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Abstract We report a tailward high-speed ﬂow event observed by Cluster during 0203:00UT–0205:30UT
on 20 September 2003. Within the ﬂows, a series of three bipolar Bz signatures were observed. The ﬁrst and
third bipolar Bz signatures are identiﬁed as magnetic ﬂux ropes, while the middle one is found to result
from the collision of the two ﬂux ropes. A vertical thin current layer was embedded in the center of the
middle bipolar Bz signature. Combining the plasma, electric ﬁeld, and wave data around the thin current
layer, we conclude that the two magnetic ﬂux ropes were coalescing. The observations indicate that
coalescence of magnetic ﬂux ropes can happen in the regions away from reconnection site and can
produce energetic electrons and waves. A basic criterion for identifying the coalescence in the magnetotail
is proposed also.
1. Introduction
Magnetic ﬂux ropes are a kind of helical magnetic structure consisting of a strong core ﬁeld at their centers.
They are frequently observed within the current sheets on the magnetopause [Russell and Elphic, 1978;
Rijnbeek et al., 1984; Scholer, 1988; Wang et al., 2006; Teh et al., 2010] and in the magnetotail [e.g., Moldwin
and Hughes, 1991; Slavin et al., 2003; Walsh et al., 2007; Wang et al., 2012; Zhao et al., 2016]. In the magnetotail,
the current sheet is sandwiched between the magnetic ﬁeld lines directed sunward in the Northern
Hemisphere and the magnetic ﬁeld lines directed antisunward in the Southern Hemisphere, and therefore
its current directs mainly to the duskside. As a result, the typical signatures of the ﬂux ropes are a souththen-north variation of magnetic ﬁeld in the earthward ﬂows or a north-then-south variation of magnetic
ﬁeld in the tailward ﬂows, associated with a core ﬁeld along the current direction.
Magnetic ﬂux ropes play an important role in the process of magnetic reconnection [Drake et al., 2006; Fu
et al., 2006; Chen et al., 2008; Lu et al., 2013; Wang et al., 2016]. The simulations show that ﬂux ropes can
enhance the reconnection rate [Daughton et al., 2006; Huang et al., 2011] and accelerate electrons [Drake
et al., 2006; Fu et al., 2006; Chen et al., 2008; Wang et al., 2010]. Recently, the interaction of magnetic ﬂux ropes
was thought to be crucial for the evolution of magnetic reconnection itself [Daughton et al., 2011]. The coalescence of magnetic ﬂux ropes has been simulated [Finn and Kaw, 1977; Biskamp and Welter, 1980; Pritchett,
2008; Oka et al., 2010; Cazzola et al., 2015]. During the coalescence of two ﬂux ropes, a thin current sheet can
be formed between their interaction regions. Therefore, the magnetic ﬁeld lines of the two ﬂux ropes can
reconnect. Although the coalescence of magnetic ﬂux ropes has been extensively studied by both theories
and simulations [Finn and Kaw, 1977; Biskamp and Welter, 1980; Pritchett, 2008; Oka et al., 2010; Zhou et al.,
2014; Cazzola et al., 2015], in situ evidence has not been reported until recently by Wang et al. [2016]. In
Wang et al. [2016], the coalescence was observed inside the ion diffusion region and was regarded to be
an integral part of magnetic reconnection. With the Magnetospheric Multiscale Mission (MMS) data at the
magnetopause, Øieroset et al. [2016] reported an ion jet within a large ﬂux rope and suggested that it could
be the result of the coalescence. So far, many questions on the coalescence remain, e.g., whether the coalescence can occur in the region away from the reconnection site and how long the coalescence can proceed.
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Here we report a Cluster observation of a potential coalescence event in the tailward high-speed ﬂows. In the
tailward ﬂows, a vertical thin current layer was embedded in a south-then-north magnetic ﬁeld signature
which could have resulted from the collision of two ﬂux ropes moving tailward. Moreover, a basic criterion
is suggested to identify the coalescence event in the magnetotail.
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2. Data
The data used in this paper are obtained from several instruments on board Cluster. The magnetic ﬁeld data
with time resolution of 1/22 s are taken from the Fluxgate Magnetometer (FGM) experiment [Balogh et al.,
2001]. The plasma data are obtained from the Cluster Ion Spectrometry (CIS) experiment which consists of
a Hot Ion Analyser and ion Composition and Distribution Function analyzer (CODIF) [Rème et al., 2001], and
only the proton data with time resolution of 8 s from CODIF instrument are used here. The electric ﬁeld
and spacecraft potential data, with time resolutions of 0.04 s and 0.2 s, respectively, are obtained from the
Electric Field and Wave (EFW) instrument [Gustafsson et al., 2001]. The spacecraft potential in this paper is
used to derive electron density [Pedersen et al., 2008]. The electron data with 4 s resolution are obtained from
High Energy Electron Analyser (HEEA) which is part of the Plasma Electron and Current Experiment (PEACE)
instrument [Johnstone, 1997]. The data of electric and magnetic wave spectrograms with time resolution of
1 s are from Spatio Temporal Analysis of Field Fluctuations (STAFF) experiment [Cornilleau-Wehrlin et al.,
1997]. If not speciﬁed, the GSM coordinate system (the geocentric solar magnetospheric coordinate system
in which the x axis directs from the Earth to the Sun; the z axis, lying in the plane containing the x axis and the
Earth’s magnetic dipole, is perpendicular to the x axis and points north; and the y axis completes the righthanded coordinate system) is used in this paper.

