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Abstract Using the high-resolution ﬁeld and plasma data obtained from the Magnetospheric Multiscale
mission at the magnetopause, a series of three ﬂux transfer events was observed one after another inside
southward ion ﬂows, without time gap between any two successive ﬂux ropes. Using the plasma
measurements, the current densities within the ﬂux ropes were studied in detail. The currents within the
ﬁrst two ﬂux ropes, dubbed Fr1 and Fr2, were composed of a series of well-separated ﬁlamentary currents.
The thickness of the ﬁlamentary currents and the gap between them were sub ion scale, occasionally
dropped down to electron scale. In the third ﬂux rope Fr3 which was closest to the expected reconnection X
line, the current displayed a singular compact current layer, was ion scale in width and concentrated on its
center. Considering the location of the ﬂux ropes relative to the reconnection X line, we suggested that
the current density could be a singular structure when the ﬂux rope was just created and then fragmented
into a series of ﬁlamentary currents as time. By examining the interregions between Fr1 and Fr2, and
between Fr2 and Fr3, reconnection was only conﬁrmed to occur between Fr2 and Fr3 and no reconnection
signature was found between Fr1 and Fr2. It seems that magnetic ﬁeld compression resulted from collision of
two neighboring ﬂux ropes is one necessary condition for the occurrence of the coalescence.
1. Introduction
Magnetic reconnection was applied by Dungey to establish the ﬁrst open model of the Earth’s magnetosphere under the condition of the southward interplanetary magnetic ﬁeld (IMF) (Dungey, 1961).
Southward IMF, the magnetic ﬁeld lines with opposite directions in the magnetosphere and the magnetosheath will reconnect at the magnetopause and lead to solar wind mass, momentum, and energy transferred into the magnetosphere. Transient events, exhibiting a bipolar signature in the component of the
magnetic ﬁeld normal to the magnetopause, are very common at the magnetopause and called magnetic
ﬂux transfer events (FTEs) (Russell & Elphic, 1978). The FTEs are widely regarded as the result of magnetic
reconnection at the magnetopause, but the detailed formation mechanisms remain debatable (Hasegawa
et al., 2010; Lee & Fu, 1985; Øieroset et al., 2011; Raeder, 2006; Russell & Elphic, 1978; Scholer, 1988;
Southwood et al., 1988). FTE shapes, extension in the dawn-dusk direction, evolution, and inner structure
have been extensively studied based on spacecraft measurements and theory (Dunlop et al., 2005;
Eastwood et al., 2012; Farrugia et al., 2011; Fear et al., 2008; Hwang et al., 2016; Owen et al., 2001; Pu et al.,
2013; Teh et al., 2017; Varsani et al., 2014; Zhang et al., 2012; Zhong et al., 2013). The results indicate that
the FTEs can be properly modeled by magnetic ﬂux rope structures.
Numerical simulations suggested that the plasmoid instability is the key for accomplishing fast reconnection
(Bhattacharjee et al., 2009; Daughton et al., 2009; Daughton et al., 2011; Loureiro et al., 2007; Samtaney et al.,
2009) and particle acceleration (Drake et al., 2006; Fu et al., 2006; Oka et al., 2010; H. Wang, Lu, Huang, et al.,
2016a). The plasmoids, also called magnetic ﬂux ropes, are continually produced from macroscale to kinetic
scale inside the initial current sheet due to the tearing mode (Daughton et al., 2006; Lu et al., 2013) or
Kelvin-Helmholtz (Huang et al., 2015), and the formation and interaction of these ﬂux ropes dominate the
reconnection evolution. Indeed, a series of magnetic ﬂux ropes are frequently observed one by one at the
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magnetopause (Dunlop et al., 2005; Eastwood et al., 2016; Fear et al.,
2008; Teh et al., 2017). However, their interaction has never been examined at the magnetopause so far. The main reason is obvious that the
interaction region between any two neighboring ﬂux ropes is too
narrow to be captured by previous spacecraft missions. The novel
Magnetospheric Multiscale (MMS) mission launched in 2015 concentrates on electron physics during magnetic reconnection and provides
data in unprecedented high resolution (Burch, Moore, et al., 2016),
which allows for investigation of the interaction region between two
neighboring ﬂux ropes. Based on the MMS measurements at the magnetopause, the ion-scale magnetic ﬂux ropes are identiﬁed (Eastwood
et al., 2016; Hwang et al., 2016; Teh et al., 2017; Zhao, Russell, et al.,
2016), and the current within the ﬂux rope is found to be ﬁlamentary
(Eastwood et al., 2016). Moreover, the ion frozen in condition is broken
while the electrons are still frozen in magnetic ﬁeld lines inside these
ropes (Eastwood et al., 2016; Teh et al., 2017), and some ﬂux ropes are
force-free but some are not (Zhao, Russell, et al., 2016). In this paper,
we analyze the features of a series of three FTEs within southward ion
bulk ﬂows at the magnetopause, present the ﬁrst evidence for the interaction of the FTEs, and brieﬂy discuss the condition for occurrence of the
interaction.

