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Abstract The characteristics of magnetic reconnection with a finite x-line length are studied using
three-dimensional (3D) particle-in-cell (PIC) simulations. We simulate two cases: anti-parallel reconnection
and guide field reconnection. In both cases, reconnection is triggered by an initial perturbation that is localized
in the current direction, and then, an active reconnection region extending around 20 ion inertia length along
the current direction is developed. In both cases, the electron inertia term plays an important role in balancing
the reconnection electric field near the two edges of the x-line along the current direction. On the ion drifting
side, ions are heated while electron heating is not significant; while on the electron drifting side, electrons are
heated while ion heating is weak. In the anti-parallel case, the out-of-plane Hall magnetic field on the ion and
electron drifting side of the reconnection region shows reversed polarization, while in the guide field case,

the in-plane Hall electric field shows reversed polarization. These features can be used as identifications for
reconnection with a finite x-line length during observations in the magnetotail, they also provide an estimation
of the satellite location in the dawn-dusk direction of the reconnection region.

1. Introduction

Magnetic reconnection in space plasma is believed to be responsible for various explosive phenomena, such as
solar flares (Giovanelli, 1946; Masuda et al., 1994), coronal mass ejections (Chen, 2011; Shibata et al., 1995),
and magnetospheric substorms (Angelopoulos et al., 2008; Birn et al., 2011). During reconnection, the magnetic
field lines on the two sides of the current sheet can “break” and “reconnect” at the x-line, where the magnetic
connectivity is changed (Hesse & Schindler, 1988; Vasyliunas, 1975). Meanwhile, magnetic energy is rapidly
converted to plasma kinetic and thermal energy. Most of our understanding of magnetic reconnection are learned
from two-dimensional (2D) models, where all quantities are translational invariant along the out-of-plane direc-
tion (i.e., the x-line direction or the current direction), and therefore the reconnection x-line is infinitely long.
However, in many space environments, the reconnection region is localized in the current direction, and the
length of the reconnection x-line is finite and comparable to the plasma kinetic scale (tens of ion inertia length).

The planetary magnetosphere provides a natural environment for the development of magnetic reconnection with
a finite x-line length. In some small planets, the reconnection x-line length is limited by the spatial scale of the
magnetosphere. For example, the dawn-dusk scale of the thin current sheet and reconnection site at Mercury's
magnetotail is around 40 ~ 604, (d, is the ion inertia length) (Rong et al., 2018; Sun et al., 2016, 2021). For plan-
ets with large magnetosphere, like Earth, reconnection with a finite x-line length is also expected to occur under
localized drivers. Observations have indicated that bursty bulk flows (BBFs) and dipolarization fronts (DFs) in
the magnetotail are localized in the dawn-dusk direction with a typical length of several R, (Huang et al., 2015;
Liu et al., 2013, 2015; Nakamura et al., 2004, 2005). These structures are believed to be generated by magnetic
reconnection that has a finite x-line length (Shay et al., 2003) or the break of a large-scale reconnection outflow
through electron flow shear instability (Fujimoto, 2016) or kinetic ballooning/interchange instability (Pritchett
et al.,, 2014). Reconnection with a finite x-line length can also develop in numerical simulations. Through
three-dimensional (3D) two-fluid simulations including the Hall term and electron inertia, Shay et al. (2003)
studied the onset and evolution of magnetic reconnection from random perturbations. They found that initially
the reconnection x-lines have finite lengths, and these localized reconnection x-lines are kept to be isolated for
a long time when the initial current sheet is thick (~2d)). Pritchett and Lu (2018) studied magnetic reconnec-
tion in a magnetotail equilibrium using 3D particle-in-cell (PIC) simulations. They find that a high-latitude,
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localized driving E, field can trigger localized magnetotail reconnection with a finite x-line length. Therefore,
while magnetic reconnection with a finite x-line length is ubiquitous, its characteristics are rarely studied.

Previous simulations also showed that reconnection with a finite x-line length behaves greatly different from
that in 2D conditions. Nakamura et al. (2012) performed 3D Hall magnetohydrodynamic (MHD) simulations to
study magnetic reconnection with a finite width along the current direction. They found that the reconnection
region can spread in the current direction, and the spreading speed at the ion/electron drifting side is almost equal
to the ion/electron flow velocity that carries the current (Similar spreading persists during reconnection with a
guide field [Shepherd & Cassak, 2012]). They also found that the reconnection jets and Hall magnetic field struc-
tures show asymmetric distribution along the x-line direction. Huang et al. (2020) and Liu et al. (2019) studied
magnetic reconnection with a finite x-line extent using 3D PIC simulations. The initial condition is a modified
Harris current sheet that is thin in the center and thick on the two sides along the current direction, and there-
fore the reconnection region can be spatially confined in the thin current sheet without shifting and spreading.
They found that an internal x-line asymmetry develops where reconnection is active on the electron drifting side
while it is suppressed in a region around 10d, along the x-line direction on the ion drifting side. Both the average
reconnection rate and outflow speed are found to be decreased when the length of the x-line becomes shorter, and
reconnection is completely suppressed when the x-line is shorter than around 10d,.

