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Coalescence of magnetic flux ropes in the ion
diffusion region of magnetic reconnection
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Waileong Teh®, Mingyu Wu?, San Lu? and Shui Wang?

Magnetic reconnection is an important process in space'®
and laboratory® plasmas that effectively converts magnetic
energy into plasma kinetic energy within a current sheet.
Theoretical work’ suggested that reconnection occurs through
the growth and overlap of magnetic flux ropes that deconstruct
magnetic surfaces in the current sheet and enable the diffusion
of the magnetic field lines between two sides of the sheet.
This scenario was also proposed as a primary mechanism
for accelerating energetic particles during reconnection®, but
experimental evidence has remained elusive. Here, we identify
a total of 19 flux ropes during reconnection in the magnetotail.
We found that the majority of the ropes are embedded in the
Hall magnetic field region and 63% of them are coalescing.
These observations show that the diffusion region is filled
with flux ropes and that their interaction is intrinsic to the
reconnection dynamics, leading to turbulence.

Magnetic flux ropes (also called plasmoids or current filaments)
are localized helical magnetic structures' and are commonly
immersed in reconnection outflow'>"”. Recent numerical
simulations suggested that plasmoid instability takes place both in
the Sweet-Parker current sheet for a large Lundquist number'*"’
and in elongated electron-scale current layers'”*. Moreover, the
interaction of these plasmoids results in fast reconnection and
energizes electrons'®"’. However, the coalescence by which a pair of
flux ropes merges into a larger one* >, has not yet been confirmed
directly by in situ observations, although remote observations
have been reported***. Here, we present the first in situ detection
of flux rope coalescence during reconnection. The observations
established that coalescence is prevalent and plays a crucial role in
energy dissipation during reconnection.

A reconnection with a guide field (B, &~ —10 nT) was retreating
tailwards on 17 August 2003 at —17R; in the magnetotail. The
ion diffusion region, marked with the green bar at the top of
Fig. 1, has already been identified on the basis of the coincident
reversals of the high-speed flows V, (Fig. 1a) and By (Fig. 1b),
and the distorted Hall quadrupolar structure in the local current
system (LMN;; ref. 26). At this time, magnetic field data sampled at
1/67 s were available and the spacecraft separation was smaller than
200 km, so the fine structure within the ion diffusion region could
be investigated further.

The spacecraft traversed the reconnection region mainly in the
Southern Hemisphere with several excursions into the Northern
Hemisphere (Fig. 1b). The magnetic field fluctuated strongly
inside the ion diffusion region. Examining the fluctuations, a large

number of localized helical magnetic structures were identified and
characterized by a distinctly bipolar By signature with a sign change
and a significant By -B, enhancement near the By reversal point
(Fig. 1c,d). This type of magnetic structure is generally interpreted
as a magnetic flux rope’*. We focused on only the ropes that
were simultaneously detected by all four satellites, and a total of 19
ropes were identified (see Supplementary Table) and colour-coded
in Fig. 1b. Each pale blue bar denotes a single rope whereas each pink
bar encompasses a pair of ropes later confirmed to be coalescing.
For illustrative purposes, the ropes during 16:32-16:46 UT including
all the coalescences tailwards of the X-line are expanded in Fig. 1c,d.
Most of the ropes are identified only with the data in high resolution
(red curve), for example, the ropes marked with arrows above
Fig. 1c, which are enlarged in Fig. 3a—c. By using the data sampled
at 0.25s7" (black curve), only one rope could be discerned at
16:40:47 uT marked with an asterisk in Fig. 1c, whereas another
bipolar signature appeared in the trailing part when the data
sampled at 67 s~ was used (red curve). The two ropes are further
explored in Fig. 2 to confirm the coalescence.