2. Instrumentation and Database
The MMS mission consists of four satellites ﬂying in an elliptical equatorial orbit with geocentric perigee and apogee of 1.2 Earth radii (RE) and 12
Figure 1. The relative positive of the four MMS satellites at 11:03:24 UT on 8
RE, respectively. The four satellites form a nearly regular tetrahedron
December 2015. The black red, green, and blue balls represent the four
(Figure 1) and are equipped with the identical instruments. The ﬁrst
satellites mms1, mms2, mms3, and mms4, respectively.
phase of the MMS mission focuses on the dayside magnetopause and
the separation is about 10 km. The measurements from several instruments on the MMS spacecraft are used in this paper. The magnetic ﬁeld is sampled at 128/s (Russell et al.,
2016) and the electric ﬁeld is sampled at 8192/s (Ergun et al., 2016; Lindqvist et al., 2016). The time resolutions
for electrons and ions obtained from the fast plasma experiment (Pollock et al., 2016) are 30 ms and
150 ms, respectively.

3. Overview of the Event
At ~11:03 UT on 8 December 2015, MMS was located at [10.5, 1.1, 1.3] RE in the geocentric solar magnetospheric (GSM) system, with an interspacecraft separation of less than 16 km, as shown in Figure 1 with a color
scheme of black for mms1, red for mms2, green for mms3, and blue for mms4. The spacecraft traversed the
magnetopause inbound from the magnetosheath to the magnetosphere with an average speed of ~86 km/s.
The speed was assessed via the timing method (e.g., Schwartz, 1998) performed to the Bz reversal point at
~1103:05 UT. Figure 2 shows an overview of the magnetopause crossing in the GSM coordinates used
throughout this paper.
The spacecraft started to move toward the magnetosphere side from about 1102:50 UT, as shown in Figure 2,
and detected the plasma characteristic of the magnetosphere at about 1103:50 UT (not shown). In this process, the spacecraft was located in the low-latitude boundary layer between 1102:50 and 1103:20 UT, since
the plasma energy spectrum shows that the energy of the electrons was mainly below 300 eV (Figure 2i)
and the ion energy was less than 2 keV (Figure 2j), and the magnetic ﬁeld component Bz evolved from negative to positive (Figure 2c). In addition, continuous southward ion and electron bulk ﬂows were detected in
this interval (red traces in Figures 2f and 2g). Thus, we conclude that a reconnection event was occurring
north of the spacecraft. As the spacecraft traversed the low-latitude boundary layer to the magnetosphere
side, Bz was substantially enhanced at ~1103:02 UT (Bz < 0) and ~1103:12 UT (Bz > 0) in Figure 2c, and the
duration for each enhancement was about 4 s. Hence, the magnetic ﬁeld ﬂuxes were compressed on both
WANG ET AL.
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Figure 2. An overview of the ﬂux transfer events. (a–e) Three components and magnitude of magnetic ﬁeld and electron density at the four satellites with the same
color scheme to Figure 1. (f–j) Ion and electron bulk ﬂows, current density qN(Vi  Ve), and electron and ion energy spectrum at mms1.