In this paper, using 3D PIC simulations, we study the characteristics of magnetic reconnection with a finite x-line
length. The initial setup in Huang et al. (2020) and Liu et al. (2019) is limited to the anti-parallel reconnection
condition. Here, the localized reconnection x-line is obtained by introducing a localized initial perturbation along
the current direction, this setup enables us to consider both the anti-parallel reconnection and reconnection with
a guide field. Compared with previous studies, we will further focus on electron kinetic signatures of recon-
nection. The results may have potential applications on localized reconnection in a large current sheet such as
Earth's magnetotail reconnection, and serve as identifications for reconnection with a finite x-line length during
observations.

2. Simulation Setup

The simulations in this work are performed using the 3D PIC code VPIC, an open-source project which has been
successfully used to numerically study plasma physics (Bowers, Albright, Bergen, et al., 2008; Bowers, Albright,
Yin, et al., 2008; Bowers et al., 2009). The initial configuration is a Harris sheet with magnetic field B(z) = B,
tanh (z/5,)e, + B,e, and plasma density n(z) = njsech® (z/8,) + n,. Here, B, is the asymptotic magnetic field, § is
the half-thickness of the current sheet, n is the peak density of the current sheet, n, = 0.05n, is the background
density. The initial distributions of ions and electrons are Maxwellian while the current sheet populations have
drift velocities along the y direction —V,/V,, = T,/T,, = 5 to satisfy the Ampere's law V X B = yJ. Ions drift
to the +y direction, while electrons drift to the —y direction. Ion to electron mass ratio is set to be m/m, = 100.
The light speed is ¢ = 20V, where V, is the Alfvén speed defined by V4 = By/ \/W . The upstream Alfvén
speed defined by V4, = By/ \/M ~ 4.5V, is used for the normalization of the electric field. The simulation
domain is centered at x =y = z = 0 and the size is L, X L, X L, = 32d, X 64d, X 16d; with a spatial resolution
Ax = Ay = Az = 0.05d; = 3.5, here, d, is the ion inertia length based on n, 4, is the electron Debye length
in the current sheet. We use the ion gyro-frequency Q, = eB,/m; for the normalization of time. Over 2.6 x 10'°
particles for each species are used in our simulations. An initial perturbation on the magnetic field is introduced
to trigger the reconnection. The perturbation is centered at (x, y, z) = (0, 0, 0) and spatially localized in the y

direction with a length L__ .. The detailed form is 6B, = 0¥/0z, 6B, = —d¥/ox, where

pert*

sin(27r|x|/LX)+27rL;lcos(Z;rx/Lx))cos(zrz/Lz)exp(—\x\/ch—zz/Lgx) f( ) and f( )_ lanh(y+0.SLper,)—lanh(y—Oijm)
L2l ) Y= 21arh(Lyers /2 Lrams)

here, L., =0.1L, L =0.5L, and L, = 2d,. We set ¥ to ensure the peak of 0B, is 0.05B,,. In the x and y direc-
tion, we use periodic boundary conditions, while in the z direction, conducting boundary conditions are used for

-1
P =Y, (L

s

trans

electromagnetic field, reflecting boundary conditions are used for particles.

We run two cases in this paper, Case 1 is anti-parallel reconnection, while Case 2 is reconnection with a guide
field. Detailed differences on the parameters between these two cases are summarized in Table 1. Although L, is
different in the two cases, the active reconnection region has a similar length in the two cases when reconnection

is well developed. We focus on the characteristics of the reconnection region, not the evolution of the length of

HUANG ET AL.

