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Abstract We investigate the evolution of reconnection in-
flow using a fully kinetic approach. Three types of inflow
are detailed, namely the collapse inflow, the vortex inflow
and the reverse inflow. They are formed dynamically at dif-
ferent stages of reconnection via self-organizing processes,
but are closely interrelated with each other. The reconnec-
tion starts from a small perturbation, which can trigger off
a chain of pressure-induced collapses propagating into the
inflow region. The pressure gradient results in the collapse
inflow toward the reconnection site. Then due to the con-
tinuous injection of hot plasma carried by the reconnection
outflows, the expanding exhaust causes its adjacent region
to be compressed. The combined effects of the compression
and the reflection of conducting walls lead to the formation
of the vortex inflow. Subsequently, the reverse inflow de-
velops gradually within the exhaust. Under the modulation
of these inflows, the reconnection rate shows a transient os-
cillation. We also discussed the possible occurrence of the
self-organization inflow available in different contexts.
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1 Introduction

Magnetic reconnection can potentially cause many explo-
sive phenomena such as magnetospheric substorms (An-
gelopoulos et al. 2008) and magnetic flux transfer events
(Hasegawa et al. 2010; @ieroset et al. 2011; Liu et al.
2017a). Reconnection starts from a small diffusion region
where some non-ideal physical effects play a role, the effects
may originate from the enhanced resistivity (Ugai 1984),
the collisionless effects (Mandt et al. 1994; Shay and Drake
1998; Birn et al. 2001, Ma et al. 2001), and the plasmoid
instability related to the Hall effect (Huang et al. 2011).
The resultant fast magnetic reconnection has a typical rate
of 0.1V4 (Liu et al. 2017b). In general, the reconnection
rate that measures the conversion efficiency of magnetic to
plasma energy in the reconnection diffusion region will un-
dergo periods of rising, quasi-steady or falling (Fujimoto
2006; Lu et al. 2013). In addition to the effects in the dif-
fusion region, the studies suggest that the sufficiency of the
inflow is crucial for the growth of the reconnection rate and
maintains the steady-state reconnection (Matthaeus 1982;
Jin et al. 2005; Wan et al. 2008; Lapenta 2008).
Reconnection inflow can be maintained with the external
driving forces (Jin et al. 2005; Liu et al. 2013) or the dynam-
ics of reconnection itself (Matthaeus 1982; Shay and Drake
1998; Birn et al. 2001; Daughton et al. 2006; Fujimoto 2006;
Lapenta 2008; Karimabadi et al. 2011). In driven reconnec-
tion simulations, the driving force is applied to the top and
bottom boundaries of the system. Plasma inflows generated
through the E x B drift move towards the reconnection re-
gion. The applied electric field (E) may be inspired by the
cross-tail electric field in the Earth’s magnetotail (Liu et al.
2013). In the absence of external driving forces, the forma-
tion of inflows is caused by the self-organizing process of re-
connection. The trigger of the inflow usually originates from
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the effects of perturbation as used in the GEM reconnection
challenge (Birn et al. 2001), the perturbation destroys the
pressure equilibrium in the current sheet and promotes the
development of the inflow. In addition, the simulations show
that the reconnection outflow can evolve into the closed-
circulation pattern in multiple X line reconnection. The cir-
culation flows carry the magnetic flux towards the reconnec-
tion region and promote the fast reconnection as they plunge
down (Matthaeus 1982; Lapenta 2008). Especially when the
two reconnection sites are close to each other, the reconnec-
tion outflows may meet at the centre of the magnetic flux
rope, thus affecting the topology of the magnetic field (Liu
et al. 2017a). The reconnection outflows with opposite di-
rections, originating from two adjacent sites, are often ob-
served by multiple spacecraft within the magnetic flux ropes
(Hasegawa et al. 2010; @ieroset et al. 2011).

In situ measurements of magnetic reconnection, however,
the reconnection rate often shows an oscillation with varying
amplitudes, implying that the actual reconnection could be a
transient process that involves multiple inflow regimes. This
paper presents the dynamic patterns of reconnection inflow
based on two-dimensional fully kinetic simulations. In the
simulations, we consider the effect of self-organization in
the spontaneous reconnection on the transition of the inflow.
Three different types of inflow have been detailed, namely
the collapse inflow, the vortex inflow and the reverse in-
flow appearing in the long-term evolution of reconnection.
They are self-organized at different stages of reconnection
and have their own unique patterns of formation and evolu-
tion, but are closely interrelated with each other. The time-
varying reconnection rate associated with these inflows are
also examined.