sides of the magnetopause current sheet. The close correlation between the strong ﬂows of electrons
(Figure 2g) and the Bz enhancement (Figure 2a) indicates that the strong electron ﬂows can have resulted
from the compression. In Figure 2h, the current density calculated from the plasma measurements was
intense at both sides of the magnetopause, whereas it is very weak at the point of Bz~0 (at ~11:03:05 UT).
It appears that the current sheet was bifurcated at that time.
During this crossing, a series of three magnetic ﬂux ropes were detected in turn. Each of these ﬂux ropes was
characterized by a bipolar Bx (Figure 2a) with a signiﬁcant peak of By (Figure 2b) at its center marked by the
black vertical dashed line. The total magnetic ﬁeld intensity was enhanced also at their centers (Figure 2d).
The ﬂux ropes are named Fr1–Fr3 according to the detected time (Figure 2a). The axial orientation of these
ﬂux ropes are determined by the minimum variance analysis of magnetic ﬁeld (Sonnerup & Cahill, 1968;
Xiao et al., 2004), referred to the principal axis analysis approach (Sibeck et al., 1984; Zong et al., 1997). The
results are displayed in Table 1. The ratio of intermediate to minimum eigenvalues is no less than 13 for all
events. The intermediate direction was mainly along the y direction in the GSM coordinates. A clear peak
of By was always observed at the center of each ﬂux rope. Thus, the axial orientations of the ﬂux ropes were
primarily along the y direction.
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The durations of the three ﬂux ropes based on the peak-to-peak values
of Bx were 0.57 s, 1.5 s, and 6.7 s, respectively. Using the four-spacecraft
timing method applied to the magnetic ﬁeld at the ﬂux rope center (the
Eigenvalue
Eigenvector
points of Bx = 0 for the Fr1 and the By peaks for the other two ﬂux ropes),
the speed and the propagation direction of the three ﬂux ropes were
0.17
(0.046, 0.563, 0.825)
5.267
(0.498, 0.703, 0.507)
obtained to be 167 km/s along n1 = (0.12, 0.30, 0.95) for Fr1,
35.856
(0.866, 0.434, 0.249)
91 km/s along n2 = (0.53, 0.51, 0.68) for Fr2, and 79 km/s along
1.031
(0.197, 0.078, 0.977)
n
3 = (0.93, 0.25, 0.29) for Fr3. Thus, the cross-section diameters of
13.854
(0.222, 0.975, 0.032)
the three ﬂux ropes were 91 km (~1.3 di), 118 km (~1.6 di), and 609 km
29.14
(0.955, 0.211, 0.209)
0.418
(0.912, 0.333, 0.241)
(~8.6 di), respectively, where the ion inertial length di was about 72 km
7.066
(0.359, 0.930, 0.076)
based on the average density (N = 10 cm3) in the boundary layer.
72.186
(0.199, 0.156, 0.968)
The ﬂux content can be roughly estimated by ϕ = πr2B to be ~200 Wb
for the ﬁrst two ﬂux ropes (Fr1 and Fr2) and to be ~5.0 kWb for the last
ﬂux rope (Fr3), if we assume that the ﬂux rope was a cylindrical magnetic ﬁeld structure. The ﬂux content was
underestimated since the spacecraft did not encounter the center of the ﬂux rope (∣Bz∣ ~ 10 nT), that is, the
large-impact parameter (Slavin, Lepping, Gjerloev, Fairﬁeld, et al., 2003).

Table 1
Results of Minimum Variance Analysis Applied to the Magnetic Field Data
at mms1
Event

