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Abstract

Coalescence of multiple magnetic islands is recognized as an effective process to energize particles during
magnetic reconnection, while its energy conversion process still remains unclear. Here, a two-dimensional fully
kinetic simulation of multiple island coalescence with a small reconnection guide field is studied. In the analysis of
energy conversion within a magnetic island, the dot product of V, - (j x B) = w is a useful quantity to compare
with j - E = w,, since the average work done by the Lorentz force on the circulating particles is negligible in the
island and wp) — wy =j - (E + V, X B) =j - E' = w3. A bipolar pattern of w; is found at a secondary island
when the electrons are in circular motion inside the island. Significant energy dynamo (w3 < 0) resulting from j £,
is found at the secondary island, which has not been reported before, where the parallel electric field E); is highly
correlated with w3. Moreover, significant energy dissipation (w3 > 0) due to j, - E/ is seen in the merging region
between two coalescing islands. Both types of energy conversions are accompanied by enhancements in j; and the
parallel electron temperature T,;. Three ion-scale magnetic islands (FR1, FR2, and FR3) observed by the
Magnetospheric Multiscale spacecraft are compared favorably with the simulated signatures of energy dynamo and
dissipation of an evolving secondary island. In particular, FR1 displayed a similar energy dynamo signature as that
simulated in an early stage of the secondary island. FR2 and FR3 showed a dominant j, - E| energy conversion
similar to that obtained in a later stage of the secondary island.

Unified Astronomy Thesaurus concepts: Interplanetary physics (827)

1. Introduction

Coalescence is a merging process of two magnetic islands or
flux ropes, during which a secondary magnetic reconnection
occurs at the merging point (e.g., Pritchett 2008; Oka et al.
2010a; Tanaka et al. 2010; Zank et al. 2014; Zhou et al. 2014).
The process of multiple island coalescence has drawn attention
in the solar-terrestrial physics community because simulation
studies have revealed that during the coalescence process, the
charged particles can be efficiently accelerated around the
X-line (e.g., Hoshino et al. 2001; Hoshino 2005; Oka et al.
2010a; Tanaka et al. 2010) and also around the island (e.g.,
Drake et al. 2006; Oka et al. 2010a). Thus, the coalescence
process can account for the explosive energy release phenom-
ena on the Sun (e.g., Song et al. 2012) and the energetic
particles observed in the magnetic islands or flux ropes in the
solar wind (e.g., Khabarova et al. 2015; Zhao et al. 2018, 2019)
and in Earth’s magnetotail (e.g., Chen et al. 2008; Wang et al.
2010; Huang et al. 2012; Lu et al. 2020; Zhong et al. 2020).

As pointed out by Le Roux et al. (2019), the particle
acceleration mechanisms for multiple island coalescence can be
expressed in terms of guiding center kinetic theory. The
accelerations by the motional electric field consist of the
curvature drift acceleration (e.g., Drake et al. 2006) and the
gradient-B drift acceleration (e.g., Dahlin et al. 2017), while the
acceleration by the parallel electric field is the parallel guiding
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center motion acceleration (e.g., Oka et al. 2010a). From the
nonuniform plasma flow perspective, Le Roux et al. (2018)
concluded that the accelerations by the motional electric field
can be treated as the compression acceleration and the
incompressible parallel shear-flow acceleration. The former is
due to the increase of the magnetic field strength caused by the
magnetic island compression, while the latter is due to the
decrease of the magnetic field strength resulting from the
magnetic island contraction or merging. Recently, using the
newly developed reconstruction technique, Teh (2022a)
showed that the pressure anisotropy can change the aspect
ratio of the width to the length of the island, for which the
pressure anisotropy of p, >p; can lead to the island
contraction (i.e., the decrease in the aspect ratio) while the
aspect ratio of the island increases for p; > p,. As a result, the
effects of the pressure anisotropy on the geometry of the island
would accelerate the particles as those by the nonuniform
plasma flow effects.