3. Observations
Figure 1 displays an overview of the observations during 0203:00 UT to 0205:30 UT on 20 September 2003,
when Cluster was situated in [ 18.0, 4.0, 1.4] RE. From 0203:00 UT to 0204:54 UT, Cluster observed the
tailward high-speed ﬂows and its speeds gradually increased from about 300 km/s to 900 km/s (Figure 1a).
Afterward, the ﬂow velocity quickly reduced to below 200 km/s. Inside the ﬂows, the ion plasma beta values
were mainly larger than 1 (Figure 1a, the blue dashed curve) and the Bx component of the magnetic ﬁeld
was smaller than 10 nT (Figure 1c). It indicates that the spacecraft was in the inner plasma sheet
[Baumjohann et al., 1989; Boakes et al., 2014]. The energy of the ions exceeded the limit of the energy
maximum of the CIS (~40 keV, Figure 1h) which further indicates that the spacecraft crossed the center
of the plasma sheet.
Within the high-speed ﬂows, at least three bipolar Bz signatures were observed (Figure 1e), and their reversal
points were at 0203:30 UT, 0204:22 UT, and 020437 UT, respectively. As for the ﬁrst and the third ones (marked
by the yellow horizontal bars in Figure 1e), Bz varied from northward (Bz > 0) to southward (Bz < 0), and the magnetic ﬁeld magnitudes were both enhanced (Figure 1f). Thus, we concluded that the ﬁrst and third bipolar Bz
signatures correspond to magnetic ﬂux ropes moving tailward, called FR1 and FR2. Inside the ﬂux rope FR1,
there was a clear core ﬁeld pointing to the duskside (Figure 1d). In contrast, there was no signiﬁcant enhancement of By inside the FR2 where By was negative (dawnward) near its center and positive (duskward) at its
boundary regions. The minimum variance analysis (MVA) [Sonnerup and Cahill, 1968] is applied to the magnetic
ﬁeld of two ﬂux ropes to conﬁrm their axis directions. The axis of FR1 was [ 0.38, 0.89, 0.24] GSM and didn’t lie
exactly in the x-y plane, which may be the reason that the peak of By was not at the point where Bz = 0. As for the
FR2, the MVA result depends on the chosen interval. It indicates that its inner core ﬁeld is complex. Since the two
ﬂux ropes were observed by all four satellites, the timing method [Henderson et al., 2006] can be used to estimate
their velocities. In order to evaluate the FR1 and FR2 velocities, the timing method was performed on the magnetic
ﬁeld By within them. The velocities for FR1 and FR2 were [ 350, 62, 24] km/s and [ 627, 110, 44] km/s,
respectively, consistent with the plasma bulk ﬂow speeds.
The two ﬂux ropes were both propagating tailward but with different velocities. The FR1 was in the farther
tailward of the FR2, as shown in Figure 2. The speed of FR2 is much higher than FR1 in the x direction. In other
words, the FR2 was approaching the FR1. Between the two ﬂux ropes, there was another bipolar Bz signature
at ~ 0204:22 UT. In contrast to the FR1 and FR2, the Bz signature at ~ 0204:22 UT varied from southward
(Bz < 0) to northward (Bz > 0) in association with a signiﬁcant enhancement of By, directed to the dawnward.
Corresponding to the enhancement of By, the electron density shows a dip (Figure 1b). Apparently, this
south-then-north bipolar Bz signature cannot be attributed to a tailward moving magnetic ﬂux rope,
although it was detected in the tailward high-speed ﬂows. In order to further understand this unexpected
bipolar signature between FR1 and FR2, the data in the shaded area was enlarged in Figure 3.

