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Key Points:

e The reconnection rate increases with
the out-of-plane flow shear and is
higher at dusk than at dawn side for the
same upstream conditions

e The diffusion region is squeezed in the
outflow direction, causing its length to
decrease as the out-of-plane shear flow
increases

e The energy conversion rate increases
with flow shear strength and is higher
at dusk than at dawn side for the same
upstream conditions
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Abstract Magnetic reconnection changes the magnetic field topology and facilitates the energy and particle
exchange at magnetospheric boundaries such as the Earth's magnetopause. The flow shear perpendicular to the
reconnecting plane prevails at the flank magnetopause under southward interplanetary magnetic field
conditions. However, the effect of the out-of-plane flow shear on asymmetric reconnection is an open question.
In this study, we utilize kinetic simulations to investigate the impact of the out-of-plane flow shear on
asymmetric reconnection. By systematically varying the flow shear strength, we analyze the flow shear effects
on the reconnection rate, the diffusion region structure, and the energy conversion rate. We find that the
reconnection rate increases with the upstream out-of-plane flow shear, and for the same upstream conditions, it
is higher at the dusk side than at the dawn side. The diffusion region is squeezed in the outflow direction due to
magnetic pressure which is proportional to the square of the Alfvén Mach number of the shear flow. The out-of-
plane flow shear increases the energy conversion rate J - E’, and for the same upstream conditions, the
magnitude of J E'is larger at the dusk side than at the dawn side. This study reveals that out-of-plane flow
shear not only enhances the reconnection rate but also significantly boosts energy conversion, with more
pronounced effects on the dusk-side flank than on the dawn-side flank. These insights pave the way for better
understanding the solar wind-magnetosphere interactions.

1. Introduction

Magnetic reconnection is a crucial process driving the exchange of energy and particles at the boundary of Earth's
magnetosphere. At the flanks of Earth's magnetopause, reconnection events are particularly interesting due to
their ability to transfer energy, mass, and momentum from the solar wind into the magnetosphere.

Under the southward interplanetary magnetic field (IMF) condition, the potential areas for the locations where
magnetic reconnection occurs can be significantly extended across the magnetopause. (e.g., Fuselier et al., 2005;
Hasegawa et al., 2016; Phan et al., 1996; Phan et al., 2000; Scurry et al., 1994; Trattner et al., 2007). The
reconnection configuration at the flanks of Earth's magnetopause under the southward IMF condition is shown in
Figure 1. The plasma bulk flow at the magnetosheath (msh) side normal to the reconnection plane, that is, the Y-Z
plane in Geocentric Solar Ecliptic (GSE) coordinates, can be significant relative to the flow on the magnetosphere
(msp) side. In the frame of the magnetospheric flow, the magnetosheath flow u,,,, determines the out-of-plane
flow shear in the reconnection sites. There are two reconnection scenarios: (a) at the dusk-side flank, the cur-
rent direction is the same as u

(b) at the dawn-side flank, the current direction is opposite to u,,,,. We are

msh msh*
interested in investigating the two scenarios because it is unclear (a) whether and how the upstream out-of-plane
flow affects asymmetric reconnection, and (b) whether the relative directions between the upstream magneto-
sheath flow and the current carrying flow can produce different effects to the reconnection at the dusk and the
dawn sides. Asymmetric reconnection with the out-of-plane flow at the flanks has been observed by spacecraft
during magnetopause crossings (e.g., Souza et al., 2017). It is also observed either during the dayside X-line

spreading (e.g., Zou et al., 2018) or within the Kelvin-Helmholtz Instability (KHI) vortices (Gurram et al., 2024).

The effects of the out-of-plane flow shear on reconnection under various upstream conditions have been explored
using numerical simulations. By using two-dimensional (2D) resistive MHD, Wang et al. (2008) found that the
flow shear can generate quadrupolar out-of-plane magnetic perturbation without the Hall effect in symmetric
reconnection. Wang et al. (2012) studied the distorted quadrupolar out-of-plane magnetic field due to the flow
shear and the Hall effect by using 2D Hall MHD. Chen et al. (2013) studied the magnetic flux rope generation due
to the flow shear by using three-dimensional (3D) Hall MHD. Wang et al. (2015) studied the effect of symmetric
and antisymmetric out-of-plane flow shears on asymmetric reconnection by using 2D hybrid simulation. They
found that the flow shear can increase the reconnection rate, distort the quadrupolar Hall field patterns, and
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Figure 1. Diagram of the reconnection sites with respect to the Earth's dipole fields during southward interplanetary magnetic
field. The view is from the sun. The directions of magnetosphere (magnetosheath) magnetic field B,,,,(B,,,,,), current density
J, and magnetosheath flow u,,, are shown for both dawn-side and dusk-side current sheets.

msp

‘msh

generate secondary islands. Liu et al. (2018) used 2D and 3D particle-in-cell (PIC) simulations to study the super-
Alfvénic flow shear effect on positron-electron symmetric reconnection and found that the reconnection rate is
~0.1 while a reversed current at the X-line is observed which is impossible in resistive MHD. Nakamura
et al. (2020) studied reconnection at the flank during KHI. They found that under the southward IMF condition,
reconnection can occur in the plane perpendicular to the KHI plane and the reconnection leads to a quick decay of
the vortex structures. They used their results to interpret the difference of the observation occurrence of the
magnetopause KH vortices between northward and southward IMFs.