20f 12

85U8017 SUOWWOD 8AIEa.D 3(qedlidde ays Aq pausenob are saoife YO ‘8sn 4O Sa|nJ 40} Areiq1 8UUO /8|1 UO (SUORIPUCD-PUE-SWBI W00 A8 1M Aeiq U UO//SdnL) SUORIPUOD pue W | 8L 88S *[£202/80/T0] Uo ARiqiTauluo A8|iM ‘8o s JO AIsAIUN A 60ZTE0VEZZ0Z/620T OT/I0p/wod A8 |im Are.q i jpul|uo'sgndnBe//sdny wo.j pepeojumoq ‘g ‘€202 ‘Z0v669T2



I Y ed N | . .
M\I Journal of Geophysical Research: Space Physics 10.1029/2022JA031209
ADVANCING EARTH
AND SPACE SCIENCES
Table 1 the reconnection x-line, this is the reason for the different parameters in the
Some Simulation Parameters for Case 1 and Case 2 two cases.
Parameter name Case 1 Case 2
Guide field B, 0 B, 3. Simulation Results
Half-thickness of the current sheet §, 1.04, 0.75d, 3.1. Anti-Parallel Reconnection
Length of the initial perturbation L 30d, 20d,;

pert

i i

First, we analyze the results from the anti-parallel case. Figure 1 shows the
reconnected magnetic field B, on the z = 0 plane at Q¢ = 0, 20, 30, 35, and
40 respectively. The initial B, perturbation is introduced between y = +15d,
as labeled by the horizontal dashed lines. In our simulations, a B, reversal from negative to positive along the
+x direction implies a reconnection x-line. Therefore, we use the B, patterns on the x — y plane to identify the
time evolution of the reconnection region. As the evolution of reconnection, the reconnection region with B,
reversal gradually shifts to the ion drifting (+y) direction. The region with the initial B, perturbation extends 30d,
along the y direction, while the reconnection region extends only around 204, in the later stage. The shorten of
the reconnection region is similar to the internal x-line asymmetry developed in a localized thin current sheet
(Huang et al., 2020; Liu et al., 2019), where a suppression region around 10d, is formed on the ion drifting side,
and therefore the active reconnection region becomes shorter compared with the initial perturbation. At Q¢ = 35,
some small-scale finger structures with a wave length around 1 ~ 2d; develop along the outer boundaries of
the reconnection fronts. These structures are generated by ballooning/interchange instability (BICI), and have
been discussed in Pritchett and Coroniti (2010) and Pritchett (2016). Hereafter, we will focus on the time slice
Q;t = 32, when the reconnection rate reaches the maximum.

Figure 2 shows some typical quantities in the reconnection region. Panels (a-d) plot the reconnected magnetic
field B, reconnection electric field Ey, electron outflow velocity V, , and ion outflow velocity V, on the z =0
plane. Here the active reconnection region is identified by the region where the half-thickness of the current sheet
6 (half of the full width at half maxima of the profile of J)) is less than the local electron inertia length d, , along
x =0, as bounded by the two horizontal dashed lines (Huahg et al., 2020). In this region, the reconnection electric
field has large amplitudes, and there is a reversal in the reconnected magnetic field, the electron and ion outflows,

consistent with the typical signatures of reconnection.

In Figure 3, we analyze the generalized Ohm's law along the reconnection x-line. To reduce the numerical noises,
the terms in the generalized Ohm's law are time averaged during a period of 1Q!. Along the x-line in anti-parallel
reconnection, the magnetic field is around zero, and the reconnection electric field is mainly balanced by the elec-
tron pressure tensor and inertia terms, E = =V - P /en — (m /e)dV /dt. Panel (a) shows the reconnection electric
field E, on the x = 0 plane, while panel (b) plots the line profile of £, the y component of V - P /en and (m /e)dV /dt
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Figure 1. The reconnected magnetic field B z/BO on the z = 0 plane at Qt = 0, 20, 30, 35, and 40, respectively. The two
horizontal dashed lines label the region with the initial perturbation.
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Figure 2. Some typical quantities at Q¢ = 32. Panels (a—d) show the reconnected magnetic field B /B, the reconnection
electric field E,/V,,B,, the electron outflow velocity V, /V,, and the ion outflow velocity V,/V, on the z = 0 plane. The two
horizontal dashed lines label the active reconnection region.
along the x-line. Panel (c) plots the half-thickness of the current sheet 6/d, , and the electron velocity V, as a refer-
ence of the active reconnection region, which is bounded by the two vertical dashed lines. We find that the in the
central reconnection region, E is nearly uniform and is mainly balanced by the electron pressure tensor term,
while the electron inertia term is negligibly small. The amplitude of £, normalized by the upstream magnetic field
and Alfvén speed is around 0.1. These results are consistent with previous 2D simulations (Cassak et al., 2017,
Hesse et al., 2011; Pritchett, 2001; Zenitani et al., 2011). However, at the two edges of the x-line (around y ~ —2d,
and 164)), the amplitude of the electron inertia term is large and comparable to that of the electron pressure tensor
term. At the edge on the +y side, the electron inertia term has the same sign with the electron pressure tensor term,
the reconnection electric field is balanced by the combination of the two terms. At the edge on the —y side, the
electron inertia term has the different sign with the electron pressure tensor
term, and cancels some of the contribution of the electron pressure tensor term
(a) 5E to the reconnection electric field. We argue that this signature that is greatly
T of different from 2D reconnection persists even in the condition with a realistic
N s ft : | mass ratio. The y component of the electron inertia term can be expressed
i — : N . : N — as (me/e)(dVe/dz)y = (me/e)(arl/ey + I/exax I/ey + I/eyayl/ey + I/ezazl/ey)-
(t;) 0.1F m 7] In 2D conditions, the 0y term vanishes, V, and V,_are close to zero at the
o s 1 . . . .
2 0ok o 1 x-line. Then, (m./e)(dV./dt), = (m./e)d,V.y, this term is negligible in
ﬁ r W 1 the condition of a realistic mass ratio when the time variation is not large.
‘0-1* I l 7 However, in 3D conditions, the 6}, term becomes effective, especially when
() 3l : the reconnection x-line has a finite length. In Figure 3c, we note that in the
EE 2L active reconnection region, the electron velocity V, reaches up to the elec-
1 tron Alfvén speed V,, = 10V,, while in the current sheet outside the active
0