The remainder of the paper is organized as follows.
In Sect. 2, the simulation model is described. Section 3
presents the simulation results, and Sect. 4 contains the sum-
mary and discussion.

2 Simulation model

The simulation is performed with the electromagnetic
particle-in-cell (PIC) code pCANS. In the PIC algorithm
the time-dependent part of Maxwell’s equations are solved
on the mesh by using an implicit scheme (Hoshino 1987):

B VxE (1)
= X

ot ¢ ’

oE

WZCVXB—"-T[J, (2)

where E and B are the electric and magnetic fields, ¢ and
J are the speed of light and the current density. The finite-
difference time-domain (FDTD) method is employed to en-
sure that the current continuity equation remains valid on
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the spatial grid. The particle dynamics is governed by the
Newton-Lorentz equations of motion:
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where x , and u, are the position and velocity of each parti-
cle p. The charge to mass ratio (gs/my) has the same value
for each species s. The charge and current densities (o5, J )
on the grid are obtained by:

N
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where S(x — x ) is the shape function of the particles, and
the sums are calculated over all particles N;.

The simulation starts with the Harris equilibrium (Har-
ris 1962) in the xz plane and the magnetic field con-
figuration is B(z) = Boptanh[(z — L;/2)/A], where A =
0.5d; determines the half-thickness of the initial current
sheet. The corresponding density distribution is n(z) =
nosechz[(z — L,/2)/A] + np, and np = 0.2n( represents a
uniform background plasma without drift velocities. The
current-sheet plasma, ng = B<)2 /(87 RTy) (R is the gas
constant), is treated as a drifting Maxwellian distribution.
Other plasma parameters are the ion-electron mass ratio
m;/m, = 100, temperature T; /T, = 5, and wp./2cc = 2,
where wp. and £2., are the electron plasma frequency and
gyro-frequency. The speed of light c is set as 20V,4, where
Vi = By//4mwm;ng is the Alfvén speed.

The simulation domain (Ly x L; = 32d; x 16d;) is di-
vided into 1024 x 512 grid points, where d; = c¢/w,; is the
ion inertial length based on ng. Thus the spatial resolution
is Ax = Az =0.03125d;, and the electron Debye length is
Ape = 0.46Ax. The time step is Ar§2,; = 0.001, and £2.;
is the ion plasma gyro-frequency. The resolution allows us
to retain electron kinetic effects accurately at multiple spa-
tial and temporal scales. Here we use more than 1.2 x 107
particles for each species (ion and electron). The density de-
composition scheme (Esirkepov 2001) is applied to exactly
maintain the charge conservation for simulation particles.

In all runs, the periodic boundary conditions are em-
ployed in the x direction and the ideally conducting walls
are imposed at the z boundaries. In order to promote the
development of the initial equilibrium into the nonlinear
regime, we consider a small flux perturbation (Treumann et
al. 2010) imposed on the centre of the computational do-
main, with §A, = —0.124 By exp[—(x? 4 z%)/(21)?].
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3 Simulation results

At the starting of the equilibrium state, we put the localized
perturbation in the current sheet to seed reconnection onset.
The mechanism of reconnection onset remains a topic of de-
bate in the plasma physics community. In the present study,
the emphasis is paid on the nonlinear evolution of the recon-
nection process after the onset. In the following subsections,
after showing the temporal evolution of the reconnection
rate, we investigate the dynamic patterns of inflow formed at
different states of the reconnection via self-organizing pro-
cess.