In this work, we study the impact of the out-of-plane flow shear on asymmetric reconnection at both dusk-side and
dawn-side flanks. By using PIC simulations, we investigate the reconnection rate, the diffusion region config-
uration, and the energy conversion rate under different strengths of the out-of-plane magnetosheath flow: no flow,
sub-Alfvénic flow, and super-Alfvénic flow. This manuscript is structured as follows: Section 2 outlines the
methodology, including the simulation parameters and setup. Section 3 present the results, offering a detailed
analysis of the reconnection rates, the diffusion region configuration, and the energy conversion rate. Finally, we
discuss our findings and propose directions for future research.

2. Simulation Setup

To investigate the impact of the out-of-plane flow shear on asymmetric reconnection, we carry out 2.5D PIC
simulations using the p3d code (Zeiler et al., 2002). Here, 2.5D means 2D in position space and 3D for fields and
velocity. The code uses the relativistic Boris particle stepper (Birdsall & Langdon, 2018) for the particles and the
trapezoidal leapfrog method (Guzdar et al., 1993) on the electromagnetic fields. The divergence of the electric
field is cleaned every 10 particle time steps using the multigrid approach (Trottenberg & Clees, 2009). The

normalization is based on an arbitrary magnetic field strength B, and density n,. Spatial and temporal scales are

-1
ci ?

normalized to the ion inertial length d; = c/w,; and the ion cyclotron time € respectively, where

N1/2
wp; = (4”%) is the ion plasma frequency and Q; = eBy/m;c is the ion cyclotron frequency, the unit charge e
and the ion mass m; are set as 1 in the simulation. Thus, velocities are normalized to the Alfvén velocity
Va0 = d£2,;. Electric fields are normalized to v,4B/c. Note that the equations in the rest of this section, originally
in cgs units, have been converted to code units (i.e., using the normalized variables). For example, the Gauss' law
in cgs, 471/)26) = V(@ . E©® where “(G)” denotes the variables in ¢ gs, p. is charge density and E is electric field, is

2
converted to the form with the normalized variables, 4zengp, = %V E=p, = %V - E, where ng) = enyp,,

E© =ubhp and VO = 1y,
The simulation domain is , X [, = 51.2 X 25.6 with periodic boundary conditions in every direction. Note that the

simulation coordinates are different from the GSE coordinates in Figure 1. A double current sheet (CS) initial
condition is used, with a magnetic field given by
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1 -1 -3 1
Bu(y) = ~(by + by)| tanh 222 — tanh 22 _ 1| 4 Z(b, — b)),
2 Wo Wo 2

where the subscript “1” (“2”) corresponds to the magnetosphere (magnetosheath) side, b , is the magnetic field
magnitude, and w,, = 0.5 is the initial half-thickness of the CS. We use b; = 1.5 and b, = 0.5. The out-of-plane
flow is given by

4
0

1 - =3 1
u,(y) = =(u; + uy)| tanh A o BRI N o S + ~(up — uy),
- 2 4 Wo 2

where the magnetosphere flow #; = 0 and the magnetosheath flow u, = u,,, because we only consider the
magnetosheath flow for simplification. The initial advection electric field is calculated as E,(y) = —u (y)B(y)/c.

oOE,
Due to non-zero dy»

. v, OE, .. .
across the CS, according to Gauss' law, p, = -4 =, and a finite charge density p, = én; — én,
_ Vi 9E,
e ™ 2¢2 ay "

disrupts the quasi-neutrality. Similar to Liu et al. (2018), we assume dn; = —dn,; as a result, on; = —dn

The number density can be calculated as

-1 -3 1
Y 4}—tanh)ﬂ—l +=(n; +ny) + én;,
%) Wo 2 :

1
ni(y) = 5(”2 —ny)| tanh

here, c/v,, = 15 is the speed of light in the simulation. We use n; = 2/3 and n, = 4/3. In the case of the highest-
speed flow, dn, ., is no more than 2% of the local density, which is less than the intrinsic fluctuations of density
(~3.5%) in PIC simulation. This disruption of quasi-neutrality thus disappears quickly when the simulation starts.
Note that in reality, the finite charge density could be a factor of 400 smaller than our simulation if we consider
that the speed of light is about 300 times the Alfvén speed at the magnetopause. Assuming the ion-to-electron
temperature ratio T;(y)/T,(y) = 2 everywhere and considering the asymptotic temperature 7,; = T,, = 0.5, the
temperature profiles can be determined by the pressure balance

B(y) _ Vio Ei()’)
2 2c?

ni(Y) Ti(y) + n(y) T(y) + = const,

where the first two terms are ion and electron pressures, and the third and fourth terms are magnetic and electric
pressures (e.g., Liu et al., 2018). The initial velocity distribution functions (VDFs) are drifting Maxwellians for
both electrons and ions. The ion-to-electron mass ratio m;/m, = 25. Initially, in each grid cell, there are 400 macro
electrons and 400 macro ions, each weighted according to the local density. The smallest spatial scale is the Debye
scale on the magnetosheath side, 4p, ,,;, = 0.041 and we choose the spatial grid size dx = dy = 0.025. Two
reconnection sites are perturbed at the upper and lower current sheets as shown in Figure 2. The upper (lower) CS
mimics the dusk-side (dawn-side) reconnection since the current is parallel (anti-parallel) to the magnetosheath
flow.