Time

Fr1

1102:58–1103:00 UT

Fr2

1103:01.5–1103:03.5 UT

Fr3

1103:06.5–1103:10.5 UT

4. Spatial and Temporal Evolution of the Filamentary Currents Within the
Flux Ropes
The current density can be directly calculated from the plasma measurements at 30 ms cadence (Burch,
Torbert, et al., 2016; Eastwood et al., 2016). Figure 3 shows the current density calculated by the equation
J = qN(Vi  Ve), where q is the elementary charge, N is the plasma density, and Vi and Ve are the ion and electron bulk ﬂow velocities. The three columns correspond to the three ﬂux ropes. In each column, Bx, the ratio of
the perpendicular and parallel current magnitudes ∣j⊥ ∣ /j//; the electric ﬁeld Ex,(Vi × B)x and (Ve × B)x; and
the current density vectors at the four spacecraft are displayed from top to bottom. The current density vector at the four satellites for Fr1 is shown in Figures 3d–3g. The blue, yellow, and green traces denote the current density components jx, jy, and jz, respectively. The current density is enhanced within Fr1 and the
intensities of the three components were comparable. Remarkably, there does not exist a singular current
layer inside the Fr1 as observed previously by Cluster (Slavin, Lepping, Gjerloev, Goldstein, et al., 2003;
Wang, Lu, Huang, et al., 2016a). In contrast, there were at least two ﬁlamentary currents inside Fr1, corresponding to the two jy peaks at ~1102:58.8 UT and 1102:59.0 UT. The durations for the two ﬁlamentary currents were ~100 ms and ~300 ms, and the gap between them was 100 ms. Given the speed of ﬂux rope Fr1,
the width of the ﬁlamentary currents was 16 km (~0.2 di or 9 de, where de ≈ 1.7 km is electron inertial length)
and 48 km (~0.7 di), respectively. So the thickness of the ﬁlamentary current was sub ion scale, even down to
electron scale. The widths of the ﬁlamentary current and the gap between them were comparable. Although
the two ﬁlamentary currents jy were detected by all four satellites, the intensity of the ﬁrst ﬁlamentary current
at mms2 was weaker than those observed at other three satellites. The reason can be that mms2, which was
11 km earthward away from other three satellites (Figure 1), traversed the edge of the ﬁlamentary currents.
The mms4 was southmost (Figure 1) and therefore passed the Fr1 last, which is seen in Figure 3a, where
mms4 observed the bipolar Bx after other three satellites. The probe mms4 was between mms1 and mms3
in the x direction, and the distance between mms4 and mms3 or mms1 was less than 3 km in this direction.
Moreover, mms4 was very close to mms3 in the y direction (~3 km) and was widely separated in the z direction from mms3 (~13 km). The separation between mms3 and mm4 in the x and y directions (~3 km) was
much less than the thickness of the second ﬁlamentary current (~48 km). Considering that the ﬁlamentary
current was moving mainly southward, therefore the difference of the current density jy at mms3 and
mms4 could be due to evolution of the ﬁlamentary current. Comparing the second ﬁlamentary currents at
mms3 and at mms4, mms3, which crossed the current at ﬁrst, observed only one peak (Figure 3f) while
mms4, which crossed the current at last, observed two small jy peaks at 1102:59.0 UT (Figure 3g). So it seems
that the second ﬁlamentary current was fragmenting into two smaller ﬁlamentary currents at that time.
A series of well-separated ﬁlamentary currents were detected as well in Fr2 (Figures 3k–3n). There were more
ﬁlamentary currents inside Fr2 than Fr1. Comparing the current density jy at the four satellites, a very intense
ﬁlamentary current (up to 1.0 μA/m2) was observed by mms3, mms1, and mms4 in turn at ~1103:02 UT, but
WANG ET AL.
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Figure 3. (a–g) Bx and the ratio of ∣j⊥ ∣ /j// from the four satellites; the electric ﬁeld Ex, (Vi × B)x, and (Ve × B)x; and three components of the current density from
the four satellites for the ﬂux rope Fr1. (h–u) The data in the same format for the ﬂux ropes Fr2 and Fr3.

mms2 did not detect any signature of such intense current (Figure 3l). The duration for this intense
ﬁlamentary current was ~80 ms, and the corresponding width was ~6 km≈4 de. So mms2, 11 km
earthward away from other satellites in the x direction (Figure 1), did not encounter this ﬁlamentary
current in electron scale. There were also sub ion-scale currents inside Fr2, for example, the currents at
~1103:02.2 observed by mms1 and mms2. Based on the analysis above on Fr1 and Fr2, a few ﬁlamentary
currents were observed inside the ﬂux ropes; the ﬁlamentary currents were separated, and their
thicknesses were sub ion scale, even down to electron scale sometimes. The width of the gap between the
ﬁlamentary currents was comparable to the scale of the ﬁlamentary current itself. In contrast, the
appearance of the current density within the Fr3 was different. Inside Fr3, the current density jy displayed
a singular current layer for 1 s (~1103:08–~1103:09 UT) with a few further localized enhancements (the
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small peaks in Figures 3r–3u). The thickness of this singular current layer
was estimated to be 79 km ~ 1 di. Ahead of this singular current layer, a
negative jy (down to 0.5 μA/m2) at 1103:07.7 UT was observed by all
four satellites. It is unclear how a negative jy was produced within a ﬂux
rope at the magnetopause.