3.1 Temporal evolution of the reconnection rate

The temporal evolution of the reconnection rate, dA/dt, is
plotted in Fig. 1. Here the magnetic flux function A(t, x, z)
is measured at the X-line. The dot-dashed lines in Fig. 1
show the significant moments (1, t2, 13, 14, t5) defined by
the peak-valley or reversal points of the reconnection rate.
In the present case without any external driving forces, the
rate displays a typical non-steady reconnection variation.
The onset of reconnection occurs at around 7£2.; = 4, after
the imposed initial perturbation. Then the reconnection rate
quickly reaches its maximum value of 0.24 at 12, = 11.
During the interval 4 ~ t1 £2,;, the reconnection rate contin-
ues to grow with different speed as indicated by the slope of
the curve. From the turning point 7§2.; = 7, the reconnection
rate begins to increase more quickly with time. After the first
peak (#1£2.;), the rate decreases quickly until reaching a val-
ley value at #,§2.; = 22. The time taken to reach the valley
is 11.{26_1.1. Again, the rate goes through a new round of ris-
ing and falling cycle during the interval #,§2.; ~ t482;. The
second peak (at 1362,; = 24) has a value of 0.16, which is
much smaller than that of the first one. The temporal evolu-
tion of the rate behaves self-similarly to a certain extent be-
tween the two cycles (0 ~ 1 82.; and 1 §2.; ~ t452.;). Note

0.3 T T T T U

Reconnection Rate

Fig. 1 The time history of the reconnection rate, dA/dz. The dot—
dashed lines show the significant moments (1, 2, t3, 14, t5) of the re-
connection rate variation

that the reconnection rate switches from positive to nega-
tive at 1482.; = 28. Following Cai et al. (1997) we refer to
this process as “reverse magnetic reconnection” with typical
characteristics of E - J < 0 near the X-line, during which
kinetic energy could be converted into magnetic energy. As
shown in Fig. 1, the reverse reconnection occurs mainly dur-
ing the period from #4£2.; to #552.;. Meanwhile, the bounc-
ing phenomenon of the reconnection rate can be seen, sug-
gesting that the pressure imbalance exists along the outflow
direction between the plasma and the magnetic field. After
t582.; = 35.2, the reconnection reenters the normal model.
Taken together, the reconnection rate presents a remark-
able oscillation with time-varying amplitude. Furthermore,
in terms of the reconnection rate variation, three types of
inflow are presented and analyzed in detail, including the
evolution and origin of these inflows and how they affect the
reconnection rate. They are formed spontaneously at differ-
ent periods of development based on the simulations.

3.2 Collapse inflow

The first type of inflow (called collapse inflow hereafter) oc-
curs mainly during the interval 0 ~ #,£2,;. Figure 2a shows
a snapshot of the collapse inflow, where the contour of the
velocity component V;; is plotted at #1£2.;. The region of
enhanced inflow has a fan-shaped distribution, as shown by
distinct colors within the circle. The maximum inflow of 0.3
is found in two concentric arcs with the same radius of 1.6d;
away from the X-line. The edge region of inflow fan expands
outward in the radial direction as the reconnection evolves.
The expanding process is inhibited after #£2.; = 14 due to
the limited z boundaries, but it continues to expand along
the x direction. The above fan region is formed only after
t$2.; = 7. During the interval from O to 7, the distribution of
sign-alternating V;, is observed along the z direction. With
the driving of the collapse inflow, the magnetic reconnec-
tion occurs continuously. The magnetic configuration of re-
connected field lines is shown in Fig. 2b. Figure 2c is the
contour of the out-of-plane field By, where the dashed line
denotes the magnetic separatrix. The origin of the collapse
inflow comes from a chain reaction of pressure imbalance.
To further understand the origin of the collapse inflow,
we plot the contour of the magnetic pressure in Fig. 3a. At
the initial stage, the reconnection is triggered in the current
sheet with the magnetic flux perturbation added to the cen-
tre of the computational domain. The topology of the mag-
netic field displays an X-shaped structure in the diffusion
region (Fig. 2b). The plasma is then drained away from this
region and ejected into the exhaust region under the mag-
netic tension of X-shaped field lines. This process results in
a plasma depletion layer in the diffusion region (Bieroset et
al. 2001; Yang et al. 2006), where the equilibrium between
the thermal and magnetic pressures is destroyed. Then the
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Fig. 2 (a) The contours of V;;, (b) the magnetic field configuration
(solid line), and (c) the out-of-plane field By, at t1§2.;, the dashed line
marks the magnetic separatrix

surrounding plasma surges into the depletion layer from the
upstream region under high-pressure conditions. This chain
reaction is similar to toppling dominoes spreading outward
from the diffusion region with a fan-shaped radiation path.
Correspondingly, the plasma inflow formed in the upstream
region is called the collapse inflow (Figs. 3b and 3c). The
collapse inflow carries the upstream magnetic flux toward
the reconnection region, thus the distribution of decreasing
magnetic pressure can be observed in the upstream region
(see Fig. 3a). To sum up, once the local perturbation is ac-
tivated in the current sheet, the initial pressure balance will
be broken there. The perturbation propagates outwards with
time, giving rise to the collapse inflow from the inflow re-
gion. Such perturbation may originate from the instability
of the current sheet, such as the Weibel instability described
by Treumann et al. (2010)

