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Abstract 24 

We report unambiguous in-situ observation of the coalescence of macroscopic 25 

flux ropes by the Magnetospheric Multiscale (MMS) mission. Two coalescing 26 

flux ropes with sizes of ~ 1 RE were identified at the subsolar magnetopause by 27 

the occurrence of an asymmetric quadrupolar signature in the normal component 28 

of the magnetic field measured by the MMS spacecraft. An electron diffusion 29 

region (EDR) with width of 4 local electron inertial lengths was embedded 30 

within the merging current sheet. The EDR was characterized by an intense 31 

parallel electric field, significant energy dissipation and suprathermal electrons. 32 



Although the electrons were organized by a large guide field, the small observed 33 

electron pressure non-gyrotropy may be sufficient to support a significant 34 

fraction of the parallel electric field within the EDR. Since the flux ropes are 35 

observed in the exhaust region, we suggest that secondary EDRs are formed 36 

further downstream of the primary reconnection line between the magnetosheath 37 

and magnetospheric fields.  38 

  39 

Flux ropes (FRs) are magnetic structures consisting of helical field lines. They 40 

are common in space and laboratory plasmas. Examples include flux transfer 41 

events (FTE) at the magnetopause [1], plasmoids in the magnetotail [2], and 42 

coronal mass ejection (CME) flux ropes in the solar wind [3]. It has long been 43 

suggested that FRs are products of magnetic reconnection [1, 4, 5] and that they 44 

play a crucial role in the dynamics of the reconnection process by energizing 45 

particles [6] and modulating the reconnection rate [7].  46 

Multiple FRs can be produced by multiple X-line reconnection through 47 

tearing instabilities with varying wavelengths [8]. Smaller FRs can coalesce to 48 

form larger FRs. The coalescence process has been extensively studied by 49 

numerical simulations that have shown that it is very dynamic and releases large 50 

amounts of energy [9-13]. However, direct evidence of FR coalescence in space 51 

plasmas is rare. Coalescence has been remotely observed in a CME event using 52 

STEREO spacecraft observations [14], and evidence of magnetic reconnection at 53 

the front of CME flux ropes has also been observed [3, 15]. Spacecraft 54 

observations in the Earth’s magnetotail suggest that ion-scale FR coalescence 55 

occurs in the ion diffusion region [16, 17]. An outstanding question is to 56 

determine whether FRs with spatial sizes of ~100 ion inertial lengths can 57 

coalesce. It is expected that the coalescence of large FRs will have a great 58 

impact on the reconnection process because they carry large amounts of 59 

magnetic flux. Recently Øieroset et al. [18] identified reconnection in a single 60 

large-scale FR. While they suggested that coalescence could possibly account for 61 



the observed reconnection, they did not observe the signature of the merging of 62 

two FRs. In this letter, we present unambiguous in-situ evidence of ongoing 63 

macroscopic FR coalescence at Earth’s magnetopause using the newly available 64 

high-resolution data from the MMS spacecraft [19]. We use these observations 65 

to investigate the microphysics of the coalescence process.  66 

Since its launch on March 12, 2015, MMS has successfully provided 67 

electron-scale observations of the dayside magnetopause [20]. The Fluxgate 68 

Magnetometer (FGM) [21, 22], spin-plane Double Probe (SDP) and Axial 69 

Double Probe (ADP) [22-24], and Fast Plasma Instrument (FPI) [25] provide 70 

comprehensive three-dimensional measurements of the relevant fields and 71 

particles involved in magnetic reconnection.     72 

Figure 1 presents an overview of MMS2 observations from 02:10 UT to 02:20 73 

UT on November 17, 2015. MMS2 crossed the magnetopause around 02:14 UT 74 

at the position of [9.7, -0.9, -0.3] RE in Geocentric Solar Magnetospheric (GSM) 75 

coordinates. Its location was very close to the subsolar magnetopause. At that 76 

time, the four MMS spacecraft formed a tetrahedron in space with a mean 77 

spacing of about 20 km. Consequently the fast survey mode data from all the 78 

spacecraft are very similar, so only data from MMS2 are plotted.   79 

The MMS spacecraft were in the magnetosphere before 02:13:40 UT. Then 80 

they crossed the magnetopause boundary layer during the interval 02:13:40 - 81 

02:14:40 UT (marked by the dashed orange rectangle in Figure 1). As the 82 

spacecraft entered the magnetosheath, the Bz component changed from positive 83 

to negative, plasma density increased from below 1/cm3 up to 30/cm3, and the 84 

ion temperature dropped from about 3 keV to 300 eV. A northward ion jet was 85 

recorded by MMS during the magnetopause crossing (Figure 1(c)). The peak 86 

speed was about 200 km/s, which is higher than the 140 km/s outflow speed 87 

expected for steady asymmetric reconnection using the parameters associated 88 

with this crossing [26]. This jet was probably a reconnection outflow produced 89 