Figures 3c, 3j, and 3q show the measured electric ﬁeld Ex in black,
(Vi × B)x in blue, and (Ve × B)x in red from mms1. Ex and (Ve × B)x
matched pretty well while (Vi × B)x was deviated from Ex. The same
results can be obtained from other three satellites. Therefore, the electrons were still frozen in the magnetic ﬁeld lines, whereas ions were
not within all three ﬂux ropes. This result is consistent with the previous
observations by MMS (Eastwood et al., 2016; Teh et al., 2017). Figures 3b,
Figure 4. A schematic illustration for the ﬂux ropes and the reconnection of
3i, and 3p display the ratio of ∣j⊥ ∣ /j// at the four satellites. The current
the coalescence. (left column) The three ﬂux ropes detected in the south of a
ratio changed largely and randomly but kept nearly constant
reconnection X line. The green curve with an arrow means the MMS trajec(1102:58.90–1102:59.15 UT for Fr1 and 1103:02.16–1103:03.0 UT for
tory relative to the structure. (right column) The schematic illustration for the
Fr2) around the center of the ropes Fr1 and Fr2. It indicates that the
ion diffusion region of asymmetric reconnection. The dashed lines denote
the Hall electron current system. The red arrows pointing to the south
magnetic ﬁeld tended to be force-free around the central regions while
represent the Hall electric ﬁeld, while the arrows directed to the north mean
it was nonforce free in most other regions (e.g., the boundary of the ﬂux
Larmor electric ﬁeld.
ropes) at the Fr1 and Fr2. The situation was distinct at the Fr3. Within the
Fr3, the ratio always changed substantially and kept a low values during
1103:08.5–1103:09.2 UT (Figure 3p). Even in such short period, however, the ratio at the mms2 was still varying signiﬁcantly. So the magnetic ﬁeld was not force-free at the Fr3.

5. Interaction of Two Neighboring Flux Ropes via Magnetic Reconnection
The three ﬂux ropes were observed one after another in the southern ion bulk ﬂows, as illustrated in
Figure 4 (the left column). There was almost no time gap between them, especially between Fr2 and Fr3
(Figure 2a). Thus, we tried to ﬁgure out whether these ﬂux ropes were interacting. As for the Fr1 and Fr2,
the leading part of the Fr2 met the trailing part of the Fr1 at about 11:03:00 UT. However, the induced
current layer, which was thought to be one necessary condition for occurrence of the coalescence, was
not observed between Fr1 and Fr2 at the moment. Thus, there was not any signature associated with
coalescence or reconnection found. Approximately 1.5 s later, a narrow electron jet vex up to 400 km/s
was indeed observed (Figure 2g). However, this electron jet was detected within the Fr2 and was only
encountered by mms1 and mms2. The similar electron jet can be found also at 1103:03 UT and at
1103:09 UT. So the narrow electron jets could be due to the compression of the localized magnetic ﬁeld
Bz as mentioned above.
The trailing part of the ﬂux rope Fr2 was closely followed by the leading part of the Fr3. Hence, Bx changed
from positive to negative at 1103:04.5 UT (the red vertical dashed line in Figure 2) in the southern ion ﬂow.
In order to conﬁrm whether the reconnection was occurring there, the interregion between them was
enlarged in Figure 5. A dawn-ward electric current layer (jy) was observed just at the reversal point of Bx
(Figure 5f). The solid and the dashed curves in Figure 5f denote the total and electron current densities,
respectively. So the electric current jy was mainly carried by the electrons and was formed by the electron
bulk ﬂow in the y direction (Figure 5e). The direction of this current was contrary to the normal current at
the magnetopause and it pointed to the dawnside. Figures 5a–5c shows the three components of the magnetic ﬁeld at the four satellites. Bx gradually decreased from 6 nT to 0 nT at about 1103:04.5 UT, corresponding to the trailing part of Fr2, and then continued to fall to 12 nT at about 1103:04.7 UT (the leading part of
Fr3). Obviously, the magnetic ﬁeld component Bx was signiﬁcantly asymmetric at both sides of the current
layer. The maximum value of Bx at the left side in Figure 5 (or the bottom in the right column of Figure 4)
was 5 nT, while the value was 12 nT at the other side. Considering that the four satellites crossed this current layer one by one, we estimated its normal direction and the propagation velocity by the timing method.
The timing method was performed to the Bx reversal points at the four satellites. The result indicates that the
current layer was propagating at a speed of 167.4 km/s along [0.115, 0.303, 0.946] GSM relative to the
spacecraft. Thus, the current layer was primarily lying in the x  y plane and its thickness was estimated
WANG ET AL.
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0

Figure 5. The magnetic ﬁeld components (a) Bx, (b) By, (c) Bz, (d) E z ¼ ðE þ VX line BÞz , (e) the electron velocity in the y component Vey, and (f) the electric current
density in the y direction. The solid and dashed curves denote the total current density and the electron current density, respectively. (g) The electron velocity in the x
direction. The thick pale blue line represents the average speed at all four satellites. (h) J  (E + Ve × Β).