y/d;

Figure 3. Panel (a) shows the reconnection electric field E/V,,B, on the x =0
plane. Panel (b) plots the line profiles of E| (black line), the y component of

V - P /en (red line) and (m,/e)dV /dt (blue line) along the x-line. Panel (c)
plots the half thickness of the current sheet 6/d, , (blue line) and the amplitude
of V,, (red line) along the x-line. The two vertical dashed lines show the active

reconnection region.

reconnection region, Ve), is less than V,. Therefore, the electron flow veloc-
ity has a great change near the two edges of the x-line along the y direc-
tion. From Figure 3c, we estimate that the amplitude of V, increases from
0 to V,, in a distance around L = 5d,. Then, the 0, term can be scaled as
(me/e)V3 /2L = O.I(me/e)VAze/d,- = 0.1V4Bo ~ 0.022V4; Bo. Obviously, the
inertia term arising from the change of V, along the x-line also plays an
important role in breaking the frozen-in condition at the edges. This conclu-
sion is also insensitive to the current carrier, if the current is mainly carried
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Figure 4. Panels (a-d) show the distribution of the reconnection electric field E, the y component of =V, x B, =V - P /fen
and —(m,/e)dV /dt on the y/d, = —2, 7, and 16 planes. Quantities are normalized by V, B,. Panel (e) plots the line profiles of
these quantities along the vertical dashed lines in panels (a—d).

by electrons, the initial electron drift velocity is around V/,, still much smaller than the typical electron velocity V,,
at the active x-line. Note the E fluctuations at around z = +24, in panel (a) are generated through lower hybrid
drift instability due to the density gradient at the flanks of the current sheet (Daughton, 2003; Huba et al., 1977,
Krall & Liewer, 1971), and is not the focus in this work.

Figure 4 presents the detailed distribution of the terms in the generalized Ohm's law on three planes y/d, = -2,
7, and 16 respectively. The three columns correspond to the electron drifting side edge, center, and ion drifting
side edge of the reconnection region. We find that the electron frozen-in condition is violated around the electron
diffusion region (EDR) and the separatrix region, where the electron pressure tensor term and electron inertia
term have significant amplitudes. Panel (e) plots the line profiles of the terms in the generalized Ohm's law
cross the x-line along x = 0 in the three planes y/d, = —2, 7, and 16 respectively. The balance of the generalized
Ohm's law in the second column is similar to that in 2D simulations (Hesse et al., 2011; Pritchett, 2001; Zenitani
et al., 2011): In the central EDR, reconnection electric field is balanced by the pressure tensor term, while at the
boundary of EDR, electron inertia term dominates. However, at the two edges of the x-line along y direction, the
electron inertia term in the central EDR cannot be ignored, as described in Figure 3.