If a pairwise rope was coalescing, to fulfil energy dissipation
the coalescence electric field and current should be induced in
their interaction region. In the case of Earth’s magnetotail, both the
induced coalescence electric field and current would point to the
dawn-side®'**. The two ropes mentioned above were observed with
a strong core field down to —40 nT (Fig. 2c) near the centres at
16:40:47 and 16:41:15 uT (the vertical black lines) in Fig. 2a—f. The
electron density (Fig. 2a) and temperature (white line in Fig. 2f)
also increased. The interaction region is shaded in pink in Fig. 2b
and enlarged in Fig. 2g-k. At ~16:41:11.6 UT (the vertical pink
line), a narrow current layer directed to the dawn-side is measured
(ju &~ —40nA m~?, Fig. 2j). An apparent asymmetric distribution of
By and N, between two sides of the current layer is measured. By
(N.) evolves from —20 (1.6 cm™2) on the left to 10nT (1.1 cm™) on
the right. Using the Timing method, we estimate the velocities v; of
the ropes at 16:40:47 and 16:41:15 UT to be —375 and —629kms™!,
respectively. Namely, the rope at 16:41:15 uT is colliding with the one
ahead of it (Fig. 4a), which could be the reason for the asymmetric
distribution of By and N.. The duration of the current layer is
about 0.3 s, and therefore the spatial scale of the layer is evaluated
to be 0.3sx 375kms™" ~6.6d, (d.: electron inertial length for
N.=0.1cm™) in the L direction. This current layer is expected to
be the dissipation region of coalescence.

The electric field in the rest frame of the layer can be estimated by
Ey' =Ey + (V x B)y. The velocity (V) is primarily in the L direction
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Figure 1| Overview of magnetic reconnection and magnetic flux ropes. The data is presented in the LMN coordinates determined by applying minimum
variance analysis to the magnetic field data during the 15:50-16:20 UT interval on 17 August 2003 when the current sheet was quiet, to avoid the influence
of the Hall current system inside the ion diffusion region, L =(0.957,0.237,—0.166), M=(—0.271,0.935,—0.228), and N=(0.102,0.263,0.959) relative to
the GSM coordinates. The M component is primarily along the dawn-dusk direction. a, The bulk flows in the L direction, available only at C4. b, N (black
curve) and L (grey curve) components of the magnetic field at C2. Blue shading indicates single ropes, pink represents pairs of coalescing ropes. ¢,d, By and
By sampled at 67 s~ (red curve) and 0.25 s~ (black curve) from 16:32 to 16:46 UT. The asterisk above panel ¢ indicates the ropes expanded in Fig. 2
whereas the three arrows correspond to the ropes shown in Fig. 3a-c. e, Each circle corresponds to one rope in the ion diffusion region. Its position is
determined by the average values of V; and B, of the rope. The velocity V, is estimated by the time delay between C2 and C3, which are widely separated

in the L direction and close to each other in the other two directions

and By is close to 0 at the By reversal point, so E,/~ E,; around
this point. The electric field was only measured in the Cluster spin
plane (x-y) of the Inverted Spin Reference system. The y component
is (0, 0.948, —0.319) in the GSM coordinates and primarily in the
M direction, so E, is close to Ey(Ey ~E,) around the point. E,
displays a localized minimum value (—2.8 mV m™') near the By
reversal point (Fig. 2i). The polarities of j,, and E,,’ fit the expected
coalescence current and electric field. Therefore, we conclude that
the ropes were coalescing. j, Ey,' >0 indicates that magnetic energy
was released. The core field of the ropes is two times larger than
the coalescing field (Fig. 2g) and is presumably the coalescence
guide field. Thus, this coalescence is intrinsically an asymmetric
component reconnection. In the surrounding of the current layer,
the current jy significantly increases and points south, its width
estimated to be 0.8 d; (d; ~720km). The negative jy could be
explained by the coalescence outflow.

264

In the same way, five more coalescences could be identified. The
coalescences in the tailward flow at ~16:35:49 and ~16:42:45 UT
and in the earthward flow at 16:55:47 UT are shown in Fig. 3b,c and
Fig. 3d, respectively. At the coalescing points, j,; and E, are negative,
that is pointing dawn-side. Occasionally, the spacecraft repeatedly
crossed one coalescence dissipation region (Fig. 3d). Figure 3e,f
show the superposed epoch analysis of E, and j, in the 6 coales-
cences and the time domain is +3s. The minimum value of E, (jy)
was taken as the zero epoch in Fig. 3e (Fig. 3f). On average, the
energy dissipation rate of these coalescences is about 200 pwm™>,
much higher than that (45pwm™) of the usual reconnection
in the magnetotail”. Using Faradays law (AE,~10mVm™,
AL~100km, ABy ~ 10nT), we estimate the dynamic timescale of
the coalescence to be 0.1 7, (Alfvenic time Ty~ 15s).