by an X-line south of MMS. The northward jet reversed to southward with peak 90 

speed around 200 km/s on the magnetosheath side, which implies the northward 91 



motion of an X-line or the switch on (off) of reconnection northward (southward) 92 

of MMS.  93 

Just after crossing the magnetopause, between 02:15:10 and 02:17:00 UT 94 

(dashed purple rectangle in Figure 1), MMS detected a large bipolar signature in 95 

the Bx component, which is close to the magnetopause normal component 96 

determined by a minimum variance analysis (MVA) of magnetic fields during 97 

the magnetopause crossing [27]. The magnetic field magnitude increased in 98 

association with the bipolar Bx structure. These are the typical observational 99 

signatures of a FTE at the magnetopause [1].  100 

   A remarkable feature of this event is the occurrence of a minor bipolar variation 101 

embedded within the major bipolar variation (see Figure 2(a)). Unlike the major 102 

bipolar variation in which the variation in Bx is first negative and then positive, this 103 

one is first positive then negative. Thus, the entire structure between 02:15:10 and 104 

02:17:00 UT exhibits a quadrupolar variation in Bx. The magnitude of the central 105 

bipolar variation is smaller than that of the outer variation. Moreover, the duration 106 

of the central bipolar structure (~ 10 s) is short compared to the entire duration of 107 

the quadrupolar structure (~ 110 s). We estimated the velocity of the central bipolar 108 

structure from the values of Bx by using a four-spacecraft timing analysis [27]. We 109 

found that the central bipolar structure moved along the [0.049, 0.802, -0.595] 110 

(GSM) direction with an average speed of 45 km/s, while the local Alfvén speed 111 

was about 280 km/s and the sound speed was about 200 km/s. This means that the 112 

structure was moving mostly duskward but with a significant southward component.   113 

A single FR scenario cannot explain the observed quadrupolar signature; hence we 114 

suggest that MMS observed two FRs sequentially. There are two possible 115 

interpretations of this scenario. The first is that the two FRs were in contact without 116 

any interaction and no dissipation of magnetic energy. MMS should have recorded 117 

two successive symmetrical bipolar signatures in Bx as shown in the 118 

“non-dissipation” case in Figure 2(e). Although in this case the change in the 119 

polarity of Bx is consistent with what MMS observed, it does not reproduce the 120 

asymmetric feature of the quadrupolar structure. A more likely scenario is that the 121 



two FRs interacted in such a manner that magnetic energy was dissipated (see the 122 

“dissipation” case in Figure 2(e)), as it happens when two FRs coalesce. This would 123 

explain why MMS observed an asymmetric quadrupolar variation with the inner 124 

bipolar field weaker than the outer bipolar field as a result of the dissipation/erosion 125 

of magnetic field as a consequence of magnetic reconnection between the two FRs. 126 

We verified that the weaker and narrower inner bipolar structure observed in the 127 

magnetic field was consistent with the results of a 2-D particle-in-cell simulation of 128 

island coalescence [29].   129 

Assuming that the two FRs were moving along the surface of the MP with speeds 130 

comparable to the ion bulk flow, we found that the northern (second) FR moved 131 

faster than the southern (first) FR. Consequently, the northern FR could catch up 132 

with the southern one, causing them to begin to merge. Furthermore, by integrating 133 

the bulk flow speed in time, we estimated that the elongation of the northern FR 134 

along the MP was about 1 RE, which is equivalent to 150 local ion inertial lengths di 135 

(given the average plasma density n = 30/cm3). The elongation of the southern one 136 

is smaller, about 0.5 RE ~ 75 di. The sizes of the two FRs are much larger than the 137 

ion-scale FRs that are generated by secondary instabilities in thin current layers 138 

[34].  139 

  We now relate these kinetic results to the observed microphysics of the merging 140 

current sheet. First, we construct a local LMN coordinate system by applying MVA 141 

to the magnetic field measured by MMS2 around the merging sheet. In the resulting 142 

LMN coordinate system, N is the normal of the merging sheet, L is along the 143 

reconnecting component of the two FRs and points towards the Sun, and M 144 

completes the right-handed orthogonal coordinate system, i.e., M=N×L. Figure 145 

2(f)-2(g) illustrates the local LMN coordinates in the context of FR coalescence. N 146 

is consistent with the normal direction of the merging sheet we obtained by the 147 

aforementioned timing analysis.  148 

Figure 3 details the microphysics near the merging sheet observed by MMS2. 149 

An intense current with |JM| exceeding 2μA/m2 was detected around 02:16:08.1 UT. 150 