The quadrupolar Hall magnetic field is an important signature in the ion diffusion region of collisionless magnetic
reconnection (Eastwood et al., 2010; @ieroset et al., 2001). Figure 5 shows the out-of-plane magnetic field and
in-plane current density on three planes y/d; = —2, 7, and 16, respectively, corresponding to the electron drifting
side edge, center, and ion drifting side edge of the reconnection region. Here, the in-plane current density is
defined as J;, = sgn(Jx)\/J?2 + J2, where sgn (J) = 1 when J_ > 0 and sgn (J,) = —1 when J_ < 0. On the
y = 7d, plane, except the separatrix region, quadrupolar out-of-plane magnetic field also displays around the
reconnection fronts, while the polarity is opposite to that in the separatrix region, as shown in panel (a), this
feature is similar to that in 2D conditions. The Hall magnetic field in the separatrix region is associated with
the Hall current system carried by electrons, where electrons flow toward the x-line along the separatrices and
flow away from the x-line along the magnetic field in the outflow region (Lu et al., 2010; Nagai et al., 2001;
Pritchett, 2001). The out-of-plane magnetic field around the reconnection front is associated with the current
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F igure 5. Panels (a—d) show the out-of-plane magnetic field B /B, in-plane current density J, /J,, in-plane ion current density
/J,,, and in-plane electron current density J, , /J, on the y/d, = =2, 7, and 16 planes, where J, = en,V,. Panel (e) plots the

rm ein

line profiles of B /B (black), J, /J, (green), J; /), (blue), and J, , /], (red) along the vertical dashed lines in panels (a—d).

e,in

carried by ions reflected at the front (Huang et al., 2014; Wang et al., 2022; Wu & Shay, 2012). However, on the
ion drifting side of the reconnection region, the Hall magnetic field in the separatrix region become stronger, and
the quadrupolar magnetic field around the reconnection fronts almost disappears; while on the electron drifting
side, the quadrupolar magnetic field around the reconnection fronts dominates. This feature can be explained by
different contribution between electrons and ions on the in-plane current at different locations in the reconnection
region (see panels (b-e)). Panel (e) plots the line profiles of the out-of-plane magnetic field and in-plane current
density along the vertical dashed lines in panels (a—d). At the central reconnection region (y = 7d; of panel (e)),
the in-plane current density is dominated by electrons far from the current sheet (|z| > 1d;), while it is dominated
by ions in the central current sheet. Therefore, both the quadrupolar magnetic field around the separatrix and
reconnection fronts can be formed. On the ion drifting side (y = 16d,), the in-plane current density is dominated
by electrons, forming the Hall magnetic field in the separatrix region. On the electron drifting side (y = —2d,),
the in-plane current density is dominated by ions, forming the out-of-plane magnetic field with polarity opposite
to the Hall quadrupolar fields. The reason for this asymmetric distribution of the in-plane current along the y
direction is that the reconnected magnetic field B, is transported to the electron drifting side (Huang et al., 2020;
Liu et al., 2019), and therefore, the reconnection fronts and ion jets associated with the reflected ions are stronger
than those on the ion drifting side. Similar distribution of the out-of-plane magnetic field was also observed in
Nakamura et al. (2012) with 3D Hall MHD simulations, and was explained by the opposite directions of the
deflected ion outflow jets on the two sides the reconnection region in the y direction.

Panels (a) and (b) in Figure 6 show the electron and ion temperatures on the z = 0 plane, the temperature is
defined by T = tr(T)/3 and T,=mZ(v, = V) (v, - V_,.)/N, where s represents species (electron or ion), i, j = x,
v, z, X represents the sum over all the particles in one cell, and N is the total number of particles in one cell,
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Figure 6. Panels (a) and (b) show the electron and ion temperatures on the z = 0 plane, the active reconnection region is
bounded by the horizontal solid lines, and the arrows represent the in-plane flow vectors of the associated species. Panels
(c)—(h) show the electron and ion temperatures on the y/d; = 16, 7, and —2 planes, which are labeled by the horizontal dashed
lines in panels (a) and (b).

V., = Zv/N is the bulk velocity. Both electrons and ions are heated in the reconnection region, electron heating is
predominated at the outflow region, while ion heating occurs in the entire reconnection layer. The temperature
distribution of electron and ion along the y direction is also different, ions are more heated on the ion drifting side
compared with electrons. Panels (c-h) show the electron and ion temperature on the y/d, = 16, 7, and -2 planes,
respectively, as denoted by the horizontal dashed lines in panels (a) and (b). On the y = —2d, plane, electrons
are heated in the diffusion region, pile-up region and the outer edge of the magnetic island, while ions are only
slightly heated in the magnetic island. On the y = 74, plane, both electrons and ions are heated in the diffusion
region. On the y = 164, plane, ions are greatly heated while electron heating is negligible. Both electrons and ions
can be heated by the electric field in the y direction during their drift motions. Electrons drift to the —y direction
while ions drift to the +y direction, as shown by the flow vectors in panels (a) and (b), and therefore, electrons
and ions are heated on the different side of the reconnection region along the y direction. We also note that there is
region extending around 10d; with low ion temperature in the diffusion region on the —y direction, indicating that
we may not observe ion heating in the diffusion region if the reconnection x-line is too short in the y direction.

