 120	

a substantial fraction of the energy conversion went into the strong electron flows in the M and L 121	

directions.  122	

The aspect ratio of the EDR is an approximate measure of the reconnection rate that has not 123	

been determined experimentally but has been studied theoretically and with simulations (4,20,23).  124	

Four-spacecraft timing analysis of the BN reversal near 22:34:02.2 (see Figure 2a) indicates that the 125	

X-line structure was moving tailward (VXL, L component of the X-line velocity, ~ -170 km/s). The 126	

EDR length can be estimated by multiplying VXL by the 1/e width of VeM (~3s, Figure 2c), or by the 127	

|VeL| peak-to-peak time (~2s, Figure 2d), yielding a full length of 350-500 km (12-17 de). MMS also 128	

made a brief excursion into the EDR inflow region (beginning at ~22:34:01.0), indicated by the 129	

increase in |BL| and confirmed by the cooler electrons (Figure 2b). By 22:34:02.2, the change in BL 130	

and the timing analysis (VXN ~ -70 km/s) show the structure moving southward, giving MMS also a 131	

normal motion into the EDR, reaching the neutral sheet and the peak of the cross-tail current by 132	

22:34:03.0. Using Ampere’s Law (10), dividing the change in BL during this normal motion into the 133	

EDR (Figure 2a, ~ 22:34:02.0 to 03.0) by the average of JM, yields a simple estimate of the normal 134	
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half-width of 30 km,~1 de (10). Thus, the aspect ratio is ~0.1 - 0.2, implying a reconnection rate 135	

consistent with fast reconnection (24).  136	

Multiple crescent and triangular-shaped features in the DF’s (Figures 2(k-n) and lower 137	

panels of Figure 3) are the result of electron meandering motion in the electromagnetic field 138	

structure of the EDR. Figure 2l shows a DF taken at a location below (in N) the EDR, which 139	

features multiple crescents, seen as enhanced phase space density at increasing velocities, similar to 140	

predictions		(25-27) and shown in Figure 2q from the simulation of Figure 2o (10).  Contrary to 141	

magnetopause observations and models (3,28), we find more than one crescent. The observations 142	

show that crescents at higher V^1 are broader in V^2 than models predict, i.e., particles with a larger 143	

range of V^2 bounce twice more than predicted by the model. A likely explanation is that the 144	

current sheet electron distribution is more energetic than in the model, but the distributions may be 145	

sensitive to even a very small guide field (29).  Models show that these crescents are generated by 146	

the interaction of bouncing electrons with both the normal (EN) and the reconnection electric field 147	

(EM), and their existence is consistent with canonical momentum conservation. The observation of 148	

multiple crescents indicates that the rather complex electron orbits are relatively unperturbed by 149	

high frequency fluctuations in the electromagnetic fields. This implies that turbulent effects, which 150	

would scatter electrons and hence eliminate distinct phase space features like crescents, do not 151	

dominate the particle dynamics in the EDR. 152	

Figures 2(m,n) display a second DF, taken near the X point, which features a pronounced 153	

triangular shape in the plane containing B, broader at higher energies. Figure 2n shows two 154	

enhancements at lower V^1 (seen at +/-V^2, which is within ~20° of  VN) corresponding to inflowing 155	

populations from both above and below the X-line.  These enhancements are similar to those 156	



	 7	

predicted from the simulation shown in figure 2(o-s). In figure 2m, the triangular shape narrows in 157	

width as the energy increases, which also appears in the simulation (figure 2r). Bouncing electrons 158	

account for this feature: for each bounce, electrons gain successively more energy from acceleration 159	

by the reconnection electric field. If electrons have a finite VL, they eventually interact with the 160	

magnetic field in the outflow, and are ejected from the immediate vicinity of the X-line. The 161	

acceleration by the reconnection electric field and this ejection explain the triangular shape of the 162	

distribution: only electrons with very small VL remain near the X point long enough to execute 163	

multiple bounces and be accelerated to higher energies.  164	

The electron DFs of Figure 3 (lower panels) show the evolution of the above features as 165	