Small-scale magnetic islands or flux ropes are found to play
a key role in particle acceleration (e.g., Zhao et al. 2018, 2019;
Lu et al. 2020). These small-scale islands or secondary islands
can be generated by the tearing instability in a thinning current
sheet (e.g., Daughton et al. 2006; Oka et al. 2010b) and have
been observed in the ion and electron diffusion regions of
reconnection (e.g., Eastwood et al. 2007; Teh et al. 2010,
2014, 2017, 2018; Teh 2022b; Chen et al. 2021). In situ
observations of the multiple island coalescence have been
reported in the magnetotail (Wang et al. 2016; Zhao et al. 2016)
and the magnetopause (Zhou et al. 2017). One of the main
features of the island coalescence is the strong energy
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dissipation that occurs in a localized region between two
coalescing islands, where j-(E + V,x B)=j-E >0,
indicating the energy conversion from the electromagnetic
fields to the particles. The dot product of j - E’ is a useful
quantity to measure the rate of energy conversion in a tiny
region during reconnection (Zenitani et al. 2011). Recently,
strong energy dissipation has been reported within a small-
scale magnetotail flux rope (Huang et al. 2019), indicating that
dynamic energy conversion can occur in the small-scale
magnetic flux rope.

This paper aims to examine the energy conversions in the
multiple island coalescence using a two-dimensional fully
kinetic simulation with a small reconnection guide field
(0.25By). The dot product of V, - (j x B) is introduced into
the analysis of the energy conversion for the island, which is
found to be a useful quantity to compare with j- E (Zenitani
et al. 2012). Finally, three ion-scale magnetic islands observed
by the Magnetospheric Multiscale (MMS) spacecraft are
compared with the simulation results.

2. Simulation Model

This simulation was developed to solve the relativistic
Vlasov—Maxwell system of equations in 2.5 dimension, using
the high-performance particle-in-cell code VPIC (Bowers et al.
2008, 2009). The initial magnetic field components are
expressed as By = Bytanh(z/L¢) and B,= B,, where By is
the background reconnecting magnetic field, B, is the uniform
guide field out of the reconnection plane (i.e., x—z plane), and
Ly is the half-thickness of the initial current sheet. The initial
ion and electron number densities are described as
R, = Ng sechz(z/LO) + np, where ng is the Harris-type
density, n, is the background density in the upstream region.
The initial density and temperature ratios were set to
I’lo/l’lb = 30, TiO/TeO = 30, Tib/Teb = 30, and TiO/Tib =
T./T.,=3.0, where T;.,o and T;,, are the Harris-type and
background temperatures. These density and temperature ratios
were the same as those employed by Nakamura et al.
(2018, 2020), based on the MMS observations of multiple
magnetic flux ropes in the magnetotail on 2017 July 11
(Stawarz et al. 2018; Teh et al. 2018). The ratio of the electron
plasma frequency (wp.) to the electron gyrofrequency (€2,) was
2.0. The guide field B, = 0.25B, was used, based on the 2017
July 11 reconnection event observed by the MMS spacecraft in
the magnetotail (Teh et al. 2018).

The simulation box size was L, x L, =120 d;x 60
d; =2400 d, x 1200 d, = 14400 x 7200 cells, with a total of
1.2 x 10" simulated particles, where d; and d, are the ion and
electron inertial lengths based on ny. The ion-to-electron mass
ratio was 400. This was a time-consuming PIC simulation, in
terms of the number of particles (>10"") and mass ratio
implemented. The boundary conditions are periodic in x and
conducting wall in z. To initiate multiple X-line reconnection,
the initial magnetic field perturbations consisted of 16 evenly
spaced magnetic islands with a length of L,/16 = 7.5d;, which
corresponds to the wavelength of the fastest-growing mode of
the tearing instability for Ly. The simulation results have also
been studied for the spatial and time scaling of coalescing
islands and associated plasma heating (Nakamura et al. 2023).

Teh et al.