3.2. Guide Field Reconnection

In this section, we present the results from reconnection with a guide field. Figure 7 shows the evolution of the
reconnected magnetic field B_ on the z = 0 plane. In this case, the region with the initial perturbation extends
20d, in the y direction. During reconnection, the reconnection region also shifts to the +y direction, similar to
that shown in Figure 1. However, the length of the reconnection region is almost unchanged. Therefore, although
the length of the initial perturbation is different, the resulted reconnection regions extend around 204, in the y
direction in both cases. We will focus on time slice €2t = 28, when the reconnection rate reaches the maximum.

In Figure 8, we analyze the generalized Ohm's law along the x-line, and the layout of this figure is similar to that
in Figure 3 in the anti-parallel case. In the case with a guide field, we find that the electron inertia term associated
with the increase and decrease of the electron drifting velocity V, also has significant amplitudes; it has the same
sign with the electron pressure tensor term on the ion drifting side, and has the different sign on the electron
drifting side. The difference compared with the anti-parallel case is that the electron inertia term is distributed
not only at the two edges of the x-line, but also in a larger region. Even at the location where the reconnection
electric field E| reaches the peak value (at around y = 15d), the amplitude of the electron inertia term is also
large. The wide distribution of the electron inertia term may be related to different electron dynamics in the guide

HUANG ET AL.

7of 12

85L20| 7 SUOULLOD BAITERID) 8|edl|dde 8y} Ag peusenob 818 S3olie YO ‘SN JO S3|NJ 1o AReiq1T8UIIUO /B]IM UO (SUORIPUOD-PUR-SLLBILIOD A8 | IMAfe.q 1 BUI|UO//SARY) SUORIPUOD PUe SWB L 84} 885 *[£202/80/T0] U0 ARIqITaUIIUO AB]IM 80UBIDS JO AISIBAIUN AQ B0ZTEOVIZZ0Z/620T OT/I0p/W0d A8 | M- Aelq jeul|uo'sgndnBey/sdny wioy papeojumoq ‘8 ‘€202 ‘Z0v669TZ



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2022JA031209

B,/B, B,/B, BB, B,/B, B,/B,
005 000 005 -005 000 005 -015 000 015 -03 0.0 03 04 0.0 0.4

fa) g0 [[® om0 |[© ez @ acas  |[@) g

20

y/d,
—_—
—

-20 [

e ol I O o o L O ol AT RO A L R T AT T o AT T

4510 5 0 5 10 15-15-10 -5 0 5 10 15-15-10 -5 0 5 10 15-15-10 -5 0 5 10 15-15-10 -6 0 5 10 15
x/d, x/d x/d x/d xd,

Figure 7. The reconnected magnetic field B /Bo on the z = 0 plane at Qt = 0, 10, 20, 25, and 30, respectively. The two
horizontal dashed lines label the region with the initial perturbation.

field case compared with that in the anti-parallel case. In the guide field case, electrons can be trapped within the
EDR by the guide field, and obtain more acceleration by the parallel electric field, therefore, the spatial variation
of V, distributes over a larger region. Previous 2D simulations found that the reconnection rate is reduced in the
presence of a guide field (Huba, 2005; Ricci et al., 2004), however, the peak amplitude of Ey here is around 1.5
times of that in the anti-parallel case, while the average reconnection rates are comparable in the two cases. The
reason is that the spatial variation of the amplitude of E| along the x-line is much larger in the guide field case.
This result suggests that when there is a guide field, quasi-2D assumptions could be invalid for the whole recon-
nection region in the case of a finite x-line length.