MMS entered the EDR. From signatures of the inflow region (4), with DFs elongated along B, 166	

(MMS1 and 2, first column, at 22:34:02.514), the spacecraft, with MMS3 leading, penetrated 167	

farther into the current layer and saw accelerated and gyrating electrons growing in energy as time 168	

(and N position) increased, showing a perpendicular crescent with energy >1 keV (2×104 km/s). By 169	

22:34:02.724, all spacecraft were showing the perpendicular crescents, enhanced flow along the 170	

E×B direction, and also beaming features in the parallel directions. The parallel beams may be 171	

responsible for the high frequency electrostatic noise near the upper hybrid frequency (~1200 Hz), 172	

seen at this time in Figure 2i (30). When the spacecraft were fully within the reconnecting current 173	

layer (panel b, 22:34:02.694 -02.757), there were higher energy features rotating into both the V^1 174	

(~M) and the V|| directions along with persistent counter-streaming, low energy (~10,000 km/s) 175	

field-aligned beams. By 22:34:02.757, MMS3, which was deepest in the EDR, saw very energetic 176	

electrons in V^1 , and also in the -V||  direction: i.e., these accelerated electrons were rapidly leaving 177	

the EDR region. The evolution of many such features can be seen in movie S1. 178	
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We presented MMS observations of the magnetotail reconnection electron diffusion region, 179	

which differs from that on the dayside as it involves symmetric inflow. MMS determined the aspect 180	

ratio of the diffusion region (0.1-0.2), which is consistent with simulations of fast reconnection 181	

(7,15,17,24). The MMS observations of electron dynamics in the diffusion region match predictions 182	

made by one class of theories and models – nearly laminar ones that assume the effects of 183	

turbulence and associated fluctuations on the electron dynamics are small. Unlike the magnetopause 184	

results (3), we find that electrons can be accelerated up to three successive times by the 185	

reconnection electric field- possibly a consequence of longer confinement in the symmetric 186	

magnetic structure. Taken together with MMS observations at the magnetopause, these results 187	

provide confirmation that reconnection is an efficient mechanism for the release of magnetic 188	

energy, for both geomagnetic substorms and auroral phenomena, and also discriminate between 189	

competing theories of reconnection.  The energy width of the electron crescents differs from model 190	

predictions.  191	

	  192	

  193	
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Figures	295	
	296	

	297	

Figure 1. MMS3 summary data near the crossing of the EDR at 223403 on 2017 July 11. (a,b)  298	

energy-time spectrograms of ion and electron energy flux, respectively; (c)  magnetic field 299	

magnitude, and (d) components in the LMN coordinate system, which is very close to the usual 300	

Geocentric Solar Magnetospheric (GSM) system (10) ; (e) electron density; (f) ion bulk velocity 301	

vector; (g) electron bulk velocity vector; (h) the L-component of  ion and electron flow 302	

perpendicular to B, and of ExB/B2 ; (i) E, electric field; (j) an illustration of a typical symmetric 303	

EDR in the LMN coordinate system, and the expected properties in various quadrants (Q), together 304	

with the inferred relative path of the MMS satellites as the X-line retreated tailward.  305	

 306	

 307	
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	308	

	309	

Figure	2.	MMS3	plasma	and	field	data	for	8s	from	Figure	1	on	2017	July	11.	Panel	(a)	310	

Magnetic	field	components	in	LMN	coordinate	system;	(b)	electron	omni-directional	311	
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spectrogram,	with	minimum	energy	set	at	50eV	to	avoid	the	lower	energy	spacecraft	312	

photoelectrons	seen	in	Figure	1b;	(c)	electron	bulk	velocity;	(d)	L	components	of	Ve^	and	313	

E×B/B2	;	(e)		Current	from	plasma	measurements;	(f)	Te||	and	Te^;	(g)	Electric	field;	(h)	J・E'	;			314	