ZHAO ET AL.

COALESCENCE OF FLUX ROPES IN MAGNETOTAIL

10,899

Journal of Geophysical Research: Space Physics

10.1002/2016JA023526

Figure 1. Cluster measurements during the interval 0203:00–0205:30UT on 20 September 2003. (a) The x component
proton bulk ﬂow (the solid lines) and the ion plasma beta values (the blue dashed lines), (b) the electron density derived
from the electric potential (the four colored curves with a color scheme of black, red, green and blue for spacecraft 1–4) and
that obtained by PEACE on board C2 (the yellow asterisk-dotted line), (c–f) three components and magnitude of the
magnetic ﬁeld, (g) the electron differential energy ﬂux (DEF) spectrogram in the range 0.7 keV to 26 keV from spacecraft C2,
and (h) the proton DEF spectrogram in the range 1 keV to 40 keV from spacecraft C4. The shaded region in Figure 1e
represents the unexpected bipolar Bz (the interval showed in Figure 3). The two yellow bars in the bottom of Figure 1e
denote the two ﬂux ropes FR1 and FR2. The vertical black dashed line is the same with that in Figure 3, denoting the Jy peak
calculated by curlometer technique. The three white curves in Figure 1g represent the energy ﬂux of electrons with
energies of 1.44, 3.45, and 8.45 keV.

From top to bottom, Figure 3 shows two components of the electric ﬁeld in ISR2 coordinates (the Inverted
SR2 coordinate system in which the x axis is in the meridian containing the direction of the Sun; the z axis,
aligned with the maximum principal inertia axis of the spacecraft, is perpendicular to the x axis and points
north; and the y axis completes the right-handed coordinate system.), three components of the magnetic
ﬁeld, the current density estimated from Curlometer technique, y and z components of the current density
ZHAO ET AL.

COALESCENCE OF FLUX ROPES IN MAGNETOTAIL

10,900

Journal of Geophysical Research: Space Physics

10.1002/2016JA023526

Figure 2. The illustration of coalescence of ﬂux ropes in the x-z plane. The black arrowed lines denote the magnetic ﬁeld
lines of emerging ﬂux ropes. The blue thick line denotes the trajectory of the spacecraft passing through the merging
region. The red arrowed line denotes the time when the electric current peaks and the electron density dip were observed.
The shaded region denotes the coalescence region.