Driven by the collapse inflow, the reconnection devel-
ops rapidly in the diffusion region. The initial growth of
the reconnection is provided by the tearing mode instabil-
ity, but the instability would tend to saturate at low levels.
The reconnection enters a rapid growth phase after 1§2,; =7
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Fig. 3 (a) The contour of the magnetic pressure, the distribution of
ion (b) and electron (c) velocity (arrows) with the magnetic field lines
(solid line). The green-red circle encircles the area with the radius of
ion-electron inertia length

when the Hall effect starts to work in the reconnection layer
(Mandt et al. 1994; Birn et al. 2001; Ma and Bhattachar-
jee 2001). Correspondingly, the reconnection rate increases
rapidly (see the interval 8 ~ #1£2.; in Fig. 1). The role of
the Hall effect is illustrated in Figs. 3b and 3c, where the
ion-electron velocity vector is expressed with the black ar-
rows. The solid lines are the magnetic field lines, and the
area with the radius of ion-electron inertia length is encir-
cled by the green-red circle (Fig. 3c). With the collapse
inflow, the magnetic flux is transported into the reconnec-
tion region. The ions become demagnetized within the ion
inertial region, while the electrons carrying the magnetic
flux will continue to move inward. The separation of ion-
electron motion results in the Hall current and the corre-
sponding electromagnetic fields. Compared with the ions,
the electrons have a higher flux-transport efficiency because
of their relatively smaller inertial mass. Thus the reconnec-
tion rate has a rapid increase accordingly. Here the newly
connected magnetic field lines are dragged out of the recon-
nection plane by the electrons (Mandt et al. 1994), result-
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ing in the formation of the quadrupole Hall magnetic field
(Fig. 2c). The resistance will therefore be reduced with the
decrease of magnetic-field accumulation within the outflow
region near the X-line (Karimabadi et al. 2011), promoting
the development of fast reconnection. In addition, the finite-
ness of the inflow region can affect the supply of the collapse
inflow, which is elaborated in the next subsection.

3.3 Vortex inflow

The second type of inflow (called vortex inflow) occurs
mainly during the interval #1$2.; ~ t382.;. Figure 4a shows
the plasma flow pattern with the magnetic field lines at time
1382.;. Two vortex pairs are observed in the upstream region
of reconnection, and they exhibit an approximate mirror-
symmetry with respect to the x-axis. In the upper left quad-
rant, the vortex appears in clockwise order with its core close
to the separatrix. The left part of the vortex rotates toward
the wall boundary, while the right part moves toward the
reconnection region. Thus in the inflow region the newly
formed vortex inflow merges with the original collapse in-
flow. The maximum velocity of 0.26 is located on the vortex
edge. The streamline map in Fig. 4b shows the overall con-
figuration of the vortex pairs more clearly.

The vortex inflow can occur naturally when the recon-
nection process develops to a certain stage. The formation
of vortices usually requires the plasma flow to be tightly
coupled along mutually perpendicular directions. Here, the
reconnection outflow jets within the exhaust region provide
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Fig.4 (a) The distribution of ion velocity with the magnetic field lines,
(b) the streamline map of the vortex pairs at 3§2.;

the main driving force for the parallel motion of the vor-
tices. Meanwhile, the hot plasma is injected into the exhaust
region by the reconnection outflow, leading to the rapid ex-
pansion of the exhaust region due to the enhanced plasma
pressure. The expanding exhaust causes its adjacent inflow
region to be compressed. The combined effects of expansion
and compression lead to the formation of vertical plasma
transport in the inflow region (see the upper left corner in
Fig. 4a). Two vortex pairs develop gradually under the cou-
pling actions of the parallel and perpendicular movements,
as depicted in Fig. 4. Besides the above-mentioned move-
ments, two other factors also contribute to the formation of
the vortex flow. One is the effect of inhomogeneous expan-
sion within the exhaust region, especially in the central part
with the fastest expansion rate. The expansion causes the
plasma in the vicinity of the separatrix to be compressed in
the vertical direction and to be rolled up simultaneously. The
second is the reflection effect of the conducting walls. The
plasmas are reflected back into the inflow region when they
reach the z boundaries.