3. Simulation and Observational Results
3.1. Simulation Results

Figures 1(a)—(c) show the magnetic field configuration in the
x-z plane at the time =90 Q;', with colors in the axial
magnetic field B,, the axial current density j,, and the electron
density n,. Here €); is the ion gyrofrequency. There are three
large magnetic islands at this time that formed as a result of a
gradual coalescence of 16 smaller islands. The two large
islands located between 1200d, < x < 2400d, have started to
merge. There is also a small secondary magnetic island located
at 48d, < x < 144d,, which was generated at t = ~88 Qfl due
to secondary reconnection in a thinning current sheet. As
compared to the ambient density, there is a density increase in
both the large islands and the secondary island. The axial
current density j, is large in the secondary and large islands and
in the merging region at x = ~1690d, as well. The strong j, in
the large islands is mainly located at the regions where the n, is
highly enhanced, as shown by the dark red regions in
Figure 1(c).

Figures 1(d)-(g) show the in-plane electron velocities
indicated by arrows on top of the magnetic field lines, with
colors in j-E', jE;, (xB), and (jxB),. Here
E' = E + V, X B is the electric field in the moving frame of
the electron velocity V,. From Figure 1(d), one can find that
there is intense energy dissipation (j - E’ > 0) in the merging
region at x =~1690d,, while there is a noticeable energy
dynamo (j - E’ < 0) inside the secondary island. The j - E’ of
the three large islands are not localized in their central regions
but are distributed in a region of high density and high j,
current density, for example, at x = ~ 600d, and x = ~800d,.
In the upper right corner of Figure 1(d), it is perhaps
noteworthy that a spatially oscillatory energy conversion exists
along the separatrix. In this study, we focus on the energy
conversions located in the central region of the secondary
island and the merging region at x = ~1690d,. From the close-
up of the secondary island, as shown in Figure 1(h), one can
see that the electrons are in circular motion inside the
secondary island. Moreover, the in-plane Lorentz force
(j X B) is pointing toward the center of the island.

Figures 2(a)—(f) show the numerical data along a z=0 cut
between 60d, < x < 120d, the magnetic and electric fields (B,
E’), the ion and electron plasma velocity and density (V;, V,,
n,), and the current density (j) in the secondary island. At the
center of the island, as marked by the vertical line, there is a
small dip in the magnetic field strength associated with an
increase in the plasma density. Figures 2(d) and (f) indicate
that the strong axial current density j, is carried by the
electrons. To remove the numerical noise of the electron
velocity and the electric field, a 2D Gaussian smoothing filter
is implemented. Three dot products of V, - (j x B) = wy,
J-E=w,, and j - E' = w3 are analyzed for energy conver-
sion, where the quantity w; is the rate of work done by the
Lorentz force on the electrons and w3 = wy—wj. As shown in
Figure 2(d), the sign of the in-plane electron velocity V., is
reversed during the crossing of the secondary island,
indicating that the electrons are in circular motion around
the secondary island, as shown in Figure 1(h). In Figure 2(g),
the comparison of w; and w, shows that the pattern of w,
exhibits a bipolar signature, which is different from that of w,.
It can be found that the reversal of the normal field B, is
aligned with that of w;. The averages of w; and w, ({(w;) and
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Figure 1. (a)-(c) Magnetic field maps in the x—z plane (the reconnection plane), with colors in the axial magnetic field B, the axial current density j,, and the electron
density, at the time £ =90 Q;!. (d)~(g) In-plane electron velocities denoted by arrows on top of the magnetic field lines, with colors in j - E, JiEys G X B),, and
(j x B),. (h) Close-up of the in-plane electron velocity and magnetic field lines of the secondary island.