In this study, we vary the magnetosheath flow magnitudes without changing other parameters. In our three
simulation runs, u,,,;, = 0, 0.3, and 1, respectively. Normalized to the magnetosheath Alfvén speed (v4, = 0.43),
they correspond to Alfvén Mach numbers M, = 0, 0.7, and 2.3, respectively. They correspond to no flow, sub-
Alfvénic flow, and super-Alfvénic flow in the magnetosheath, respectively. These Alfvén Mach numbers are used
to name the three simulation runs throughout this paper. For example, we name the dusk-side reconnection under
M, = 2.3 magnetosheath flow as the M, = 2.3 (dusk) case. For the M, = O run, the upstream conditions are the
same for the upper and lower CSs, and in order to avoid confusion, we thus only analyze the dusk-side case,
named as M, = O case. Note that if we normalized the out-of-plane magnetosheath flow to the predicted outflow
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Figure 2. Simulation domain with the directions of the initial magnetic field
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(black for magnetosphere “M'sp”” and blue for magnetosheath “M'sh”), out-
of-plane flow (green), and current density (red). The locations of dawn-side

and dusk-side reconnection are shown as the crossing lines.

3.1. Reconnection Rate

Alfvén speed (~0.80) according to Cassak and Shay (2007), the Alfvén Mach
number M7 = 0,0.375, and 1.25, respectively.

It is worth noting that the super-Alfvénic magnetosheath flow case does not
represent a super-Alfvénic flow shear (e.g., Liu et al., 2018). Ma et al. (2016)
pointed out that in a certain moving frame, when the shear flows on both sides

of the inflow region are greater than the inflow fast mode speed 4/v} + c2,

then the reconnection layer will form an expanding outflow region to main-
tain the total pressure balance, where v, and ¢, are Alfvén speed and sound
speed, respectively. In our study, the fast mode speeds on the magnetosheath
and magnetosphere sides are 1.20 and 1.68, respectively, which means that
our highest flow shear case still corresponds to the sub-fast/sub-Alfvénic
shear.

3. Simulation Results

We present the simulation results about the reconnection rate, the Ion
Diffusion Region (IDR) configuration, the upstream plasma parameters, and
the energy conversion.

The reconnection flux and rate are shown in Figure 3. The reconnection flux Ay is calculated as the difference
between the magnetic flux at the X-point and the O-point. The reconnection rate is normalized to the reduced

magnetic field B, .40 =

b, by
1+ by

and the predicted outflow velocity v,,,0 = [

1/2
biba(by £ b2) |7 (Cassak & Shay, 2007).

m;(n by + nyby)

The subscript “0” indicates the usage of the asymptotic values instead of the values upstream of the diffusion
region. During a relatively steady state within = 50-70, the M, = 2.3 (dusk) case has the highest reconnection

rate among all the runs. Note that the M, = 0.7 (dawn) run only shows steady signatures in the interval between 50
and 60. We thus analyze the steady state of the M, = 0.7 (dawn) case at ¢ = 60. For the M, = 0 run, we do not
distinguish dawn or dusk reconnection, because the upstream conditions are the same in this run.

—
L)
S
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— ‘
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Figure 3. (a) Reconnection flux and (b) reconnection rate for different cases.

The reconnection flux is in code unit. The reconnection rate is normalized to
the reduced magnetic field B,,,, and outflow Alfvén speed v, (Cassak &
Shay, 2007) based on asymptotic magnetic fields and densities. The vertical
dashed lines in panel (a) indicate the times selected for the analysis in this
paper, where the M, = 2.3 (dusk) case at = 60 has the same reconnected

flux as the M, = 0.7 (dusk) and M, = O cases at t = 70.

The averaged reconnection rates over ¢ = 50-70 are 0.026 for both the M, =0
case and M, = 0.7 (dawn) case (averaged over t = 50-60), 0.027 for the
M, = 0.7 (dusk) case, 0.028 for the M, = 2.3 (dawn) case, and 0.036 for the
M, = 2.3 (dusk) case. The key questions to answer in this paper are (a) why
does the M, = 2.3 (dusk) have a higher reconnection rate than the M, = 0 and
M, = 0.7 (dusk) cases? (b) why does the M, = 2.3 (dawn) have a lower rate
than M, = 2.3 (dusk)? In order to answer the questions, we further analyze the
results at specific times. In the following sections, for the M, = 2.3 run, we
will analyze the results at t = 60; for the M, = 0 and M, = 0.7 (dusk) cases, we
will analyze the results at # = 70 when the reconnection flux is the same as that
at t = 60 for the M, = 2.3 (dusk), as indicated by the dashed lines shown in
Figure 3a.