This current was mainly carried by electrons, as the electron bulk velocity (~ 400 151 



km/s) was ten times larger than that of the ions (not shown). Figure 3(d)-3(f) 152 

examines the ideal conditions for both ions and electrons. Note that the profiles of E 153 

and –Vi×B deviate from each other for most of the time interval in Figure 3, 154 

indicating that the ion fluid decoupled from the magnetic field. In contrast, the 155 

profiles of E and –Ve×B track each other very well except in a narrow time interval 156 

corresponding to the intense current. The deviation between E and –Ve×B is most 157 

prominent in the M component as EM reaches -6 mV/m while (–Ve×B)M is greater 158 

than -2 mV/m. Since BM dominates in the merging sheet, a negative EM gives rise to 159 

an anti-parallel electric field within the merging sheet (Figure 3(g)). The sign of EM 160 

is consistent with the inductive reconnection electric field between two FRs 161 

according to Faraday’s law. We should note that E|| is significant only when |E||| is 162 

larger than the error bar (magenta shading in Figure 3(g)). Crossing the region 163 

where a significant E|| is measured lasts about 0.09 s. Multiplying the speed of the 164 

merging sheet, we find the thickness of the E|| region to be 4 km, which is 165 

approximately 4 de, where de is the local electron inertial length.  166 

   Figure 3(h) shows the energy dissipation in the electron rest frame 167 

J·E�=J·(E+Ve×B). This quantifies the rate of non-ideal conversion of magnetic 168 

energy to plasma internal energy [35]. The strong positive peak of J·E� 169 

corresponds to the electron-scale layer. The peak value reaches about 10 nW/m3. 170 

The energy dissipation is mainly from the parallel component, i.e., J||·E||, while the 171 

perpendicular component is much smaller and mostly negative. The existence of 172 

significant E|| and energy dissipation suggests that the electron-scale layer is 173 

probably the EDR of the FR coalescence. We further estimate the curl of E+Ve×B 174 

by using the curlometer method with four spacecraft data to examine the electron 175 

frozen-in condition [36]. The result is shown in Figure 4(h). Although the 176 

uncertainty associated with this quantity is larger than the uncertainty associated 177 

with the electric field and plasma measurements, a strong peak of |▽×(E+Ve×B)| is 178 

readily identified within the electron-scale layer. This is further evidence that MMS 179 

encountered an EDR [37].  180 



Electrons show a weak non-gyrotropy within the EDR as is inferred from the 181 

measure of nongyrotropy Q1/2 shown in Figure 3(i). It was evaluated by the formula 182 

in Ref. [38]. Although it peaks in the EDR, the peak value (~ 0.02) is smaller than 183 

the value (~ 0.1) in other EDR with negligible guide field [39]. The electron 184 

velocity distribution shown in Figure 3(k) shows that electrons are mostly 185 

organized by a large guide field (Bg = 3.5 B0 ~ 70 nT, where B0 is the asymptotic 186 

magnetic field of the merging sheet) within the EDR. This is in contrast with the 187 

electron-scale layers in small or no guide-field cases, where the electron 188 

distribution functions are far from field-aligned due to finite Larmor radius effects 189 

or chaotic pitch-angle scattering [20, 40].  190 

  Figure 3(j) shows one snapshot of the electron pitch angle distributions (PAD) 191 

within the EDR. Enhancement of phase space densities near 90o is clearly seen. 192 

This feature is evident in the energy range between 100 eV and 600 eV, which is 193 

about 13 times the electron temperature (see Figure 3(c)). The suprathermal 194 

electrons near 90o are likely generated by adiabatic betatron acceleration, as the 195 

total magnetic field increases associated with the merging sheet. The effect of 196 

betatron acceleration is also evident in the local increase of electron perpendicular 197 

temperature at the EDR. Meanwhile the electron parallel temperature decreased. 198 

The mechanism leading to the parallel cooling is unknown.   199 

   Figure 4 presents the four spacecraft observations around the EDR. Data from 200 

MMS1, MMS3 and MMS4 has been shifted by 0.46 s, 0.16 s and 0.04 s, so that the 201 

observations of the EDR are aligned. All four spacecraft detected negative BN and 202 

positive veL in the vicinity of the merging sheet. This suggests that the MMS 203 

spacecraft were sunward of the merging line. veL changed to negative after crossing 204 

the merging sheet. Based on the observed flow variations we inferred the electron 205 

flow structure as depicted in Fig. 2(g). This is consistent with the electron flows in 206 

guide field reconnection [41]. J·E� measured by MMS1 and 2 are similar, and are 207 

much stronger than those measured by MMS3 and 4. This can be understood from 208 

the four spacecraft configuration in space. MMS1 was 4 km from MMS2 in the –L 209 

direction, while MMS4 and MMS3 were 12 km and 19 km apart respectively from 210 



MMS2 in the +L direction. This implies that the EDR was also localized in the L 211 

direction as MMS1 and 2 detected the EDR while MMS3 and 4 were outside the 212 

EDR (see the schematic in Figure 2(g)). Assuming the aspect ratio of the EDR was 213 