(electric	(i),	magnetic	(j))	omni-directional	frequency	spectrograms,	showing	the	power	315	

spectral	density	of	electric	or	magnetic	field	fluctuations;	(k,l,m,n)	electron	velocity	316	

distribution	functions	at	the	times	indicated,	V^1 is (b × v) × b , where b and v are unit vectors of 317	

B	and	Ve; V^2 = v × b ; and V|| is the parallel electron velocity.  V^1 is	essentially	the	E	×	B	318	

direction	and	the	bulk	flow	component	in	that	direction	is	indicated	by	the	dashed	vertical	319	

lines;	(o)	Magnetic	configuration	of	a	computer	simulation	(10),	with	color-coded	reconnection	320	

current	(JM)	and	the	inferred	MMS	trajectory	overlain;	(p,q,r,s)	Reduced distribution fe near the 321	

green box in (o) from that simulation, with velocity axes (in ion Alfven speed units) corresponding 322	

to those of the data in panels k-n. The color code is the same as panel (o), but with simulation units 323	

representing phase space density, like those of panels (k-n). 324	

	325	
	326	

	327	

	328	
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	329	

Figure	3.		Field	data	and	electron	DFs	for	three	MMS	spacecraft	on	2017	July	11,	for	~2	330	

seconds	around	the	EDR.	Upper panels, for each spacecraft:(a)	components	of	B;	(b)	Electron	331	

bulk	velocity;	(c)	E,	where the reversal in EN is seen on MMS3 and briefly MMS1, but not MMS2	332	

;		(d)	J・E'	;	(e)	M-component	of	E	and	-(	Ve	x	B);	Lower	panels,	from	2.604s	to	2.784s	are	the	333	

reduced	(summed	over	V^2)	electron	30ms	DFs	in	(V||, V^1) for each spacecraft at the times 334	

between the dotted lines in the upper panels. 	 	335	
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Materials and Methods 

 

Location and Configuration of MMS at 22:34:00 UT on 11 July 2017. 

 

Fig- S1. Location and Configuration of MMS at 22:34:00 UT on 11 July 2017. Panel (a) 

shows an ecliptic-plane projection of the MMS orbit in geocentric-solar-ecliptic (GSE, nearly 

inertial) coordinates on 2017 July 11. Times in the orbit are labeled in UT, starting at 21:00. 

Between 21:00 and 22:00 on this date, mild magnetospheric substorm activity began in the 

magnetotail. The beige area is the MMS region of interest where high resolution data are taken. 

Panel (b) shows the MMS spacecraft tetrahedral formation in an LMN coordinate system which 

is very close to the GSM (Geocentric Solar Magnetospheric) coordinates that are typically used to 

display data in the magnetotail: X towards Sun; Y perpendicular to Earth’s magnetic dipole and 

X, pointing towards dusk; and Z = X x Y.  

 

The LMN coordinate system for the EDR encounter was established by first determining 

N in the direction of the maximum directional derivative in B at 22:34:02s, then determining the 

M vector perpendicular to this N, which maximizes the magnitude of the reconnecting current, as 

seen in Figure 2e, and L then is given by N×M.  For this event, [L;M;N] in GSE coordinates are 
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[0.971, 0.216, -0.106;  -0.234, 0.948,  -0.215; 0.054, 0.233, 0.971] and, in GSM coordinates, 

[0.971, 0.219, -0.098;  -0.234, 0.956,  -0.180; 0.054, 0.197, 0.979]. The LMN unit vectors are all 

within ~15 degrees of the GSM unit vectors, with  XGSM ~ L ; YGSM ~ M; and ZGSM ~ N, as 

indicated in the figure. An LMN system can be determined in many different ways, and the 

several that have been applied for this case are all somewhat similar to the above, but vary by 5-

10 degrees. This has a large impact on only one quantity, EM. Figure 3c shows a normal electric 

field, EN, ~30 mV/m, whereas EM (in figures 2g, 3c, and 3e) is ~1-2 mV/m. Thus, a change in the 

N-M axes by only 4 degrees can change EM by 100%. Due to this fact and the underlying 

uncertainty of the electric field measurement of ~1 mV/m, an estimate of the reconnection rate 

from the value of EM is not reliable. Therefore, we have relied on the scalar quantity, J・E′ 

(figures 2h and 3d), which shows that electromagnetic energy is being converted to plasma 

energy, independent of a particular LMN system. 