3.2. Ion Diffusion Region (IDR)

To understand the reconnection rates, we investigate the aspect ratio /L of
the IDR, where 6§ (L) is the half-width of IDR along the inflow (outflow)
direction. We use the total slippage of the species
|Auy;| = |u; — (u;-B)B/B* — ¢(E X B)/B?| (Goldman et al., 2016; Schin-
dler et al., 1991) to identify IDR, where u; is ion bulk flow velocity, and E
and B are the electric and the magnetic field, respectively. The spatial dis-
tributions of |Au ;| for all cases are shown in Figure 4. The position (xy, y,)
indicates the X-point location at the time selected for analysis for each case,
which has been discussed in Section 3.1. Note that the X-point is slowly

ion
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Figure 4. 2D plots of total slippage of the ion species |Au,;|. The magenta line is the contour at 10% of |Au,;| peak value and it denotes an approximate ion diffusion
region. The dashed boxes are used to estimate the aspect ratios. x, and y, are the coordinates of the X-point at the time selected for analysis for each case.

drifting during the simulations, while the peak value of the |Au ;| is not sensitive to the drifting X-point location
because it is determined by ion kinetic scale physics. Therefore, in Figure 4, the x — x, = 0 location is not aligned
with the peak value of the |Au,;|. The magenta line is the contour at 10% of the |Au ;| peak value, which denotes
an approximate IDR. Thedashed boxes are used to estimate the aspect ratios, which show 6/L(M, = 2.3, dusk)
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=~ 1/5, 6/L(M, = 2.3, dawn) ~ 6/L(M, = 0.7, dusk) = 1/8, and 6/L(M, = 0.7, dawn) ~ 6/L(M, = 0, dusk) ~ 6/L
(M, = 0, dawn) =~ 1/10. The aspect ratios are approximately proportional to the reconnection rates for all these
cases discussed in Section 3.1.

The high aspect ratio for the M, = 2.3 (dusk) case is mainly due to a short L. Similar to the interpretation in Liu
et al. (2018), the short L is because of a squeeze of the magnetic pressure in the outflow region. Figure 5a, similar
to Figure 2 in Liu et al. (2018) for symmetric reconnection, shows how the out-of-plane magnetic field component
is increased due to the out-of-plane flow dragging. The scenario aligns with the findings of La Belle-Hamer
et al. (1995), who demonstrated that reconnected magnetic field lines are dragged into opposite directions on
the two sides of the outflow region, forming a perpendicular magnetic field component (B, in this study) due to the
frozen-in condition. The outflow speed is approximately the outflow Alfvén speed v,,,,. A field line propagates
from the X-point to the edge of the diffusion region, which takes time At ~ ﬁ In the meantime, the field line is

dragged toward the out-of-plane direction with a speed u,,, and the distance of the drag is
has a relation

z.out

Az ~ Uy At ~ umghﬁ Because of the drag, the generated out-of-plane component B

By out ~ 20 . Ox,msh + Ox,msp

3 A At where the subscript “out” denotes the outflow, S ,,,,(Ox ) 18 the distance from the X-

2 0ut

point to the upstream magnetosheath (magnetosphere) (Cassak & Shay, 2007). Due to the field line geometry

around the X-point, we have le ~ f—’ and % ~ M, which are similar to Liu et al. (2018) for symmetric

X, msp L 5X,nmh
reconnection. Thus, B. ,, ~ xS Bl s _biby which provides significant magnetic pres-
. > Hz,out Sxmsh + OX,msp LB‘ out LE‘ out Vouo b1+ by’ p g g p

sure (oc(“’”‘“) ) to squeeze the IDR length L when u,,, is large. As discussed in Section 2, in this study,

Vouo ~ 0.80; for the M, = 0, 0.7, and 2.3 cases, %t = MS7 = 0,0.375, and 125, and ( ,) = 0,0.14,1.56,

respectively. This explains why the aspect ratios and reconnection rates for M, = 0 and M, = 0.7 are close to each
other, but significantly different than those for the M, = 2.3 (dusk) case. Figure 5b shows B, in the M, = 0 (dusk)
case. Without the out-of-plane flow, the B_ in the M, = 0 case represents the Hall magnetic field (Pritchett, 2008).
The peak values of the B_ are located in the outflow regions on the magnetosheath side and exhibit opposite signs.
The out-of-plane flow dragging, as shown in Figure 5a, is a different mechanism for generating the B, component
compared to the mechanism that generates the Hall magnetic field. Figure 5c shows the B, component at a cut
along the x axis through y = —0.8 (i.e., slightly below the X-point on the magnetosheath side) for all cases. The
profiles are aligned with the location x” where the B, = 0 for each case. For the M, = 0 case, B, is the Hall
magnetic field. For the other cases, B_ includes both the Hall field and the dragged field components. For the dusk-
side (dawn-side) cases, the dragged field is in the same (opposite) direction as the Hall field, which increases
(decreases) B_ and the increment (reduction) is proportional to the out-of-plane flow speed at Ix — x| < 5. These
simulation results thus validate our hypothesis in Figure 5.