to be 63 km ~ 0.9 di. Comparing the Bx magnitudes in the leading and trailing part of the Fr3 in Figure 2a, we
can ﬁnd that the Bx intensity in the leading part of the Fr3 was signiﬁcantly larger than that in the trailing
part of the Fr3. It can be caused by the collision between Fr2 and Fr3. Therefore, the current layer
between them was induced in the interaction region.
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The magnetic ﬁeld component By was gradually decreasing (Figure 5b)
as the spacecraft approached the center of the current layer. Around
the center of the current layer (~1103:04.5 UT), a bipolar By signature
from negative to positive was observed at all four satellites. Given the
MMS trajectory relative the current layer in Figure 4, the bipolar By signature is consistent with the expected Hall magnetic ﬁeld in the reconnection outﬂow. The duration of the negative By part was longer than the
positive part, which can be found also in Figure 6a (the red trace). This
kind of asymmetric Hall ﬁeld has been conﬁrmed recently in asymmetric
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reconnection (Wang et al., 2017). Figure 5d presents the electric ﬁeld E z

(mV/m)

-4
4

0

in the frame of the current layer. E z was mainly negative, that is, pointing
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ward E z was in agreement with the Larmor electric ﬁeld observed in
asymmetric reconnection (Koga et al., 2014; Malakit et al., 2013).
Therefore, the Hall magnetic ﬁeld and Hall electric ﬁeld were detected
while the spacecraft passed through the interaction region between
the Fr2 and Fr3. In other words, a reconnection was taking place
between them.

d

2
0
-2
-4

0

In addition to the E z sign change at the north edge of the Hall magnetic
0

0.5
Time (s, since 11:03:04.0 UT)

1

Figure 6. The measurements of electric ﬁeld at mms2 are presented. (a)
0
Three components of magnetic ﬁeld. (b–d) E z ¼ ðE þ VX line BÞz , E//,
and E⊥z.

0

ﬁeld, another E z perturbation was observed at 1103:04.5 UT near the
south edge of the Hall magnetic ﬁeld (Figure 5d). In order to distinguish
0

the bipolar E z signatures at the south and north edges of the Hall magnetic ﬁeld, we calculated the parallel and perpendicular electric ﬁelds
0

shown in Figures 6c and 6d. It is clear that the E z perturbation at the
south edge (~1103:04.5 UT) mainly came from the parallel electric ﬁeld,

0

whereas the E z perturbation at the north edge (~2204:04.65 UT) came from the perpendicular component.
0

Apparently, the E z perturbation at the south edge of the Hall magnetic ﬁeld region represents electrostatic
isolated waves. The electrostatic waves in the separatrix region are frequently observed (e.g., Ergun et al.,
2009; Wang et al., 2014). The unipolar parallel electric ﬁeld, called electric double layer, followed by a series
of electron holes was conﬁrmed previously (Wang et al., 2014). Generally, the duration of the double layer
is much longer than that of the electron hole (Ergun et al., 2009; Wang et al., 2014). In contrast, a bipolar parallel electric ﬁeld (duration ~50 ms) followed by a train of high-frequency electron holes was observed in this
event. Since the electrostatic waves were observed at the south edge of the Hall magnetic ﬁeld and accompanied by the inﬂowing electrons, they can be created by the electron beam instability (Newman et al., 2001).
The measurement of the parallel electric ﬁeld further indicates that the reconnection was occurring between
0

Fr2 and Fr3 (Hesse & Schindler, 1988). On the other hand, the E z perturbation at the north edge corresponded
to the Hall electric ﬁeld.
Within the Hall magnetic ﬁeld region, an electron bulk ﬂow in the +x direction, relative to its background ﬂow
(the thick pale blue curve in Figure 5g), was observed at ~1103:04.6 UT from all four satellites. This electron
bulk ﬂow in the +x direction was as large as 160 km/s relative to the background speed, and the local Alfven
speed was about 140 km/s (∣B ∣ ≈ 20 nT and Ni ≈ 10 cm3). Thus, this electron ﬂow can be the electron outﬂow of the coalescence. Furthermore, this electron outﬂow was bounded by the electron ﬂow in the x direction at each spacecraft. At ~1103:04.5 UT, the negative electron ﬂow relative to the background ﬂow was
observed just at the south edge of the Hall magnetic ﬁeld, while after ~1103:04.7 UT, another negative electron ﬂow was measured at the north edge of the Hall ﬁeld. These negative electron ﬂow relative to the background ﬂow corresponded to the inﬂowing electrons during reconnection. So these electron bulk ﬂows
constitute the full Hall electron current system in one side of the reconnection outﬂow region, as illustrated
in Figure 4 (the dashed curves). At the south edge of the Hall ﬁeld, the speed of the inﬂowing electrons was
0

comparable to the electron outﬂows, which could be the reason for the E z perturbation observed there. The
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energy dissipation quantity J  (E + Ve × B) in the electron frame (Zenitani et al., 2012) is displayed in Figure 5h.
The values of J  (E + Ve × B) were very small (~0.2 nW/m3), in comparison with the observation near the electron diffusion region (~10 nW/m3) (Burch, Torbert, et al., 2016; Wang et al., 2017). It means that the mms
spacecraft did not observe the inner electron diffusion region of the coalescence.