((wy)) over 80d, < x < 100d, are —0.21 x 10°° and
—0.53 x 1072, respectively. Ideally, ((w;) is expected to be
zero due to the bipolar pattern. The [(w;)| is ~2523 times
smaller than |(w,)| because the electrons are in circular
motion and the Lorentz force is pointing toward the center of
the island, as shown in Figures 1(h), which is analogous to the
centripetal force in a circular motion. Therefore, the average
work done by the Lorentz force on the particles is negligible
in a circular motion around the island. Note that the ((w;) is
small at other z values within the secondary island (not

shown) and that the circular motion of the particles is viewed
from the guiding center perspective. The patterns of w, and w3
in Figure 2(h) are similar to each other and there is a
significant energy dynamo (w; < 0 and {ws3}min
= —0.22 x 107?) at the center of the secondary island, which
has not been reported in either simulation or observational
results. The {w3} iy is the minimum of w3 and corresponds to
~—2.5 nWm > for a reconnecting field By =20 nT. This
magnitude is comparable to the energy conversion discovered
in a magnetotail flux rope reported by Huang et al. (2019).
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Figure 2. (a)—(f) Simulated data taken at the secondary island. (g)—(h) Comparisons of the rates of the energy conversions. The vertical line denotes the center of the

island. The V. is the electron Alfvén speed based on B, and ny.

Figure 3 shows the numerical fields and plasma parameters
along a z =0 cut between 1660d, < x < 1720d, in the merging
region between two coalescing islands, with the same format as
Figure 2. In the figure, the vertical line denotes the merging
point. In contrast to the secondary island, a significant decrease
in the magnetic field strength accompanied by a decrease in
density is seen in the merging region. There is a bifurcated
current density in j, and j,, where the current density j, is
enhanced as compared to the one in the secondary island.
These current densities are mainly carried by the electrons. The
patterns of w; and w, are different, but similar between w, and
ws. A different type of energy conversion exists in this merging
region with si%niﬁcant energy dissipation (w3 > 0 and {w3} max
=0.22 x 10™7). This intense dissipation in the merging region
has previously been reported by simulation studies (e.g.,
Zenitani et al. 2011; Zhou et al. 2014) and MMS observations
(e.g., Burch et al. 2016; Torbert et al. 2016; Webster et al.
2018) as well.

Figures 4(a) and 4(b) show the relationship between w; and
w and the relationships of ws with jEy, j, - E|, and E|, along
with the parallel and perpendicular components of electron
temperature, current density, and E’, for (a) the secondary

island and (b) the merging region. The subscripts 1, 2, and 3 of
j. and E| denote the x, y, and z components. Note that the
parallel direction near the island center or the X-line is pointed
in the out-of-plane direction, for a finite guide field reconnec-
tion. As enclosed by the black vertical lines in Figures 4(a) and
4(b), the energy dynamo (w3 < 0) and dissipation (w3 > 0) are
accompanied by the j; and T, enhancement, where a low
correlation between w; and w, is obtained for the secondary
island (cc; = —0.049) and the merging region (cc; = —0.417).
For the secondary island, the ws is highly correlated with Ej
and jiE, (cc;=0.887 and cc3=0.976), therefore a low
correlation (ccy = 0.613) between j, - E| and wjs is obtained.
Opposite results are seen in the merging region. The wj is
weakly correlated with E; and jiE, (cc;=0.090 and
cc3 =0.293). As a result, a high correlation (ccy = 0.897)
between j, - E| and ws is obtained.

Figure 4(c) shows the analysis of the results of the energy
conversion in the secondary island at r=105 Q7! A
remarkable result is that the pattern of w, is now similar to
w; but different than w;, where a high correlation coefficient
(ccy =0.977) is obtained between w; and w,. This is different
from the previous results for the secondary island at =90 ;"
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Figure 3. Simulated data and energy conversion results for the merging region between two coalescing islands, the same format as Figure 2. The vertical line denotes

the merging point.

As enclosed by the black vertical lines, some results of
Figures 4(a) and (c) are consistent; for example, the wj; is
highly correlated with E} (cc, = 0.903) and jE (cc3 = 0.930).
Note that the energy dynamo portion is dominated by j, - E|
at t = 105 ;.