3.3. Upstream Conditions

In order to understand the different reconnection between M, = 2.3 (dawn) and M, = 2.3 (dusk), we investigate
the upstream conditions for the M, = 0, M, = 0.7 (dusk), M, = 2.3 (dusk), and M, = 2.3 (dawn) cases. Figure 6
shows the reconnecting magnetic field B,, density 7;, ion (electron) out-of-plane flow u;. (u,.), and out-of-plane
current density J_, through the X-point across the CS for both the initial and steady states.

According to Harris (1962), at the initial state, we set up the electron and ion drifting velocities at the center of CS
to form the current, and the drifting velocities are proportional to the temperatures of corresponding species,

Ui,cs
Ue,cs

—_I it — —
= —7. The out-of-plane bulk flow velocities are u;, = u;,,, + u;cs and u,, = u,,, + U, cs, Where

VX B and

U = u = u,,, are the out-of-plane magnetosheath flow, and u;cs=

i,msh e,msh T +T, + T, 4;ten

UeCS = —T 1T + T I,V X B are the drifting velocities. At =0,V X B ~ — dB,/dy. As shown in Figures 6a—6e, for

the dusk-side CS, V X B >0, u; o5 > 0, u, s < 0; for the dawn-side CS, V X B <0, u; cs < 0, u, g > 0. For the
M, = 2.3 (dusk) case, the ions are the major current carrier, while for other cases, both the ions and the electrons
are significant for carrying the current. Note that the x-axis in Figure 6 is y’ = y — y,, for the dusk-side cases, and
y' = yo—y for the dawn-side cases. This arrangement is because all panels are organized with the magnetosheath
on the left and the magnetosphere on the right. The upper and lower CSs have opposite orientations of the y-axis in
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Figure 5. (a) Diagram describing the motion of reconnected magnetic field line due to the out-of-plane flow u,,, from Time 7 to Time ¢ + At. Similar to Figure 2 in Liu
etal. (2018). (b) 2D plot of the out-of-plane component B_ in the M, = 0 (dusk) case. (c) The profiles of B_ at a cut through y = —0.8 for all cases. The x’ is the location of
B, = 0 for each case.
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Figure 6. The profiles of B,, n;, u;_, u,_, and J, along y direction through the X-point during the initial and steady state for all

the cases. The X-point is at y = y,. The magnetosheath (magnetosphere) is on the left (right) of each panel. The horizontal
axis is y' =y — y, for the dusk-side cases, and y’ = y, — y for the dawn-side cases.
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Figure7. (al-el)J- E' andits components (a2—e2) Contributions to JyEy/ (a3—e3) Contributions to JZEZI . The cut is along the y direction through the X-point during the
steady state for all the cases. The X-point is at y = y,. The magnetosheath (magnetosphere) is on the left (right) of each panel. The horizontal axis is yl =y —y, for the
dusk-side cases, and y' =y, — y for the dawn-side cases.
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the simulation domain, from magnetosheath to magnetosphere. The only caution is that 5 = ;% (‘% = —%) for

the dusk-side (dawn-side) cases. The same rule applies to Figures 7 and 8.

During the steady state, as shown in Figures 6f—6j, the electrons become the major current carrier in all cases. This
is because the CS thickness is comparable to the scale of IDR, in which ions are decoupled from the magnetic field
and they have lower mobility than electrons due to the mass. It is worth noting that the inflow ions and electrons
from the magnetosheath side maintain the out-of-plane momentum (i.e., u; .5, = Up s, = Upsy)- When they reach
the IDR, the electrons can easily change their momentum to form the current, while the ions experience a slow
transition in their speed. For the M, = 2.3 (dusk) case, the ion current is significant due to the same direction of the
upstream out-of-plane ion bulk flow as the current direction. For the M, = 2.3 (dawn) case, the direction of the ion
upstream out-of-plane bulk flow is opposite to the current direction, which reduces the out-of-plane ion in both the
upstream region and the CS. As shown in Figure 6j, u;. % 1 = u,,;, at y’ = —4.5, while near the upstream edge of
IDR, u;. = 0.61 at y' ~ —0.5, which is sub-Alfvénic if normalized to the predicted outflow Alfvén speed
Vouo = 0.8. As a result, this leads to an effectively slower upstream magnetosheath flow for the M, = 2.3 (dawn)
case. The reduction of u,_ at the upstream edge is due to the electric force. Based on the ion momentum equation in

i, —uy B, .
a steady state, nm;u;,5-u;, ~ ne<E + M) = neE,, that i, d%uiz ~ £ \where we ignore the pressure tensor

d
’)0 c mjuy,°

term, and the E. is the reconnection electric field in the ion moving frame which is equivalent to the reconnection

Sy =Jey
~ ==, where we ignore the electron current density because it is strong near the

rate. We consider u;, =

en en’
. . . " — _cC 0 :,(ml_(_B:,Oul) —_ B:,mrl
separatrices instead of the x = x, cut. Based on Ampere's law J, = —£ £B,, and B, R TS = = we
2 . . .
have Ly, ~ — 4me E —L_ When L is small and B is large, 9. is close to zero and thus u,. is close to a
dy iz m; ¢ By z,0ut oy“tiz iz

constant, which is consistent with the u;, profile at the upstream edge (y’ ~ —0.5) for the dusk-side cases
(Figures 6g and 61). When L is large and B, is small, u;, has a negative gradient toward the X-point. This
explains the reduction of the upstream ion out-of-plane flow (y’ ~ —0.5) for the dawn-side cases (Figures 6h and
6j). Note that before entering the IDR, the profile of electron out-of-plane flow u,_ is the same as u;, since both the
electrons and ions are frozen-in.