6. Discussion and Summary
The magnetic ﬂux rope represents a kind of the helical magnetic structure and has been often observed
inside the current sheet at the magnetopause (Dunlop et al., 2005; Fear et al., 2008; Russell & Elphic, 1978;
Scholer, 1988; Southwood et al., 1988; Teh et al., 2017) and in the magnetotail (Sibeck et al., 1984; Moldwin
& Hughes, 1991; Slavin, Lepping, Gjerloev, Farﬁeld, et al., 2003; Slavin, Lepping, Gjerloev, Goldstein, et al.,
2003; Nakamura et al., 2006; Chen et al., 2008; H. Wang, Lu, Huang, et al., 2016a). Generally, they are
embedded within high-speed ion bulk ﬂows and are believed to be produced by magnetic reconnection.
The current density within the ﬂux rope was explored previously, mainly based on the Curlometer technique
(Dunlop et al., 2002; Slavin et al., 2003; Wang, Lu, Huang, et al., 2016a; Wang, Lu, Nakamura, Huang, Du, et al.,
2016b). The results show that the current density is substantially enhanced within the ﬂux rope and the current along its axis dominates in most situations, that is, the y direction at the magnetopause and in the magnetotail (Slavin et al., 2003; Wang, Lu, Huang, et al., 2016a; Wang, Lu, Nakamura, Huang, Du, et al., 2016b).
Using the MMS measurements at the magnetopause, the current density was studied again and was found
to be ﬁlamentary within the ﬂux rope (Eastwood et al., 2016). In this paper, we further examine the current
density within a series of three ﬂux ropes observed at the magnetopause. For the ﬁrst two ﬂux ropes
Fr1 and Fr2, well-separated ﬁlamentary currents jy were observed; the widths of the ﬁlamentary currents
and the gap between them were comparably sub ion scale, sometimes down to electron scale. By comparing
the current density at the four satellites with a small separation (~10 km), we ﬁnd that the current within the
ﬂux ropes was dynamic and could be still fragmenting. Regarding the Fr3, the current density was different
from the other two ropes. In the Fr3, the current density jy displayed a singular current layer with a few
small peaks above the background value, except at mms2 where a thin ﬁlamentary current (300 ms) at
1103:08.2 UT was followed by a whole current layer (~1 s). One distinction that we can ﬁnd between Fr3
and Fr1/Fr2 was the duration and thereby the size. The duration of Fr3 was about 6 s, while the other two ﬂux
ropes Fr1 and Fr2 were only about 1 s. So the size of the Fr3 was signiﬁcantly larger than those of Fr1 and Fr2.
However, it is still unclear how the size affects the current density within the rope. Another difference
between Fr3 and Fr1/Fr2 was the distance between them to the expected X line. Since Fr3 was observed last
inside the southern ion ﬂows, it was closer to the X line than Fr1 and Fr2 (Figure 4). Thus, it is possible that Fr3
was created most newly and still kept the current feature when it was produced. If this speculation is true, the
current density inside the ﬂux rope should be singular when the rope is created and then fragmenting into a
series of ﬁlamentary currents later. We further studied the ﬂux transfer events between September and
December 2015 during the ﬁrst phase of MMS. In most situations, the current density inside the ﬂux rope displays a series of ﬁlamentary currents as shown in the Fr1 and Fr2. The speculation for the evolution of the
current density within the ﬂux rope will be further investigated.
The ratio of the perpendicular to the parallel current density was calculated within the ﬂux ropes and was
used to recognize whether the ﬂux rope was force-free or not. If the ratio was very small, it means that the
parallel current was much stronger than the perpendicular current; that is, the magnetic ﬁeld tends to be
force-free. As for the ﬂux ropes, Fr1 and Fr2, the magnetic ﬁeld tended to be force-free in a narrow region
near the centers, while at the ﬂux rope Fr3, the magnetic ﬁeld was nonforce free. It is unclear whether the
state of the force-free is associated with the current appearance (ﬁlamentary currents or a singular current)
within the ﬂux rope.
Using the Cluster measurements in the magnetotail, Wang, Lu, Huang, et al. (2016a) found that the reconnection ion diffusion region is ﬁlled with magnetic ﬂux ropes and these ﬂux ropes interact with each other via
magnetic reconnection, called coalescence. The key evidence for the coalescence includes the induced
electric current layer between two neighboring ﬂux ropes and the strong energy dissipation within the layer.