The resulting confluence of the collapse inflow and
the vortex inflow pushes the reconnection rate to renewed
growth. Compared with small-scale vortices, large vortices
need more time to develop in the simulation. Therefore, it
will also take a long time to realize the influence of the vor-
tex inflow on the reconnection rate. The variation of the
reconnection rate during the interval 72, ~ 1382, (see
Fig. 1) is mainly influenced by the vortex inflow. The vortex
inflow reaches the reconnection region from #,$2.;, which
drives the reconnection to occur and makes the reconnec-
tion rate increase again. At about 7352, the reconnection
rate reaches its second peak that is smaller than the first
peak in magnitude. In theory, the vortex inflow is expected
to boost the development of fast reconnection. Compared to
the collapse inflow, the vortex inflow can more efficiently
carry the magnetic flux toward the reconnection region from
the broad inflow region. However, the vortex inflow exists
in a relatively short period of time due to the appearance of
the reverse inflow (see the next subsection in detail). Sub-
sequently, the reconnection rate decreases sharply after the
collapsing of the large-scale vortex structures.

3.4 Reverse inflow

At 1482,; = 28, the reconnection rate switches from positive
to negative, indicating that the reverse reconnection occurs.
During the reverse reconnection, the plasma kinetic energy
is converted into the magnetic energy locally. The transfor-
mation of reconnection pattern mainly results from the ef-
fect of the periodic boundary conditions by which the re-
connection outflow changes its direction and enters into the
diffusion region. The newly generated inflow is referred to
as the reverse inflow for convenience. The distribution of
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Fig.5 (a) The distribution of ion velocity with the magnetic field lines,
(b) electron velocity at ££2.; = 28

this type of inflow at #4£2.; is shown in Fig. 5. The ion and
electron flows, V; and V,, are plotted with magnetic field
lines (solid lines). In Fig. 5a, overlooking the ion velocity
vector within the exhaust region enclosed by the magnetic
separatrix (red dashed lines), we can find the reverse inflow
(red arrow) moves toward the X-line. The maximum speed
of the inflow (V;|,ax = 0.63) appears at the central region of
the exhaust region. Driven by the reverse inflow, the reverse
reconnection occurs continuously near the site of the origi-
nal X-line. The newly outflow and the original vortex inflow
continue to confront each other in the inflow region. The
corresponding electron velocity has the same distribution,
but the high-velocity electron flows are more concentrated
around the separatrix.

The formation process of the reverse inflow is shown
in Fig. 6a, where the time variation sequence of the ve-
locity component (V) is plotted. The velocity curves of
1 82¢i, 1382 and t582,; are marked by distinct colors (green,
red and blue). At #12,;, the reconnection outflows (green
line) are ejected from the reconnection site (x = xg) to the
left and right boundaries (x = 0, 32), which is also known as
the centre of the magnetic island in the context of multiple
X-line reconnection. After a certain distance from the recon-
nection site, the reconnection outflows will collide head-on
in the centre region, causing the outflows turn their direc-
tions as shown by the red curve of #382;. Thus the reverse
inflow is gradually emerging in the central region (0 ~ x7)
and moves toward the reconnection site during the interval
1382¢; ~ 1582 .
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Fig. 6 (a) The time variation sequence of the velocity component V;,
along z = 8d;, (b) the location of the X-line varies with time

Driven by the reverse inflow, the reconnection rate
changes with time. Two aspects of the changing trends are
worth mentioning. First, the reconnection rate decreases
rapidly from #352.; and becomes negative at #482.;. Dur-
ing this period, the left drift of the X-line is suppressed
(see Fig. 6b where shown the location of the X-line varies
with time). At 2482, the X-line drifts to the position of
x = 15.78d; close to xg. Second, the reverse reconnection
with the negative reconnection rate occurs during the inter-
val t182.; ~ t582.;. The reverse inflow carries the magnetic
field lines towards the reconnection site. The magnetic field
lines with high tension piles up near the reconnection re-
gion. In this way the kinetic energy of the reverse inflow is
converted into the magnetic energy, similar to the process
of pulling a slingshot. The increasing magnetic field tension
will impede the movement of the reverse inflow towards the
reconnection region. The dynamic imbalance between the
magnetic field tension and the reverse inflow could lead to
the bouncing phenomenon of the reconnection rate (see the
interval #482.; ~ t552.; in Fig. 1). As a result of the conflict
the direction of plasma inflow constantly changes near the
X1 position. At #552.; (the blue line in Fig. 6a), a equilibrium
state is obtained. After that, the normal reconnection begins
to occur.