3.4. Energy Conversion

We examine the impact of the out-of-plane flow shear on the energy conversion from the electromagnetic field to
the plasma. Figures 7al-7el show J - E (. g., Zenitani et al., 2011) and its components for all the cases. The peak
values of J - E' are 0.11 for the M, = 2.3 (dusk) case, 0.07 for the M, = 2.3 (dawn) case and the M, = 0.7 (dusk)
case, and 0.05 for the M, = 0.7 (dawn) case and the M, = O case. The results indicate the out-of-plane flow shear
can increase the energy conversion rate, although the energy conversion rate is lower at the dawn side than the
dusk side. The figure also shows that when the out-of-plane flow shear is small, the contribution to J - E'is mainly
JZEZ' ; when the out-of-plane flow shear is large, JyEy' also has a significant contribution. For all cases, the major
JZEZ’ contribution is in 0 < y’ < 1. For the M, = 0.7 (dusk) and M, = 2.3 (dusk) cases, the JyEy/ has a positive
contribution at y’ = 0 and a negative contribution in 0 < y’ < 1.

To understand J),.Eyl , we analyze J, and E ,'. For E ,.I , by examining the terms in the electron momentum equation,

ldP

we found that E; ~ E, + ﬂ e T and the other terms are ignorable. This is validated in Figures 7a2—7e2.

The pressure term —l o —= shows two peaks with different signs at y’ = 0 and 0 < y" < 1. This is because P, ,, has a

eyy

bump in —0.3 <y’ < 0.7 as shown in Figure 8c. The bump of P, ,,, is due to the enhanced energy from the boost

eyy
velocity caused by the Hall electric field E|, (e.g., Bessho et al., 2016). We find that the profiles of E,

1 oF, —2* show similar magnitudes for all cases because the local physics is the same. The quantity J,, is thus the

main factor that determines the difference of J‘E across all cases. As shown in Figure 7a2-7¢e2, 1/l is large near

Figure 8. (a—d) The profiles of u,, u,.,

P

and P, . along y through the X-point during the steady state for all the cases. The X-point is at y = y,. The magnetosheath

eyy’

(magnetosphere) is on the left (right) of Panels (a—d). The horizontal axis is y* =y — y,, for the dusk-side cases, and y’ = y, — y for the dawn-side cases. The vertical

dashed lines indicate the locations (y' =

—0.4, 0.1, and 0.5) of the 2D velocity distribution functions (VDFs) shown in panels (e1—e3), (f1-f3), and (g1—g3) for the

M, =0,M, =2.3 (dusk) and M, =2.3 (dawn) cases. The VDFs are in the v, — v, plane after integration over v,. The blue line in the 2D VDF plots indicates the bulk flow

velocity (i,

ey

u,,). (h1-h3) 2D VDF at y’ = 0.1 in bulk flow velocity frame, where v}, = v, — u,, and v, = v, — .
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y" =0 for the M, = 2.3 (dusk) and M, = 0.7 (dusk) cases, while it is small for the M, = 2.3 (dawn) and M, = 0.7
AB,
oL

(dawn) cases. Because |J,|o ‘% ~ , the B_ magnitude in the outflow region and the diffusion region length L

play important roles. As discussed in Section 3.2, the out-of-plane flow drags the reconnected field lines along the
z direction. For the dusk-side cases, the larger out-of-plane flow shear leads to the larger B, magnitude in the
outflow region and the relevant magnetic pressure which squeezes the IDR along the outflow direction. In other
words, for such cases, the quantity IJyI increases since L decreases and |AB_| increases, and this effect is pro-
portional to the out-of-plane flow shear strength. For the dawn-side cases, the effect is opposite because as
discussed in Section 3.2, the dragged reconnected field component cancels part of the Hall magnetic field, which
reduces the B_ as well as the magnetic pressure in the outflow region. Without squeezing by the magnetic pressure,
the L is large and the IAB, | is small, which results in relatively small I/,l. As a result, JyE).' is significant for the
dusk-side cases and is proportional to the out-of-plane flow shear strength, while it is smaller for the dawn-side
cases.