0.1 (which equals the dimensionless reconnection rate), the extent of the EDR was 214 

about 40 km in L given the full width of the EDR was 4 km. If MMS4 skimmed the 215 

edge of the EDR, then MMS2 and MMS1 were about 8 de and 4 de from the 216 

merging line, respectively.     217 

Finally, we roughly estimate the magnitudes of the non-ideal terms in the 218 

electron momentum equation. The inertial term in the M direction can be written as 219 
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. Even though 228 

electrons were organized by a large guide field, the off-diagonal terms in the 229 

electron pressure tensor are not negligible because of the existence of 230 

non-gyrotropy. We can estimate their contribution by assuming that the gradient 231 

length is the electron inertial length. Given that ΔPMN ≈ 0.015 nPa and de ~ 1 km, 232 

then the contribution is nearly 3 mV/m. The above estimate suggests that pressure 233 

non-gyrotropy is more important than electron inertial in supporting E|| in the EDR. 234 

This is different than the case for an EDR in large guide field reconnection reported 235 

from MMS [42] which suggests that E|| was balanced by a combination of electron 236 

inertial and parallel gradient of gyrotropic electron pressure.  237 

In summary, we provide the first in-situ observations of macroscopic FR 238 



coalescence at the Earth’s magnetopause. Our identification is based on the 239 

following criteria: 1) the observation of an asymmetric quadrupolar structure 240 

indicating dissipation between two FRs; 2) the agreement between plasma/field 241 

characteristics of the two interacting FRs and magnetic reconnection signatures.  242 

In-situ observation of FR coalescence provides us with the opportunity to have 243 

a better understanding of the coalescence process. We show that the coalescence 244 

involved a multi-scale process: energy injected from the fluid-scale merging of the 245 

FRs was subsequently dissipated at the electron-scale in the EDR. Our study shows 246 

that the coalescence of macroscopic FRs can provide significant energy dissipation 247 

in addition to that at the primary reconnection site. We expect that multiple 248 

reconnection sites would form along the direction of the FRs’ axes as shown in 249 

Figure 2(f), thus FR coalescence may be important for energy transport in solar 250 

wind-magnetosphere coupling. Furthermore, since both FRs were observed within a 251 

reconnection jet, our analysis shows that secondary EDRs can form further 252 

downstream from the primary X-line. Hence, FR coalescence could provide MMS 253 

more opportunities for exploring electron physics in EDRs than was originally 254 

thought.  255 

 256 
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 358 

Figures 359 

 360 

FIG. 1. Overview of MMS2 observations between 02:10 and 02:20 UT. From the 361 

top to bottom are: (a) magnetic field vectors, (b) magnetic field strength, (c) ion 362 

bulk velocity, (d) ion density, (e) ion parallel (red) and perpendicular temperatures 363 

(blue), (f) ion and (g) electron differential energy fluxes. All vectors are in GSM 364 

coordinates.  365 



 366 

FIG. 2. (a)-(c) show the magnetic field and ion bulk velocity observed by MMS2 367 

between 02:14 and 02:18 UT. (d) is a schematic of MMS orbits relative to the MP 368 

and FRs. (e) depicts the variations of Bx recorded by the virtual MMS spacecraft 369 

shown in (d) for two different cases: the upper panel is the case without dissipation 370 

while the lower panel is the case with dissipation between the two FRs. (f) is a 3-D 371 

schematic of field lines of two FRs in GSM coordinates, (g) is a zoomed-in 2D view 372 

of FR coalescence and MMS configuration in the L-N plane. 373 



 374 

FIG. 3. Electron-scale layer embedded within the merging sheet. (a) magnetic field, 375 

(b) current density, (c) electron parallel (blue), perpendicular (red) and average 376 

(black) temperatures, (d)-(f) comparison of the three components of the measured 377 

electric field (black), -Vi×B (blue) and –Ve×B (red), (g) parallel electric field， 378 

magenta shading indicates the errors associated with the measurements, (h) 379 

J·E�=J·(E+Ve×B) and (i) a measure of electron nongyrotropy. Red and black traces 380 



indicate the values that were calculated by using the upper and lower limit of the 381 

measured pressure, respectively. Orange shading marks the electron-scale layer with 382 

significant E|| (|E||| is larger than the error bar), (j) electron PAD and (k) electron 383 

velocity distribution in the plane perpendicular to the magnetic field within the 384 

electron-scale layer.  385 

 386 

 387 

FIG. 4. Four spacecraft observations around the EDR. Magnetic fields: (a) BL, (b) 388 

BM, (c) BN, electron flow: (d) VeL, (e) VeM, (f) VeN, (g) J·(E+Ve×B) and (h) 389 

|▽×(E+Ve×B)|.  390 


