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Abstract

Tailward flow in the near-Earth plasma sheet associated with a rebound of the earthward bursty bulk flow (BBF) is
investigated using three-dimensional magnetohydrodynamics simulations of magnetic reconnection in the
magnetotail on the basis of the spontaneous fast reconnection model. In order to investigate the properties of this
tailward flow, virtual satellites are located at different positions in the plasma sheet within the simulation region, so
that we can directly observe the temporal variations of plasma quantities in accordance with the growth and
preceding the flow reversal associated with the magnetic reconnection. The time profile of the plasma flow velocity in
the course of the BBF depends on the satellite position. Furthermore, the time profile of the magnetic field strength in
the course of the reverse flow depends on the satellite position in the dawn-dusk direction. As a result of the rebound
of the earthward flow, the accumulation of the plasma density and the plasma pressure is observed at any position in

the plasma sheet during the interval between the BBF and the reverse flow.
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Correspondence/findings
Introduction
Magnetic reconnection plays an essential role in large
dissipative events observed in space plasmas. We have
proposed the spontaneous fast reconnection model and
demonstrated by magnetohydrodynamic (MHD) simula-
tions that the fast reconnection mechanism can be real-
ized as an eventual solution by a nonlinear instability due
to the positive feedback between current-driven anoma-
lous resistivities and reconnection flows (Kondoh et al.
2011; Ugai and Kondoh 2006). The three-dimensional
(3D) spontaneous fast reconnection model has been suc-
cessfully applied to geomagnetic substorms. For instance,
the traveling compression regions known as definite sig-
natures of substorms were explained exactly (Ugai and
Zheng 2006). In addition, we demonstrated that the mag-
netospheric current wedge drastically evolves when the
fast reconnection jet collides with the magnetic loop (Ugai
and Kondoh 2006).

Here, we are interested in flow enhancements in the
near-Earth plasma sheet which are called bursty bulk
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flows (BBFs) (Angelopoulos et al. 1992) and reverse flow
(Chen and Wolf 1999; Panov et al. 2010). These earth-
ward fast flows are associated with an increase in the
northward magnetic field component, B, called dipolar-
ization (Baumjohnn et al. 1990; Angelopoulos et al. 1992;
Runov et al. 2009; Fujita and Tanaka 2013), and it includes
a sharp increase in B, (a dipolarization front) (Runov
et al. 2009). The evolution of the dipolarization front in
the course of the earthward and rebound tailward flow is
an unresolved problem.

The main theme of the present paper is to study the flow
reversal using MHD simulations on the basis of the spon-
taneous fast reconnection model. Birn et al. (2011) illus-
trated properties of fast earthward flows using 3D MHD
simulations. Recent multi-point observations have shown
the importance of the observation position (Kondoh
et al. 2011; Nakamura et al. 2005). In other words, obser-
vations made by satellites located at different positions
vary significantly, even if the same event is observed
simultaneously. In this paper, we investigate the time
variations in physical quantities in different 3D positions
by employing several virtual satellites located within our
simulation domain.

© 2014 Kondoh and Shimizu; licensee Springer. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited.
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MHD simulations

The simulation model in this paper is the same as that in
our previous simulations of the three-dimensional mag-
netic loop (Kondoh et al. 2011) except for the initial
thickness of the magnetic lobe region. In this study, we
focus on the flow reversal associated with the bursty bulk
flow in the near-Earth plasma sheet. Short-term magnetic
reconnection is simulated with a thinner magnetic lobe
region compared to that in our previous simulations.

Simulation modeling

Previous simulations of the magnetic loop using the wall
boundary instead of the geomagnetic dipole field have
shown that the fast reconnection jet in the plasma sheet is
suddenly braked at that boundary because of the pressure
force, and these results are in good agreement with the sit-
uation inferred from the observational results (Shiokawa
et al. 1997). We focus on the evolution of plasma bulk
flows, and the MHD approximations are valid for these
macroscopic phenomena. The modified Lax-Wendroff
scheme is used for numerical computation (Ugai 2008).
Our coordinate system was chosen such that «, y, and z
directions are positive earthward, duskward, and north-
ward, respectively.