For JLE,' E, ~ E, —

ag“;“‘ in 0 <y’ < 1 is largest for the M, = 2.3 (dusk) case, and its value in other cases is similar. As

shown in Figures 6f-6j, I/_| is similar for all cases, and the differences in the magnitude of JZEZ' in these cases are
1 9P,y
n oy

Uey By ~— % P,

- T The profiles along y through the X-point are shown in Figure 7a3—7¢3. The

value of —1

thus mainly due to ‘

oP,,
dy

A question arises why ‘% “| is relatively large in the dusk side case when there is a magnetosheath flow. To

P yys
and P, . for all the cases. The u,, profiles indicate that the electrons carry most of the current J, in the IDR. The
u,. shows the magnetosheath out-of-plane flow in y’ < —0.5, and the out-of-plane flow that forms the current in
—0.5 <y’ < 1. Note that the u,_ directions are opposite (same) between the magnetosheath flow and the current

shows a larger

address this question, we study the local 2D VDFs in the v, — v, plane. In Figures 8a-8d, we compare u,, ,.,

carrying flow for the dusk (dawn) cases. The P, ,, profiles are similar in all the cases, while P, .,
gradient along y for the dusk-side cases in 0 < y" < 0.5 than the other cases. At locations y’ = —0.4, 0.1, and 0.5,
the 2D electron VDFs in the v,— v, plane are calculated by integrating over v,. For each VDF, the electrons are
collected in a Ax X Ay = 1 X 0.25 rectangle region. At y’ = —0.4, the VDFs for M, = 0, M, = 2.3 (dusk) and
M, = 2.3 (dawn) are shown in Figure 8e1-8e3. The distributions are similar for the three cases except for a drift of
the electron bulk flow in the v, — v, plane (blue line). In Figures 8f1-8f3, at y’ = 0.1, the VDFs show a “U” shape
embracing the origin in the perpendicular plane which is the meandering motion signature (e.g., Bessho
etal., 2017; Lapenta et al., 2017). Note that the asymmetry with respect to v, = 0 is due to the acceleration of the
meandering electrons by the reconnection electric field E_ (Bessho et al., 2017). This asymmetry results in the
o [ (vy = ttgy) (v, = ) f(vyv.) dvydv, = [ v, ’vzlf(\{v "v,") d\{vld\/z ', the value of
P, . is determined by the positive contribution where v,'v,' > 0 and the negative contribution where v,'v,' <0,

e.yz

where v; = v, — U,y and v =v, —u,. Aty =0.1, u,, ~0and u,, = J/n, representing the current-carrying electron
flow. For the “U” shape distribution shown in Figure 8h1-8h2 for the M, = 0 and M, = 2.3 (dusk) cases, the

integration of vy’vzl f (vy WV, ’) over (v,' < 0,v,' < 0) is approximately canceled by the integration over (v,' > 0,

Because P,

eyz

non-zero P, .

v, < 0) due to the opposite sign. Therefore, P, . is mainly determined by the region (v,' > 0,v," > 0) since the
phase space density in (v,' < 0,v,' > 0) is relatively small. According to Bessho et al. (2017), the region (v,' > 0,
v, '> 0) contains particles starting meandering motion with upstream velocity v,. Given that the local electric field
is similar in the compared cases, based on Equation 33 in Bessho et al. (2017), the distance of the particle tra-
jectory in (v, > 0,v," > 0) to the origin is approximately proportional to the initial speed of the meandering motion
vo- The larger distance of the trajectory in (v,’ > 0,v,' > 0) to the origin results in the larger integral of
vy/vzl f (vy v, ’) . Since the v is larger in the M, = 2.3 (dusk) case due to the additional upstream out-of-plane flow
component, the P, . in this case is larger compared to the M, = 0 case. A similar analysis is applied to the
Figure 8h3, in which the P, . is mainly determined by the integration over (v, < 0,v,' < 0). Although the M, =2.3
(dawn) case includes an upstream out-of-plane flow contribution to v, as well, the upstream out-of-plane flow is
reduced as shown in Figure 6 and discussed in the Section 3.3. Therefore, the P, ,, value for the M, = 2.3 (dawn)
case is between the M, = 2.3 (dusk) case and the M, = O case. At y’ = 0.5, all the three cases show symmetric
crescent shape distributions (e.g., Bessho et al., 2016; Egedal et al., 2016; Hesse et al., 2021; Lapenta et al., 2017,

Shay et al., 2016) and thus P, . ~ 0. As a result, by examining the P, . gradient between y’ = 0.1 and 0.5, we

e.yz
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0P,y.

o than that in the dawn-side

found that the magnetosheath flow in the dusk-side reconnection results in larger

reconnection.

4. Discussion and Conclusions

In this work, we have studied the effect of the out-of-plane flow shear on asymmetric reconnection occurring at
the flanks of Earth's magnetopause. Here, we have assumed the flow in the magnetosphere is close to zero and the
out-of-plane flow shear is produced by the magnetosheath flow along the solar wind direction. Under the
southward IMF condition, the reconnection CS direction is same as (opposite to) the magnetosheath flow on the
dusk (dawn) side. We have used 2.5D PIC simulations of dusk- and dawn-side reconnection to study the
reconnection rate, the diffusion region configuration, and the energy conversion under the magnetosheath flows
with the Alfvén Mach numbers M, = 0, 0.7, and 2.3, which correspond to no flow, sub-Alfvénic, and super-
Alfvénic flows, respectively. We have found that.

1. The reconnection rate increases with the upstream out-of-plane flow shear, and for the same flow shear, it is
higher at the dusk side than at the dawn side. The reconnection rate is qualitatively consistent with the aspect
ratio o/L of the IDR.