3.2. Observational Results

In this section, three ion-scale magnetic islands observed by
the MMS spacecraft are demonstrated to compare favorably
with the simulation results. Two of them (FR1 and FR2) were
observed in Earth’s magnetopause (Teh et al. 2017) and the
third one (FR3) was in the magnetotail (Teh et al. 2018). The
diameters of FR1, FR2, and FR3 were ~5, ~11, ~6 ion inertial
lengths (~236, ~497, and ~250 electron inertial lengths),
respectively. The ratios of the reconnection guide field to the
reconnecting field were ~0.25 and ~0.20 for the two
reconnection events studied by Teh et al. (2017) and Teh
et al. (2018), consistent with the one implemented in the
simulation. Note that the magnetic islands studied by Teh et al.
(2017) and Teh et al. (2017) were only separated by ~8
minutes. The data were based on the MMS1 measurements of
magnetic fields from the fluxgate magnetometer (FGM; Russell

et al. 2016), electric fields from the electric double probes
(EDP; Lindqvist et al. 2016), and electron and ion plasma
moments from the fast plasma investigation (FPI; Pollock et al.
2016), with time resolutions in the burst modes. Vector
components are shown in the LMN boundary coordinates. For
FR1 and FR2, LMN axes in geocentric solar ecliptic (GSE) are
L=(0.210, —0.314, 0.926), M = (—0.424, —0.882, —0.203),
and N = (0.881, —0.350, —0.318), where the M and N axes are
the results of 10° rotation about the L axis in the LMN systems
used by Teh et al. (2017). This 10° rotation aims to align the
reversal of the normal magnetic field By with that of w; for
FR1. For FR3, L=(0.998, —0.064, —0.028), M = (0.067,
0.990, 0.121), and N = (0.020, —0.123, 0.992), which are the
same as those used by Teh et al. (2018).

Figures 5(a)-(h) show the observations and the energy
conversion for FR1, with the same physical quantities shown in
Figure 2, in the time interval 09:01:04-09:01:06 UT on 10
January 2016. The island is characterized by a bipolar By and
the field strength enhancement at the center of the island as
indicated by the magenta vertical line. The current density is
calculated as j=gn,(V;—V,) from the FPI data, which is
mainly carried by the electrons. Here ¢ is the electron charge.
At the vertical line in Figures 5(d) and (g), the sign of the in-
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Figure 5. (a)-(h) MMS1 measurements of FR1 and the comparisons of the
rates of energy conversion; the same physical quantities shown in Figure 2. The
magenta vertical line denotes the center of the island. (i)—(n) Results of the
correlation analysis, the same format as Figure 4(a). The interval enclosed by
the black vertical lines is used for correlation analysis.

plane velocity V,y is reversed and a bipolar pattern is seen for
wy. Figures 5(i)—(n) show the same physical quantities as
Figure 4(a). As enclosed by the black vertical lines, both the
energy dynamo and dissipation are observed, where the
temperature 7T, is increased. The peak magnitudes of the
energy dynamo and dissipation are comparable. The correlation
results are cc;=0424, cc;,=0.942, cc3=0.970, and
ccy =0.504. The high correlation cc, and cc; are consistent
with the simulation results shown in Figure 4(a) for the
secondary island, for which the energy conversion resulted
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Figure 6. MMS1 observations and analysis of the results for FR2, the same
format as Figure 5.

from jE;. In addition, a stronger energy dynamo due to
j, - El is found near the edge of the island, as shown in
Figure 5(1) at ~09:01:04.2 UT. This was obtained in the
simulation at a later time (see Figure 4(c)), but not in
Figure 4(a).