Figure 9 shows the electron current density J,,, V., and electric field E_ on the y/d; = 18,

12, and 4 planes, respectively. The distributions of these quantities are greatly different along the y direction.

electron velocity V,,,
On the ion drifting side, the electron current sheet is short and thick (panel (a)), while a long and thin electron
current sheet is formed along the upper-left and lower-right separatrices toward the electron drifting side (panel
(c)). Note that the reversal of the guide field direction will lead to the formation of a thin current sheet along the
upper-right and lower-left separatrices. Similar result is also obtained during
reconnection with a finite x-line length in a force-free current sheet with a

guide field, and the elongated current sheet on the electron drifting side is
unstable to the oblique tearing instabilities, forming secondary flux ropes
(Daughton et al., 2011; Huang et al., 2022). Electron outflows away from

| T

the x-line are also distributed along these two branches of separatrices, as
shown in panel (f), while on the ion drifting side, electron outflows are weak,
the electron flows are dominated by electron inflows distributed along the

upper-right and lower-left separatrices (panel (d)). Such kind of flow pattern

is also accompanied by V,, as shown in panels (g-i), on the ion drifting side,

large V, appears along the upper-right and lower-left separatrices with elec-
tron inflows, while on the electron drifting side, large V, appears along the
upper-left and lower-right separatrices with electron outflows. This asym-

metric flow distribution results in the different Hall electric field E, patterns
on the ion and electron drifting side (panels (j—1)). Around the x-line, the
bipolar E_, which is mainly balanced by —(V. X B),, points to the current

Figure 8. Panel (a) shows the reconnection electric field E/V,, B onthe x=0  sheet on the ion drifting side, while it points away from the current sheet

plane. Panel (b) plots the line profiles of E| (black line), the y component of
V - P /en (red line) and (m,/e)dV /dt (blue line) along the x-line. Panel (c)

toward the electron drifting direction. Previous 3D simulation with periodic
boundary condition in the current direction (the x-line is infinitely long)

plots the half thickness of the current sheet 6/d, , (blue line) and the amplitude
of V,, (red line) along the x-line. The two vertical dashed lines show the active

reconnection region.
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Figure 9. The electron current density J, /J, electron velocity V, /V,, V, /V,, and electric field E/V, B, on the y/d; = 18, 12, and 4 planes.

showed that the E, around the x-line points away from the current sheet (Pritchett & Coroniti, 2004), similar to
that on the electron drifting side when the x-line has a finite length.

Figure 10 shows the distributions of electron and ion temperatures similar to Figure 6. On the z = 0 plane, both
electrons and ions are heated in the reconnection region around the x-line. Electron heating is more significant
on the electron drifting side, while ion heating is predominant on the ion drifting side, similar to those in the
anti-parallel case. In the guide field cases, although the heating is mainly caused by E,, particles move in the y
direction during their parallel motion along the magnetic field, and therefore, the acceleration by the parallel

Te/T 0 TI/T 0 Te/T 0 T|/T 0
0.0 0.3 0.6 0.0 0.5 1.0 0.0 0.3 0.6 0.0 0.5 1.0

y/d;

T A A A A

EE oo oo o ooo ol
B o o e e e =

-15-10 -5 0 5 10 15 -15-10

'
a
o
()]
—_
o
Y
&)

-15-10-5 0 5 1015 -15-10-5 0 5 10 15
x/d, x/d, x/d, x/d,
Figure 10. Panels (a) and (b) show the electron and ion temperatures on the z = 0 plane, the active reconnection region is
bounded by the horizontal solid lines, and the arrows represent the in-plane flow vectors of the associated species. Panels
(c)—(h) show the electron and ion temperatures on the y/d, = 18, 12, and 4 planes, which are labeled by the horizontal dashed
lines in panels (a) and (b).
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electric field £, plays an important role in particle heating, especially for electrons (Dahlin et al., 2014). The
temperature asymmetry along the y direction can also be observed in the temperature distribution on the y/
d; =18, 12, and 4 planes (panels (c-h)). Furthermore, on the ion drifting side, the heating is more obvious near
the upper-right and lower-left separatrices (panels (c) and (f)), while on the electron drifting side, the heating is
predominant near the upper-left and lower-right separatrices (panels (e) and (h)).

4. Conclusions and Discussion

In this study, we perform 3D PIC simulations to study the characteristics of magnetic reconnection with a
finite x-line length along the current direction. The finite length of the reconnection x-line is achieved by
introducing an initial perturbation localized in the current direction in a current sheet with uniform thick-
ness. We consider two cases, anti-parallel reconnection and reconnection with a guide field, and the active
reconnection region in both cases extends around 20d; in the y direction when reconnection is well developed
(reaches a peak reconnection rate). We find that the characteristics of reconnection are greatly different from
those in 2D conditions due to the effects of the finite x-line length. Here we summarize these features as
follow:

1. The electron inertia term plays an important role in balancing the reconnection electric field near the two
edges of the x-line along the current direction. On the ion drifting side, the amplitude of the electron inertia
term is comparable with that of the electron pressure tensor term. On the electron drifting side, the electron
inertia term has the different sign with that of the electron pressure tensor term, and cancels some of the
contribution of the electron pressure tensor term on the reconnection electric field.