As an initial configuration, a one-dimensional anti-
parallel magnetic field, B = [By(2),0,0] was assumed,
the same as for Kondoh et al. (2011). The initial ratio
of the plasma pressure to the magnetic pressure in the
lobe region was By = 0.15; also, a constant tempera-
ture T = 1+ Bo was assumed with a fluid velocity,
u = (0,0,0). The normalization of quantities, based on
the initial quantities, is self-evident: distances were nor-
malized by the half thickness of the current sheet, do; B, by
the field strength in the lobe region, Bxo; P, by cho /Cuo);
0, by pi = p(z = 0); u, by Vao(= Bxo//100pi); time ¢,
by do/Vao; current density J, by Jo = Byo/(1odo). Note
that the Alfvén velocity in the lobe region in the initial
state is given by Va. = Vao/./pe (pe is the density in that
region).

The axis symmetry conditions with respect to the x =
0,z = 0 planes are assumed. With respect to the x axis,
for example, p(x, —y, —2) = P&, ¥, 2), Ux(x, =Y, —2) = Uy
9, 2), uy(x, =y, —2) = uy(x,¥,2), u(x, =y, —2) = —uy
(%, ¥, 2), Bx(%, =y, —2) = —Bx(x, ¥, 2), By(x, =y, —2) = By (%,
9,2), B.(x, =y, —2z) = B;(x,%,2), and P(x, —y, —z) = P(x,
y,z), for a fixed value of x in 0 > x > L,. For simplic-
ity, the same condition is assumed on the outer boundary
plane x = L, whereas on the other boundary planes
(y =0,y = Ly, and z = L;) the free boundary condition
is assumed. Sufficiently small mesh sizes are required for
precise computations of the spontaneous fast reconnec-
tion evolution, so we assumed Ax = 0.04, Ay = 0.2, and
Az = 0.015. Furthermore, the magnetic lobe region size
was assumed to be Z; = 2, and dimensions of the entire
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computation region were assumed to be Ly = 14, L, = 40,
and L, = 9.6. In our previous study, a larger Z; value was
taken.

As in the previous studies, the anomalous resistivity
model is assumed to be of the form

kr [Va(x,t) — V] (Vg = Vi)

Tl(l‘; t) = {0 (Vd < Vo) (1)

where Vy(r, t) = |J(x, )/ p(x, t)] is the relative electron-ion
drift velocity, and V¢ is the micro-instability threshold.
In order to disturb the initial configuration, a localized
resistivity is assumed at the origin in the 3D form

16 = noexp | ~@w/ko? = (/k)* - /K] @)

Here, we take kg = 0.003, Ve = 12,k = k; = 0.8,k, =5,
and o = 0.02. The disturbance, Equation (2), is imposed
only in the initial time range, 0 < ¢ < 4, and the ano-
malous resistivity model, Equation (1), is assumed for
t> 4.

Results

General remarks

Initiated by the disturbance, Equation (2), imposed
around the origin in the finite extent, |[y| < k, = 5,