derived from the magnetic ﬁeld at a single satellite, and errors for the Curlometer technique during the unexpected bipolar Bz at about 0204:22 UT. The Bz component (Figure 3e) ﬁrst decreased from about 1 nT at
0204:19.00 UT to 8 nT at 0204:19.75 UT, then increased to about 10 nT at about 0204:22.50 UT within 3 s,
and later decreased to 0 at 0204:23.50 UT. At the same time, By gradually increased and peaked at the reversal
point of Bz (Figure 3d). Also, the velocity of such unexpected bipolar Bz signature can be evaluated by the timing method. The estimated velocity was [ 522, 92, 36] km/s, basically consistent with the tailward ion
bulk ﬂows. Therefore, this unexpected bipolar Bz signature cannot be a magnetic ﬂux rope moving tailward.
The Curlometer technique [Dunlop et al., 2002] was applied to estimate the current density around the signature, shown in Figure 3f. By treating the current as constant over the separation of the four spacecraft, we can
estimate the current density from Ampere’s law using the magnetic ﬁeld alone at the four points [Dunlop
et al., 2002]. It is clear that a substantial enhancement of jy can be found near the center of the unexpected
signature at ~ 0204:22 UT. The parameter jy can reach ~ 40 nA/m2 and is pointed to the dawnside, contrary
to the current sheet in the magnetotail where the currents are mainly directed to the duskside. The normal
direction of this thin current layer was estimated to be [0.92, 0.08, 0.38] by the MVA analysis [Sonnerup and
Cahill, 1968], and thus its normal direction was mainly in the x direction. Namely, this current layer was lying in
the y-z plane, perpendicular to the current sheet in the magnetotail.
The duration of the thin current layer was about 0.5 s, comparable to the time lags of Bz = 0 at the four satellites (Figure 3e). It indicates that its thickness was less than the separation of the spacecraft. So the current
density is underestimated from the Curlometer technique [Dunlop et al., 2002]. During the interval while
Cluster crossed the vertical current layer (around 0204:22 in Figure 3), Bx is nearly constant. Moreover, the current layer was mainly in the y-z plane. Therefore, the current density can be roughly estimated by jy ≈ (∂Bz/∂x)/
μ0 and jz ≈ (∂By/∂x)/μ0 at each single satellite, assuming that the time evolution is due to the spatial motion.
The results at C2 and C4 are shown in Figure 3g to compare the electric ﬁeld data in higher resolution available also at C2 and C4. A dawnward current layer was evident near the Bz reversal points at each satellite; its
value can be up to 80 nA/m2 and its duration was only about 0.2 s. The thickness of this current layer was
~ 104 km in the x direction, about 8.6 de (de: electron inertial length, ~12 km for Ne = 0.2 cm 3), much smaller
than the ion gyroradius (~1000 km, for protons with energy of 10 keV). So this current layer should be formed
by the electrons, as previously reported [Nagai et al., 2011, 2013; Petrukovich et al., 2015].
A thin current layer was observed between two ﬂux ropes moving tailward. The current inside this current
layer points to the dawnside and is sandwiched by the trailing part of the FR1 and the leading part of the
FR2. This scenario is consistent with the coalescence of a pair of ﬂux ropes [Finn and Kaw, 1977]. As the spacecraft retreated from the FR1, |Bz| gradually decreased from 0204:00 to 0204:19 UT and then sharply enhanced
(a valley) at 0204:20 UT. Two seconds later, a peak of Bz was observed just as the spacecraft was entering the
ZHAO ET AL.
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Figure 3. Expansion of the unexpected bipolar Bz. (a, b) The electric ﬁeld Ex and Ey components in the ISR2 coordinate system and (c–e) three components of the magnetic ﬁeld. The color code is the same as that in Figure 1. (f) The x (black), y (red),
and z (green) components of the current density derived using the curlometer technique; (g, h) the Jy and Jz components of
current density calculated using single-satellite data (red for C2 and blue for C4); and (i) the fractional error in the curlometer technique. The vertical black dashed line denotes the Jy peak calculated by curlometer technique, while the colored
dashed lines denote the Jy peaks calculated using a single satellite.

FR2. Thus, it seems that the Bz component of magnetic ﬁeld in the trailing part of the FR1 and in the leading
part of the FR2 was compressed. The velocity estimation indeed supports this conclusion, since the velocity of
FR2 ( 627 km/s) was higher than that of FR1 ( 350 km/s). The dawnward thin current layer was induced by
the compressed magnetic ﬁeld Bz. Whether the coalescence was occurring between these two ﬂux ropes is
still unclear.
The electric ﬁeld ﬂuctuated strongly (Figure 3a and b) at each satellite, while the satellite got into the
surrounding region of the dawnward current layer (Figure 3g). Especially, Ey became the same direction
(dawnward, Ey < 0) to Jy. It implies that magnetic energy might be dissipated in the thin current layer. Due
ZHAO ET AL.
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Figure 4. Quantities in in ISR2 coordinate system. (a) The Bz components of the magnetic ﬁeld at C2 (red), C4 (blue), and the
barycenter (black); (b) the inclination angles from the spin plane for the magnetic ﬁeld at C2 (red), C4 (blue), and the
barycenter (black); (c) the three components of the current density derived by curlometer technique; (d) the ratio of the
parallel component to the perpendicular component of current density; (e) the parallel components of the electric ﬁeld
(thin lines) at C2 (red) and C4 (blue) in the spin plane and the parallel component of current density (thick lines) shifted to
C2 (red) and C4 (blue); and (f) the joule heating j||  E|| for C2 (red) and C4 (blue). Note that in Figures 4e and 4f, the parallel
electric ﬁeld, current density, and j||  E|| are showed only when the magnetic inclination angle is less than 10°. The vertical
colored dashed lines are the same with those in Figure 3.