 

Guide field (BM/BL) estimation 

Ideally, the guide field would be determined from the relative angle between the 

magnetic fields of the two inflow regions. However, this could not be done because MMS did 

not encounter both lobe regions near the time of X-line crossing. However, it is possible to 

obtain an estimate of the guide field for this event. The lobe-like magnetic field |BL| (near 22:31 

UT, shown in Figure S2) was ~ 13nT, and |B| in the EDR was as low as 0.4nT (Figure 1c, and in 

Figure 3(a) at ~22:34:02.8 for MMS3), which implies that the guide field BM was of the order of  

0.4nT, but may be somewhat higher due to the effects of the Hall magnetic field.  Thus, the 

normalized guide field |BM|/|BL| may be ~4%, but certainly less than 10%. 
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Fig-S2: Magnetic field components in LMN coordinates. Coordinates for this plot were 

determined using a longer interval (22:31:00 – 22:34:00 UT) than those in the main text. Because 

of the flapping motion of the current sheet (see in BL variations) in this interval, the LMN 

coordinate system is only approximate for data over this long interval.  

 

Computation Details and Calibration Corrections 

The ion velocities in figure 1f have been corrected for the fact that the fast plasma 

sinstrument (FPI) does not cover a sufficient energy range to account for high energy ion phase 

space when the ion temperature is greater than about 10 keV, as seen in figure 1a. Comparisons 

over 5 minutes around 22:34:00 with the other ion spectrometer, the Hot Plasma Composition 

Analyzer, which goes to higher energies, and with the ExB/B2 velocity show that, during the 

interval of figure 1, a correction by multiplying the MMS Science Data Center (SDC) data 

repository values for FPI by a factor of 2, gives values of Vion that are accurate to within about 

20%. In addition, the low density of this EDR encounter resulted in spacecraft potential values 

greater than 50V. The local photoelectrons from the spacecraft can therefore be seen in figure 1b, 
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at energies below this value. These electrons were removed in the data of figure 2b by plotting 

energies only greater than 50eV, and in the computation of the DFs in figures 2 and 3. This same 

high spacecraft potential affects the offsets of the axial electric field sensor, which then drifts on 

time scales ~ 10 seconds, the same time scale as the electron density in figure 1e. With running 

medians over  8 seconds, the offsets of the median electric field were recalibrated to agree with 

the median of  -Ve×B. The electric field was low-pass filtered with a 3 dB point of 8 Hz to 

correspond to the approximate time dependence of the electron moments. 

Using plasma moments, the time profiles of the current peak, from 22:34:01.8 to 

~22:34:04.0 in Figure 2e are nearly identical for all four spacecraft, and agree with the 

curlometer calculation (32) of the current from the four spacecraft (Jcurl) at the barycenter of the 

MMS tetrahedron, except that Jcurl is a constant fraction (0.8) of the plasma J. Because all the 

profiles are the same in time, the current width must have been greater than the spacecraft 

separation (~15km). The factor of largest uncertainty is the electron density, which therefore is 

adjusted to be 0.8 of the SDC value in the calculations below.  