the current sheet thinning occurs, giving rise to a dis-
tinct enhancement of the current density. Once the ion-
electron drift velocity, V;, exceeds the threshold, V¢, at
time ¢ ~ 20, fast reconnection drastically grows as a non-
linear instability because of the positive feedback between
the microscopic effective anomalous resistivity and the
macroscopic reconnection flow. Figure 1 shows the tem-
poral variation in the maximal y-component of the electric
field in the diffusion region, Eymax = (1Jy)max, where E,
may indicate the effective reconnection rate. The mag-
netic reconnection grows drastically around ¢ = 25. Then,
it suddenly decays at ¢ = 30 because of the bifurcation of
the diffusion region in the x-direction and then recovers
again around ¢ = 34. After that, magnetic reconnec-
tion gradually decays and terminates. On the other hand,
around ¢ = 42, high pressure plasma in front of the dipo-
larization front collides with the wall boundary, across
which plasma cannot flow, and the reconnected field lines
are piled up, giving rise to a large-scale magnetic loop. The
solid lines in Figure 2a,b show the magnetic field lines on
the x — z plane at ¢ = 36 and ¢t = 42, before and after the
magnetic loop formation, respectively. The red and blue
lines show the reconnected and non-reconnected mag-
netic field lines, respectively. In Figure 2b, the red lines
inside of the thick magenta line are the magnetic loops.

Flow reversal
In order to investigate the time variation of the magnetic
loop and plasma flow, Figure 2 shows the plasma flow
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Figure 1 The time variation in the reconnection electric field E,

at each time.

velocity, V' (arrows), and the magnetic field component, B,
(black solid lines), on the x — y plane at £ = 36 (a), t = 42
(b), t =48 (¢), and ¢t = 54 (d). The red (blue) arrows show
positive (negative) V. The tailward flow region shown
by the blue arrows expands with time from ¢t = 42. As
it expands in the negative x-direction, the dipolarization
front also moves tailward. Although the high B, region
expands in the y-direction, the higher B, region behind
the dipolarization front does not expand.
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In order to show the rebounce of the dipolarization
front, the second panel of Figure 3 shows the profiles of
B, along the x-axis at times ¢ = 36 (red solid line), t = 42
(green dashed line), ¢ = 48 (blue dotted line), and t = 54
(magenta dotted line). On the x-axis, the dipolarization
front moves earthward at ¢ = 36, then it clearly moves
tailward at £ = 54.

Virtual observations

Our previous study showed that the time profiles of in
situ observation data depend on the satellite position rel-
ative to the central line of the BBF (Kondoh et al. 2011).
In order to investigate the similar dependence in the case
of the reverse flow, we show in the Figures 4 and 5 the
time profiles of the x-component of plasma flow velocity,
Vy; the z-component of magnetic field, B,; plasma den-
sity, N; and plasma pressure, P, at 16 different positions in
the simulation domain (x = 10.0,10.8,11.6,12.4;y = 0, 2;
z = 0.0,0.75). These positions are shown in Figure 2a.

On the neutral sheet (z = 0.0 plane)

At first, we show the time profiles observed at four posi-
tions on the x-axis in Figure 4a. The x-position in our
simulation coordinate system is equivalent to the distance
from an x-line. The vertical solid and dashed lines in each
panel indicate the time when the satellite observed the B,
peak in the course of BBF and reverse flow, respectively.

Figure 2 Magnetic field lines and plasma flows at four different times: t=36(a), 42(b), 48(c), and 54(d).
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Figure 3 Profiles of quantities along the x-axis at time ¢ = 36, ¢ = 42, ¢ = 48,and t = 54.

The reverse flow reaches x = 10.0 at the end of the period
in this panel, therefore there is no a blue dashed line. As
shown in the previous paper (Kondoh et al. 2011), all satel-
lites observe the rapid increase of N and P in the course
of BBF just before that of B;, while the peak values of V
in the course of BBF are detected later. On the other hand,
in the course of reverse flow, only the increase of B; is sig-
nificant, whereas that of N and P are insignificant. The
sign reversal of V is detected from the large x-position
(the nearest position to the wall boundary). The small
enhancements in the N and P profiles are seen between
the vertical solid and dashed lines.