Figure 6 shows the observations and the analysis of the
results for FR2, with the same format as Figure 5, in the time
interval 09:01:16-09:01:22 UT on 10 January 2016. Note that
Figures 6(i)—(n) are shown for the time interval
09:01:18-09:01:20 UT. Figures 6(d) and 6(f) indicate that the
current density is mainly carried by the electrons. At the
vertical line in Figures 6(d) and 6(g), the signs of V,; and V.
are reversed and a bipolar pattern is present for w;. It can be
seen in Figure 6(a) that the reversal of By at the vertical line is

Teh et al.

not at the zero crossing. This offset can be adjusted by rotating
21° about the L axis from Teh et al. (2017). Since the results of
wi, wp, and ws and associated correlation results are
independent of the boundary coordinates, the LMN systems
of FR1 are therefore used for FR2. In contrast to the island
center, the density in the island is increased with decreasing the
magnetic field strength, as shown in Figure 6(b). This density
increase has been interpreted as the consequence of the
magnetosheath plasma feeding into the island along the
magnetic field lines (Teh et al. 2017). As enclosed by the
black vertical lines, a strong energy dynamo is seen, where the
temperature T is slightly increased. The correlation results are
cc1 =0.389, cc, =0.803, cc3=0.523, and ccy =0.990. The
energy dynamo resulted from j, - E|, although there is a high
correlation (cc, =0.803) between Ej and ws, as shown in
Figure 6(m).

Figure 7 shows the observations and the analysis of the
results for FR3, with the same format as Figure 5, in the time
interval 22:35:06-22:35:14 UT on 11 July 2017. Note that
Figures 7(i)-(n) are shown for the time interval
22:35:07-22:35:10 UT. At the magenta vertical line in
Figures 7(d), (g), and (i), where By reverses sign, the signs
of the in-plane electron velocity are not reversed and therefore
no bipolar pattern is found for wy. As enclosed by the black
vertical lines, the energy conversion resulted from j, -E|,
where the correlation results are cc; =0.291, cc, =0.391,
cc3 =0.395, and cc, = 0.980. In contrast to the FR2 event, FR3
displays a low correlation (cc, = 0.391) between E; and ws.

4. Summary and Discussion

A two-dimensional fully kinetic simulation of multiple
island coalescence with a small reconnection guide field has
been examined to analyze the energy conversion for the
secondary island and the merging region between two
coalescing islands. The dot product of V, - (j x B) = w; was
introduced into the energy conversion analysis to compare with
Jj-E=w,. The key simulation results are summarized as
follows: (1) significant energy dynamo (j - E’ < 0) due to j,E
is reported for the first time inside a secondary island in the
simulation, where the parallel electric field E and j - E’ are
highly correlated; (2) significant energy dissipation (j - E’ > 0)
resulted from j, - E| is found in the merging region; (3) both
types of energy conversions are accompanied by enhancements
in j; and T,y; (4) the bipolar pattern of w is an indicator that the
electrons are circulating in the island; (5) the pattern of w, may
reflect the bipolar pattern of w; within the secondary island in a
given phase of its evolution and that similarity between w; and
w, depends on the evolution as shown in Figures 4(a) and 4(c).
Three ion-scale magnetic islands (FR1, FR2, and FR3)
observed by the MMS spacecraft were presented. Although
the energy conversion processes of the island involved in the
real situation are more complex, consistent results are achieved
for FR1 and the simulated secondary island, in terms of the
bipolar pattern of wy, the high correlation cc, and cc3, and the
Jy and T, enhancement. In contrast, a different type of energy
conversion is found across FR2 and FR3, where the j, - Ei is
dominant in the energy dynamo and dissipation.

The high correlation (cc, = 0.803) between E); and w3 found
at FR2 is a surprising result because the energy dynamo
resulted from j, - E|. This would lead to the misunderstanding
that the j,E) is dominant in the energy conversion, if only
looking at the correlation cc,. The reason for this result is
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Figure 7. MMS1 observations and analysis results for FR3, the same format as
Figure 5.

unclear yet. The high correlation (cc; = 0.977) between w; and
ws, as seen in Figure 4(c), is an interesting result. Previous
simulation studies by Egedal et al. (2009) revealed that the
electrons become trapped when a sign reversal happens in the
E,. This sign reversal of E}; can be seen in the interval enclosed
by the black vertical lines in Figure 4(c). One may suggest that
the circulating particles could be trapped inside the island under
this circumstance. To address this issue will be the future
research task.
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