4 Summary and discussion

In this paper, we use the fully kinetic approach to investi-
gate the dynamic patterns of the reconnection inflow. Three
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types of inflow, the collapse inflow, the vortex inflow and
the reverse inflow, are analyzed in detail. They are formed
by self-organization during different stages of reconnection,
but are closely interrelated with each other. Driven by these
inflows, the resultant reconnection rate is modulated over
time and shows an oscillating behavior.

Although the simulations show that the inflows are re-
lated to each other through the cross-coupling of the flow,
they can occur independently in different reconnection con-
texts. In the solar wind plasma, the reconnection may be
trigged by a locally enhanced resistivity (Vasyliunas 1975).
Therefore, the collapse inflow could be occurred under this
context. In the magnetosphere, the driven reconnection is of-
ten observed, and the driving forces could originate from the
solar wind for the magnetopause environment (Hasegawa et
al. 2010) or the tail-crossing electric field for the magneto-
tail (Liu et al. 2013). After the onset of reconnection, as pro-
posed by Matthaeus (1982), the localized vorticity near the
X-point can affect the reconnection rate through a dynam-
ical process. These quadrupole-like vorticity amplifies the
inflow intensity, boosting the reconnection rate. In return,
the current filament of the reconnection region promotes the
further growth of vorticity with B - V.J, where B is the back-
ground field. This nonlinear process develops in the way of
positive feedback (see Fig. 6 in Matthaeus 1982) until the
vorticity convects downstream. In open environments, such
as the magnetosphere, the vorticity is easily convected away
from the reconnection region. Thus the vortex flows need
to be generated continuously to maintain fast reconnection
(Lapenta 2008). In this study, the formation of the vortex
inflow is similar to that of the theoretical analysis given by
Matthaeus 1982. In addition to the elongation of vortices
along the magnetic separatrices, several factors also influ-
ence the evolution of the vortex inflow, including the expan-
sion of the exhaust region, the periodic boundary conditions,
and the reflection of the conducting walls. With the increase
of the separatrix angle, the newly formed vorticity pair could
be observed within the outflow region (or the plasmoid due
to the periodic boundary conditions), which is a driving fac-
tor for the formation of the reverse inflow. These factors are
more likely to be found in the magnetosphere with a ex-
tended current sheet where the plasmoids are frequently de-
tected (Liu et al. 2013; Wang et al. 2016), or in the labora-
tory reconnection experiments with a limited space (Egedal
et al. 2007; Beidler and Cassak 2011; Chandra and Verma
2013). The reverse inflow has been formed gradually dur-
ing the later stage of reconnection development. Therefore,
this type of inflow is most likely to be observed in multiple
X-line reconnection. Such reconnection has often been ob-
served in the magnetosphere with a long current sheet. The
magnetic structure between any two adjacent X lines is usu-
ally called flux rope or magnetic island. If the reconnection
at both ends of the flux rope is still active, the two recon-
nection outflows with opposite directions will be detected

within the flux rope (Hasegawa et al. 2010; @ieroset et al.
2011). In some cases, when the two reconnection sites are
close to each other, the reconnection outflows may be en-
countered, thus affecting the magnetic topology of the flux
rope (Liu et al. 2017a).

It should be mentioned that the influence of the out-of-
plane dynamics on the reconnection inflow has not been
considered in the two-dimensional limit, the dynamics could
induce current aligned instabilities. In particular, the drift-
kink instability (Daughton 1998) has a fast growth rate in a
3D simulation with the reduced ion-electron mass ratio. The
lower hybrid drift instability (Daughton et al. 2004) could
be more easily driven by the local density gradient. How the
out-of-plane dynamics will influence the evolution of recon-
nection inflow remains to be further explored physically.
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