Next, time profiles observed at the positions off the x-
axis in the y-direction, y = 2, are shown in Figure 4b,
using the same format as Figure 4a. The y-position in our

simulation coordinate system is equivalent to the distance
from the central line of the fast flow channel in the y-
direction. As shown in the previous paper (Kondoh et al.
2011), the variations in all values are gradual and small,
and the peak values of Vj in the course of BBF are detected
later than those in Figure 4a, except for the observation at
x = 12.4, which does not detect any significant enhance-
ment in V. In spite of this lack of significant enhancement
in V at x = 12.4, the enhancement in B, is large and
long. In addition, the interval between these two B, peaks
becomes longer in Figure 4b.

Off the neutral sheet (z = 0.75 plane)

The z-position in our simulation coordinate system is
equivalent to the distance from the neutral sheet. Figure 5
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Figure 4 Time profiles of V,, B,, N, and P atx = 10.0 (blue lines), x = 10.8,x = 11.6,and x = 12.4;y =0 (a)and y = 2 (b); and z = 0.
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Figure 5 Time profiles of the same quantities as for Figure 4 observed on the z = 0.75 plane. (a) y = 0, (b) y = 2.
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shows variations in the same parameters as those shown
in Figure 4, observed at z = 0.75. Small and short
enhancements in V, and small enhancements in P, com-
pared to those observed around the neutral sheet, are
seen in Figure 5. The interval between the peak detec-
tions of V, and that of B, becomes longer than that on the
neutral sheet. The detection of the sign reversal of the x-
component for the velocity, V, = 0, is random. The small
enhancements between the vertical solid and dashed lines
in the N and P profiles are also seen at positions off the
neutral sheet.

Summary and discussion

In this paper, the spontaneous fast reconnection model
was applied to the earthward fast flow and the reverse
flow problem observed in the near-Earth plasma sheet.
Once the current-driven anomalous resistivity is ignited,
the positive feedback between the anomalous resistivity
and the reconnection flow gives rise to the 3D fast recon-
nection mechanism. The dipolarization front is formed
from the accumulated reconnected magnetic field lines in
front of the fast reconnection jet. As a result of the col-
lision with the wall boundary, a large magnetic loop is
formed, and the magnetic loop (the dipolarization front)
rebounces tailward.

In this study, time variations in these earthward and
tailward fast flows were investigated by employing virtual
satellites located at different positions in the MHD sim-
ulation space. On the center of the earthward fast flow
(on the x-axis in our simulations), the peak of the velocity
component, V,, enhancement in the course of the BBF is
detected later than that of the magnetic field component,
B,, plasma density, N, and plasma pressure, P, enhance-
ment. These time lags are much longer at positions off
the center line of the fast flow channel because the recon-
nection rate (reconnection electric field) on the x-line
is largest at the center in the y-direction (see Ugai and
Kondoh (2003) for details).

On the other hand, these time lags become shorter at
positions off the neutral sheet in the z-direction because
of the displacement of the satellite from the fast flow
channel due to the plasma sheet thinning. As a result
of these dependencies on the satellite position, the inter-
val between the peak of V, enhancement in the course
of the BBF and that of the V, decrease in the course of
the reverse flow does not have a good correlation with
the radial distance of the satellite from the center of the
Earth.

The interval between the peaks of B, enhancements in
the course of the BBF and reverse flow appear to have
a good correlation with the radial distance of the satel-
lite, but the peak of the enhancement delays at a position
far from the center of the flow channel in the y-direction.
Therefore, the good correlation between the interval and
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the radial distance of the satellite cannot be obtained
without the consideration of this delay.

The small enhancements in N and P observed by a
satellite are observed by nearly all of the virtual satel-
lites in the interval between the above two peaks of B,
enhancements. The third and bottom panels of Figure 3
show the profiles of N and P along the x-axis. The
small black symbols on the x-axis in these panels indi-
cate the position of virtual satellite observations. N and
P gradually recover after the passage of the dipolariza-
tion front, as shown by the arrow in the third panel
These decrease again during the passage of the dipolar-
ization front. Therefore, N and P increase in the interval
between the B, peaks. In future work, we will verify these
simulation results using observational data from in situ
satellites.
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