to the lack of the electron velocity and the third component of the electric ﬁeld, the energy dissipation quantity (E  J) cannot be accurately obtained here. The ratio of |j///j⊥| is larger than 3 in the thin current layer during
0204:22.3–0204:22.5 (Figure 4d). Thus, the current density was mainly in the parallel direction (Figure 4d) in
the current layer. It means that the energy dissipation quantity can be primarily from the parallel component
(j||  E||) in the vertical current layer. In order to estimate j||  E||, we have to evaluate the parallel electric ﬁeld and
the parallel current at ﬁrst. It is a challenging work to evaluate the parallel electric ﬁeld by the Cluster measurement, because only two components of electric ﬁeld in the spin plane are measured. Fortunately, the
angle θ between the magnetic ﬁeld and the spacecraft spin plane was close to 0 (θ < 10o) for a short while
(0204:22.0–0204:22.6 for Bc) inside the thin current layer, as shown in Figure 4b. Then, the parallel electric ﬁeld
can be estimated in this short span and its values can reach 2.5 mV/m (Figure 4e). The parallel electric ﬁeld
can be estimated at a single satellite (C2 and C4) for the short span (θ < 10o), whereas the parallel current
density cannot be obtained by the magnetic ﬁeld at a single satellite. So the parallel current density from
the Curlometer technique was used instead, which will cause the underestimation of j||  E||. The results show
ZHAO ET AL.
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Figure 5. The electron differential energy ﬂuxes around the coalescence current layer. (a) the electron density, (b) the Bz
component of the magnetic ﬁeld, (c) the Jy components of current density calculated using single-satellite data from C2,
(d–f) The averaged electron differential energy ﬂuxes in the parallel (0°–45°), antiparallel (135°–180°), and perpendicular
directions (45°–135°), derived from the pitch angle data at C2.

that the j||  E|| was positive (100 pW/m3) inside the current layer (Figure 4f); i.e., the magnetic energy was
releasing. The electron differential energy ﬂuxes were enhanced (Figure 1g) while the spacecraft entered
the thin current layer at 0204:22 UT. The ﬂuxes between 3 keV and 8.5 keV display a localized peak near
the center of the thin current layer (white traces in Figure 1g). It indicates that the electrons can be energized near the thin current layer. The electron differential energy ﬂuxes in the parallel (0° ~ 45°), antiparallel
(135° ~ 180°), and perpendicular directions (45° ~ 135°) are displayed in Figures 5d–5f, respectively. The
ﬂuxes in the antiparallel direction are stronger than the other two directions. It means that the electrons
were mainly accelerated in the direction antiparallel to the magnetic ﬁeld. The previous observations do
ﬁnd that the electrons are mainly accelerated in the ﬁeld-aligned direction around the reconnecting current
sheet [e.g., Wang et al., 2013; Burch et al., 2016; Chen et al., 2016].
The wave properties around the thin current layer are displayed in Figure 6. The electric ﬁeld and magnetic
ﬁeld wave power spectral densities (PSD, from C2) between 0204:15 and 0204:30 UT are shown in Figures 6b
and 6c. The vertical dashed line corresponds to the red vertical dashed line in Figure 3, denoting the peak of
Jy at C2 (Figures 5c and 3g). It is evident that the waves are enhanced between the lower hybrid frequency
(fLH) and the electron cyclotron frequency (fce) in the thin current layer (Figures 6b and 6c). The electric ﬁeld
ZHAO ET AL.
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Figure 6. Wave properties around the coalescence current layer. (a) The Bz component of the magnetic ﬁeld at C2, (b) electric ﬁeld wave spectrogram with time resolution of 1 s in the range 8 Hz to 4 kHz, and (c) magnetic ﬁeld wave spectrogram
with time resolution of 1 s in the range 8 Hz to 4 kHz. (d) Wave ellipticity, (e) parallel component of the Poynting vector
normalized by its standard deviation, and (f) the phase speed of waves estimated by |E|/|B|. Note that the time resolution of
wave property data (Figures 6e and 6f) is 4 s. The wave data are from the STAFF experiment on board C2. The vertical
dashed line is the same as that in Figure 5, denoting the Jy peak at C2.