The coalescence of ﬂux ropes was also found to occur away from the reconnection site (Zhao, Wang, et al.,
2016). However, the coalescence of magnetic ﬂux ropes has not been observed at the magnetopause.
Most recently, Øieroset et al. (2016) found a strong ion jet within one ﬂux rope at the magnetopause. By
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comparing with simulation results, they concluded that the ion jet in fact was created by reconnection occurring within the ﬂux ropes. Naturally, the authors suggested that the coalescence was one possible candidate
for the reconnection process. However, only one ﬂux ropes was identiﬁed in that event.
In this paper, we report a series of three ﬂux ropes moving southward at the magnetopause. We investigated
the interregions between Fr1 and Fr2, and between Fr2 and Fr3. In the interregion between Fr1 and Fr2, no
reconnection signature was observed. Thus, there was no ongoing reconnection while the spacecraft crossed
the interregion between the Fr1 and Fr2. As for the interregion between Fr2 and Fr3, the localized compression between the trailing edge of the Fr2 and the leading edge of the Fr3 was evident. The induced current
layer was directed to the dawnside and its current was carried by electrons. The magnetic ﬁeld intensity was
asymmetric at both sides of this current layer. While the spacecraft crossed this asymmetric current layer, the
Hall magnetic ﬁeld and electric ﬁeld were observed. The Hall magnetic ﬁeld was asymmetric: the quadrant
adjacent to the side of the weaker reconnecting ﬁeld was wider than that at the other side, as shown in
Figure 4. The Hall electric ﬁeld pointing to the south was observed and the counterpart directed to the north
was not found. The observed asymmetric distribution of the Hall magnetic ﬁeld and the unipolar Hall electric
ﬁeld here are consistent with the previous observations at the magnetopause (Wang et al., 2017) and the prediction of numerical simulations (Hesse et al., 2016; Huang et al., 2014; Pritchett & Mozer, 2009; Shay et al.,
2016). Furthermore, the expected reconnection electron outﬂows, comparable to the local Alfven speed,
were bounded by the inﬂowing electrons, and the parallel electric ﬁeld was detected in the separatrix region.
Therefore, we conclude that a reconnection was occurring between the Fr2 and Fr3. In other words, the two
ﬂux ropes were interacting via magnetic reconnection.
In the coalescence events observed in the magnetotail, the compression between two ﬂux ropes was always
caused by the collision of one ﬂux rope with the neighboring one ahead of it (Wang et al., 2016a; Zhao, Wang,
et al., 2016). In the present event, however, Fr2 was moving southward and was faster than the Fr3, which was
located north of Fr2 and was also moving southward. Therefore, it is impossible that there was any compression between them, if the structures of the two ﬂux ropes did not change. Bx in the leading part (down to
12 nT) of the Fr3 was stronger than that (up to 7 nT) in its trailing part (Figure 2a). The most probable explanation is that the Fr3 was expanding along the z direction and the expanding speed was larger than the propagation speed of the Fr2. As a result, the leading edge of the Fr3 collided with the trailing part of the Fr2, and
then reconnection was triggered between them. As stated above, reconnection was only found in the region
between Fr2 and Fr3 while there was no reconnection signature between Fr1 and Fr2. Therefore, it seems that
the temporal compression of the local magnetic ﬁeld was one necessary condition for the trigger of
the coalescence.
In conclusion, a series of three ﬂux ropes were identiﬁed in the southern outﬂow of magnetic reconnection at
the magnetopause. The current densities within the ﬂux ropes and the interaction regions between the ﬂux
ropes were investigated in detail. The current density was found to be well-separated ﬁlamentary currents
inside the ﬁrst two ﬂux ropes but displayed a singular current layer in the largest ﬂux rope which was closest
to the X line. The last two ﬂux ropes were interacting via magnetic reconnection while no reconnection was
occurring between the ﬁrst two ﬂux ropes. We suggested that the compression of the local magnetic ﬁeld
was one necessary condition for the occurrence of the coalescence between two neighboring ﬂux ropes.
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