A more detailed estimate of the normal half-width of the EDR follows from Ampere’s 

Law: 

μ0JM  = (curl(B))M = (∂N BL - ∂L BN ). 

where ∂N is the partial derivative in the N direction. In our case, BN is small compared to the 

other components, and ∂L BN even smaller, so we ignore this term. We can thus compute the N 

position as an integral, 

                   𝑁 =	∫ 	
%&'
()*+

 

 

over ~1 second from both the rise of the cross-tail current and the appearance of accelerated 

electrons (~22:34:02.0, Figures 2e,b) to the midplane crossing (i.e. neutral sheet and also current 
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maximum) at 22:34:03.0. This gives a value of 25 km, a little less that the simple division in the 

main text. A less reliable estimate follows from timing. As mentioned above, the timing analysis 

at 22:34:02.2s shows the structure with a normal velocity VXN ~ -70 km/s, but then falls to zero 

by 22:34:03.0. An average of these two normal velocities (35 km/s), multiplied by the time 

elapsed above, ~1s , yields an estimate of the EDR normal half-width of  ~35 km .We therefore 

place bounds on this normal width ranging from greater than 15 km (from current profiles) to a 

higher estimate of 35km, from timing, with the two estimates from  Ampere’s Law, 25-30km, 

falling in the middle. We have adopted the simple Ampere value of 30 km for the half-width. 

 

Simulation parameters 

The 2D Particle-In-Cell (PIC) simulation shown in figures 2o-r was computed over 

3200×3200 grid, a mass ratio mi/me=100, and 7x1010 particles, of the simulation type described 

with complete details in (31). The initial configuration is a Harris current sheet, with a customary 

superposed X-type perturbation and a background density of 0.2 in both inflow regions. The ion-

electron temperature ratio is 5, and the initial temperature is constant throughout the modeled 

system. The actual locations of the DFs from this simulation in Figure 2 are: (L=-0.5, N=0.1 for 

(p,q) and L= 0.5 ,N=0 for (r,s) ). 
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Reconnection Topology 
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The topology of the field lines around the EDR is confirmed by examining pitch angle 

distributions of the (very) energetic electrons (40-130 keV, Figure S3). These data cover 40 

seconds around the EDR, which is clearly prominent in the electron velocity peak in Fig. S3 (c).  

At 22:34:07UT, just Earthward of the EDR, MMS3 detected a burst of energetic electrons in the 

anti-parallel direction, presumably accelerated in the reconnection process and streaming out 

along the separatrices. This would be consistent with the return of MMS3 below the neutral sheet 

on the earthward side of the EDR. Later and further into the exhaust, these electrons are seen 

filling in the pitch angles (although with enhanced fluxes in the anti-parallel direction) and are 

now trapped in the Earthward extent of the magnetic field. Tailward of the EDR, before 

22:34:00, these electrons are not visible, indicating that they had escaped along field lines 

connected at both ends to the solar wind. This is evidence of magnetic reconnection on-going at 

the EDR, and the ability of the reconnection process to accelerate electrons to very high energies, 

as seen in reconnection in solar flares.  
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Fig-S3. MMS3 Energetic Particle and Magnetic Fields. Magnetic field (a), ion (b) and 

electron (c) velocities, and electron pitch-angle distributions (d-f) for three selected high 

energies.  
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Movie S1. 

 

Electron Velocity-space Distributions. A 6-second segment of burst-mode electron 

distributions is keyed to a plot of plasma and field data covering the same time period as Figure 

2,  but from all MMS spacecraft. These distributions are accumulated over four 30ms electron 

distribution functions to bring out detailed features when the density is as low as 0.03cm-3, as in 

this case. The velocity axes are in the same LMN coordinate system as described above. Figure 

S4 shows one pane from the animated Movie S1. 
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Figure S4, one pane of Movie S1. In the left panel, the time history (from top to bottom) of: BL, 

BM, BN, JL, JM, JN, EL, EM, EN, J・E′, and the Swisdak agyrotropy index, a numerical index 

indicating agyrotropic features like crescents, for all four spacecraft. The right panel shows the 

first of four columns (that for MMS1, which is repeated for the other three spacecraft, MMS2-4) 

that shows the reduced electron distributions for each spacecraft along the indicated LMN 

velocities at the time of the vertical dash line in the left panel.  
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