ﬂuctuations are broad bands and the strongest near the thin current layer. Figure 6d shows the ellipticity of
these waves. Around the thin current layer (0204:18–0204:26 UT), the ellipticity is close to +1 above 60 Hz.
Thus, the observed waves in the frequency range are right-hand circular polarization. It indicates that the
observed waves can be electromagnetic whistler waves. In the same frequency range (60 Hz ~ fce), The
parallel component of Poynting vector (Figure 6e) was negative before the thin current layer and became
positive after the thin current layer. It means that the waves were propagating antiparallel to magnetic ﬁeld
before the thin current layer and changed to the direction parallel to magnetic ﬁeld after the thin current
layer. Considering the trajectory of the spacecraft shown in Figure 2, the waves were propagating away from
the coalescing thin current layer. The phase speed of the waves can be estimated by |E|/|B| and was about
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2.4 × 104 km/s. The wave length along the magnetic ﬁeld can be roughly estimated by λ// = vphase/f, to be
50 km. The wave properties are basically consistent with the previous observations [e.g., Wei et al., 2007;
Graham et al., 2016]. Since the electric ﬁeld was only measured in the two components within the spin plane,
the power of the electric ﬁeld is underestimated. The higher-frequency electrostatic waves will also cause the
errors of the estimated phase speed.

4. Discussion and Summary
In this paper, we report a series of three bipolar Bz signatures within the tailward high-speed ﬂows. We examined the plasma data 20 min after these ﬂows and the continued tailward ﬂows were observed without any
earthward ﬂows following, as shown in Figure 7b. It means that the bipolar Bz signatures (corresponding to
the vertical dashed line in Figure 7) are away from a reconnection X line. The ﬁrst (FR1) and third (FR2) bipolar
signatures are identiﬁed as magnetic ﬂux ropes moving tailward, while the second bipolar signature shows a
south-then-north variation which cannot be a magnetic ﬂux rope in the tailward ﬂows. Further investigation
ﬁnds that a thin current layer lying in the y-z plane is embedded near the center of this second bipolar signature. The current directs to the dawnward. More importantly, E  J was mainly from j||  E||, and j||  E|| is as
large as 100 pw/m3 in the vertical current layer. In addition, the strongly disturbed electric ﬁeld was detected,
and the energetic electrons were also observed in the current layer. This observation is consistent with the
scenario of the coalescence of a pair of ﬂux ropes which has been veriﬁed recently by Wang et al. [2016].
In Wang et al. [2016], the coalescence of magnetic ﬂux ropes is detected in the ion diffusion region and
can play an important role in the evolution of magnetic reconnection. In this paper, we report on a coalescence event in the tailward high-speed ﬂows, away from the reconnection site. It means that the coalescence
of magnetic ﬂux ropes is not only occurring within the ion diffusion region but also in the regions away from
the reconnection site, e.g., the high-speed ﬂows which are very common in the magnetotail. The fact is that
the evidence of the coalescence in the magnetotail is very rare. The reason for such discrepancy could be that
the current layer resulting from the interaction of two ﬂux ropes is too narrow (electron scale) to be discerned.
On the other hand, the coalescence is generally caused by the collision between two ﬂux ropes with different
sizes [Wang et al., 2016]. The coalescence itself therefore is a driven asymmetric reconnection with a guide
ﬁeld (i.e., the core ﬁeld of the ﬂux ropes). In other words, the quadrupolar Hall magnetic ﬁeld and the symmetric Hall electric ﬁeld directed to the center of the coalescing current layer are distorted and even completely deformed. So no typical characteristic feature can be used to ﬁnd the coalescence site. All of these could
be the reasons for the rare reports on the coalescence of magnetic ﬂux ropes. Here we provide basic criteria
to recognize the coalescence event in the magnetotail.
Considering the situations in the magnetotail, the criteria for identify the coalescence event are provided:
(1) two ﬂux ropes which are approaching in the tailward ﬂows or earthward ﬂows are detected, (2) a souththen-north bipolar Bz signature in the tailward ﬂows or a north-then-south bipolar Bz signature in the
Earthward ﬂows is observed between the two ﬂux ropes, (3) there is a vertical thin current layer to the normal dawn-dusk current sheet within the bipolar Bz between the two ﬂux ropes, (4) the current direction of
the thin current layer directs to the dawnside, and (5) (E + Ve × B)  J is positive in the current layer (Ve is the
electron velocity). There are some additional evidences, like the Hall electric ﬁeld and magnetic ﬁeld and
waves and energetic electrons around the current layer. We have to point out that any one of the above
criteria alone cannot be sufﬁcient condition for identifying the coalescence, e.g., the localized dawnward
current is detected also in the magnetic decrease region ahead of dipolarization front [Yao et al., 2013]
and simulated in the global hybrid simulation [Lu et al., 2016]. In the magnetotail, the unexpected bipolar
signatures of Bz (south-then-north in the tailward ﬂows or north-then-south in the earthward) are
frequently observed, without the signatures of magnetic ﬂux ropes before and after it. For example, the
south-then-north Bz bipolar signatures are repeatedly measured in the tailward ﬂows in Figure 7e (e.g.,
0209:30–0213:30). This unexpected bipolar signature of Bz could be the result of the coalescence of a pair
of magnetic ﬂux ropes, but the spacecraft missed the two ﬂux ropes.
The collision between ﬂux ropes may be the reason for their coalescence. In this event, the ﬂux rope FR2 had
a larger speed than FR1 ahead of it and therefore collided with the FR1. This collision will naturally pile up the
localized magnetic ﬁeld in the z direction (Figures 1e and 3e) and form the vertical thin current layer. The substantial enhancement of By in the thin current layer indicated that the magnetic ﬁeld was indeed compressed
ZHAO ET AL.