Various ropes in the ion diffusion region have a core field
opposite to the guide field (Fig. 1lc,d and Supplementary
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Figure 2 | An example of coalescence. a, Electron density derived from the spacecraft potential. b-e, N(b), M(c), L (d)components and magnitude (e) of the
magnetic field at all four satellites. f, Electron differential energy fluxes (DEFs) at C4, the white line is the electron temperature. The vertical black dashed
lines at ~16:40:47 and ~16:41:15 UT correspond to the centres of the ropes and the pink dashed line signifies the coalescing point. The pink bar in b
represents the interaction region between the two ropes. Measurements in the interaction region at C4 were enlarged in g-k. g By and B;. h, Electron
density. i, Electric field £, in the inverted spin reference system. j, Three components of the current density. k, Electron differential energy fluxes from the

sensor HEEA of the PEACE instrument.

Information), for example, the ropes in Fig. 3a,c were detected at
B, < —25nT and the core field was larger than 10 nT. The peaks of
the core field By, and current j, indicate that the spacecraft crossed
the rope centres. The sign discrepancy between the core field and
the guide field implies that the guide field was not the unique
source for the core field. A scatterplot of the average v, and B, at C2
of these ropes is shown in Fig. le. The negative core field (circles
with a cross) predominantly appears in the upper right and lower
left quadrants whereas the positive core field (circles with a dot) is
mainly found in the lower right quadrant, which is consistent with
the distorted Hall quadrupolar structure®. Therefore, this indicates
that the core field is generated by the compression of the ambient
Hall field. In other words, the majority of the ropes are situated
in the region of the Hall field rather than centred in the plasma
sheet. This conclusion is in agreement with prior observations®.
Consequently, a new scenario for the diffusion region is illustrated
in Fig. 4b. The colour-coded ellipses along the trajectory represent
the ropes marked in the same colour in Fig. 1b.

During this reconnection event, the thin current layers near the
neutral plane and the separatrices were found to expand to tens
of the ion inertial length in the L direction®. Thus, the identified
ropes could only result from the breakup of the current layers, as
suggested by simulations'*™"* and only verified in the laboratory®.
After the ropes are formed, they coalesce and give rise to small
diffusion regions on the electron scale. Namely, the small diffusion
regions were embedded in the large normal reconnection diffusion
region. The observations show a clear turbulent energy cascade.
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Recent simulations' suggested that reconnection is dominated by
the formation and interaction of magnetic flux ropes, the majority of
which are generated by the instabilities of the electron current layers
along the separatrices, and evolves into turbulence. This picture is
consistent with our observations. However, a further quantitative
comparison between the observations and simulations is needed.
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Figure 3 | Average properties of coalescence. a-d, The data is shown in the same format in plots a-d: B (green), By (blue) and By (red) are displayed in
the first panel, and the current density ju as well as the electric field £, are shown in the second panel. The vertical black dashed lines correspond to the
rope centre and the pink dashed lines represent the merging points. The electric field E, variation is strong within the ropes but is negative near the
coalescing point. e f, A superposed epoch analysis of £, (e) and ju (f) in the interaction regions of 6 coalescences (grey lines) identified inside the ion
diffusion region. The electric field data at C4 was used.

—
16:41:15 UT 16:40:47 UT

Figure 4 | Schematics for the coalescence and the ion diffusion region. a, A pairwise flux rope coalescence, corresponding to the coalescing ropes with an
asterisk in Figs 1c and 2 and b. The ellipses in red (blue) indicate that the current density is positive (negative) along the M direction. The green curve
denotes the spacecraft trajectory. b, A new scenario for the ion diffusion region of collisionless reconnection in the magnetotail. The colour-coded ellipses
represent the flux ropes detected by the spacecraft in the ion diffusion region. The pink ellipses denote the coalescing ropes.
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