2. On the ion drifting side, ions are heated while the electron heating is not significant. On the electron drifting
side, electrons are heated while the ion heating is not significant.

3. During anti-parallel reconnection, the out-of-plane quadrupolar magnetic field B has reversed polarization
compared with that in 2D conditions on the electron drifting side of the reconnection region. During recon-
nection with a guide field, the Hall electric field £, near the x-line points to the current sheet on the ion drifting
side, while it points away from the current sheet in other locations along the x-line.

This study has potential applications on localized magnetic reconnection in Earth's magnetotail. Previous obser-
vations and simulations have indicated that the x-line of magnetotail reconnection may have a finite length along
the dawn-dusk direction (Huang et al., 2015; Liu et al., 2013, 2015; Nakamura et al., 2004, 2005; Pritchett &
Lu, 2018; Shay et al., 2003). However, the direct observational evidence is still missing in literature. In this work,
we provide key features to identify reconnection of a finite x-line length that can be used for MMS and future
missions. The three points summarized above indicate that the characteristics of reconnection, such as the balance
of the generalized Ohm's law at the x-line, Hall magnetic/electric field, and ion/electron heating, can be greatly
different from those in 2D models, and they are also different between the ion and electron drifting side of the
reconnection region. Therefore, these features can be used as identifications for reconnection of a finite x-line
length during observations and are helpful for estimating the dawn-dusk location of the satellite relative to the
primary reconnection region. The magnetic energy release of one single localized reconnection region with
short x-line length (20 ~30d,) is too small to meet the requirement of substorm expansion, however, if there are
multiple reconnection sites with short x-line length, the energy release will be much larger and may explain the
substorm expansion. Furthermore, the results in this work can also apply to the two edges of x-line for reconnec-
tion with much longer x-line length.

Previous simulations studied the broadening and shifting of the reconnection region along the current direction
(Lapenta et al., 2006; Li et al., 2020; Nakamura et al., 2012; Shay et al., 2003; Shepherd & Cassak, 2012). It
is found that the broaden speed of the ion/electron drifting side of the reconnection region is around the ion/
electron drifting velocity that carries the current. In our simulation, the initial current is mainly carried by ions,
therefore the reconnection region is shifted toward the ion drift direction in both cases. However, the reconnec-
tion region does not broaden, the reason might be the different simulation parameters and different method to
identify the reconnection region. The evolution of the length of the reconnection region in the current direction is
an interesting but complicated problem, it is related to the thickness of the current sheet, the current carrier, and
the amplitude of the guide field. This problem is not our focus, in this paper, we care about the characteristics of
the reconnection diffusion region when the reconnection x-line has a finite length.
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Huang et al. (2020) and Liu et al. (2019) studied reconnection with a finite x-line length using an initial current
sheet with varies thickness in the current direction. In their simulations, they found there is a “suppression region”
on the dusk side of the active x-line, where the reconnection signatures are weak. The suppression region is char-
acterized by the thicker (ion inertia scale) current sheet compare with that in the active x-line, that has the current
sheet thickness on the electron inertia scale. In our study, the thickness of the initial current sheet is uniform and
on the ion inertia scale, therefore it is difficult to define the suppression region using the same method. Neverthe-
less, there are still some interesting features on the ion drifting edge of the x-line in our simulation: the electron
drifting velocity increases in the —y direction accompanied by the thinning of the current sheet, and the electron
inertia term in the generalized Ohm's law plays a significant role (Figures 3c and 8c). This region serves as a
buffer region similar to the suppression region in Huang et al. (2020) and Liu et al. (2019), and is necessary for
the development of active reconnection. Because there should be a region on the ion drifting side of the active
reconnection x-line that allows the increase of the electron drifting velocity to ~V, , which is the typical value for
electron velocity in the EDR. It should be noted that this statement is valid in the condition where reconnection
develops in an ion scale current sheet with small initial electron drifting velocity. For reconnection in turbulence,
the background electron flow velocity can be much larger, and such a buffer region may not be necessary.

Data Availability Statement

The simulation data and scripts used to plot the figures are available at National Space Science Data Center, National
Science and Technology Infrastructure of China (https://doi.org/10.57760/sciencedb.06711) (Huang, 2023).
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