COALESCENCE OF FLUX ROPES IN MAGNETOTAIL

10,906

Journal of Geophysical Research: Space Physics

10.1002/2016JA023526

Figure 7. A longer time interval for the observations. (a) The parallel (black), perpendicular (red), and total temperature
from C4, (b) the three components of proton bulk ﬂow from C4, and (c–f) three components and magnitude of the
magnetic ﬁeld. The vertical dashed line denotes the time when the coalescence was observed.

(Figures 1d and 3d). Thus, the unexpected bipolar signature of Bz is a natural consequence of the collision of
the two ﬂux ropes. So far, there are still open questions whether the pileup of the magnetic ﬁeld is necessary
to trigger the coalescence and how long the coalescence can proceed in the magnetotail. At least, the
magnetic ﬁeld pileup was detected in the reported coalescence events in the magnetotail [Wang et al., 2016]
and also this event here. The energetic electrons and waves in the coalescing current layer indicate that the
coalescence process could be similar to the normal reconnection in the magnetotail.
Generally, the plasma density is signiﬁcantly enhanced in the center of ﬂux ropes [e.g., Khurana et al., 1995;
Chen et al., 2008; Wang et al., 2016]. Thus, the occasionally observed density dip within a ﬂux rope [Retinò
et al., 2008; and Wang et al., 2010] is supposed to be caused by two coalescing ﬂux ropes, as shown in the
simulations [Retinò et al., 2008; Zhou et al., 2014]. However, if this dip is due to the coalescence, its spatial scale
would be thereby comparable to the scales of the ﬂux rope. In this observation, a density dip was indeed
observed (Figures 1b and 5a). However, it was very short and only observed near the coalescing current layer
(electron scale), which, apparently, wasn’t consistent with the previous simulation result. The intense waves
were observed around the coalescing current layer, and the identiﬁed whistler waves were propagating away
from the coalescing current layer. The electrons are energized at the coalescing current layer. Thus, this
density dip can be associated with the acceleration.
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In conclusion, we report observations of a south-then-north bipolar Bz with strong core ﬁeld in the tailward
high-speed ﬂows. By investigating the plasma and ﬁeld data around the bipolar signature, we have now
conﬁrmed that the bipolar Bz corresponds to the coalescence of magnetic ﬂux ropes. The observations
indicate that coalescence of magnetic ﬂux ropes can happen in high-speed ﬂows away from the reconnection diffusion region. The criteria for identifying the coalescence event in the magnetotail are also suggested.
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