2. The out-of-plane flow drags the reconnected field lines, adding the out-of-plane magnetic field component,
which provides magnetic pressure (oc(Mfsm)z) to compress the IDR length L, where M3 is the Alfvén Mach
number for the out-of-plane magnetosheath flow u,,;, normalized to the predicted outflow Alfvén speed from
Cassak and Shay (2007).

3. The out-of-plane flow shear increases the energy conversion rate J - E’. For the same upstream out-of-plane
flow shear, the energy conversion rate J - E is higher at the dusk side than the dawn side.

Our simulations with super-Alfvénic flows do not show a reversed current at the reconnection site as Liu
et al. (2018). One reason is that the super-Alfvénic out-of-plane flow in our simulation is not sufficiently strong to
provide the necessary magnetic pressure in the outflow region as in Liu et al. (2018). It is worth noting that in Liu
et al. (2018), it is theoretically possible that the super-Alfvénic condition for reversing the X-line current in “pair
plasmas” could be interpreted as the super-electron-Alfvénic condition in electron-proton plasmas. Thus, this
interpretation might suggest that a higher flow shear is necessary to achieve the reversed X-line current in this
study. Further investigation is required to establish a physical basis for this hypothesis. Another reason could be
due to the asymmetric nature of magnetopause reconnection configuration. In Liu et al. (2018), the reversed
current contribution is from the gradient of the reconnected magnetic field (the component normal to the CS)
along the outflow direction, that is, AB, /2L using the coordinates and symbols in this paper. In asymmetric
reconnection, the original current AB,./26 is near the stagnation point close to the magnetosphere side, while the
current due to AB, /2L is mainly in the magnetosheath side since the outflow region expands toward the weak-
field side. As a result, even though the reversed current can potentially occur under the super-Alfvénic out-of-
plane flow, it is not able to reverse the original current direction unless the magnetic field asymmetry is weak.

In our study, we derived a relation B, ,,, ~ :‘M; blb‘fiz,
According to the reconnection layer theory (Lin & Lee, 1993) discussed by Sun et al. (2005), the formation of
B, . can be interpreted by replacing the pair of switch-off shocks in the Petschek reconnection model with a pair
of slow shocks and a pair of time-dependent intermediate shocks (TDIS) or rotational discontinuities (RDs).
These TDIS/RDs generate B, ,,, by following the Walén (1944) relation, Au; = +Av,, in the local de Hoffmann
and Teller (1950) frame, where Au, and Av, are the changes in bulk velocity and Alfvén speed, respectively.

Subsequently, B, ,,, undergoes slight modification by the pair of slow shocks. For a symmetric case, the de

which aligns closely with the findings of Sun et al. (2005).

Hoffmann and Teller frame has no u, component. However, for an asymmetric case, the frame can move along the
z direction, leading to B ~ Au,. Thus, using a different method, our result is consistent with the findings of Sun

et al. (2005).

z,out

One of the major effects of the out-of-plane flow shear is that it can drag the reconnected field lines and increase
(decrease) the Hall magnetic field in the outflow region for the dusk(dawn)-side case as discussed in Section 3.2.
The increment (reduction) Hall magnetic field is proportional to the out-of-plane flow speed. One interesting
question is whether an out-of-plane flow can be sufficiently strong and cancel the Hall magnetic field for the
dawn-side reconnection. This question is important because the Hall magnetic field is associated with the Hall
currents which are carried by the electrons that flow toward the X-point along the separatrices and then are ejected
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as outflow jets. On one hand, if the Hall magnetic field is canceled out, then the Hall-current-carrier electrons may
stop flowing toward the X-point, which may suppress the reconnection. On the other hand, if the reconnection is
suppressed, the impact of the out-of-plane flow on the Hall magnetic field would disappear since there are no
more reconnected field lines to be dragged out. As a result, reconnection may reach a state with a sufficiently
small reconnection rate that can balance the production of reconnected field lines and the reduction of the Hall
magnetic field. Investigating the effect of faster out-of-plane flow, which may lead to a strong dragged component
that could cancel the Hall magnetic field, is an interesting open question.

In this study, we consider a finite magnetosheath flow together with zero magnetospheric flow. The conclusions
in this paper are still valid for a non-zero magnetospheric out-of-plane flow, because one can always transfer to a
moving frame of the magnetospheric flow. Only the flow shear value matters to the conclusions in this work. In
addition, we did not consider a guide field which could be quite common at the flanks. A guide field can twist the
diffusion region configuration and change the current pattern near the reconnection site. Therefore, the conclu-
sions may not work for the case with a guide field. Understanding the out-of-plane flow effect on the asymmetric
reconnection with a guide field remains an interesting topic for further investigation. Furthermore, it is important
to note that the conclusions of this study are based on 2D geometry. In a 3D context, out-of-plane flow shear can
trigger the KHI, potentially leading to significant modifications of the X-line configuration (Ma et al., 2014a,
2014b).

Data Availability Statement

The PIC simulation code (P3D) used in this study is available online (https://terpconnect.umd.edu/~swisdak/p3d/).
The output data of the simulation runs used in this production of all figures is available online for download at
https://doi.org/10.5281/zenodo.13820419 (Liang et al., 2024).
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