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Out-of-plane shear flow effects on fast magnetic reconnection in a
two-dimensional hybrid simulation model*
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The effects of out-of-plane shear flows on fast magnetic reconnection are numerically investigated by a two-
dimensional (2D) hybrid model in an initial Harris sheet equilibrium with flows. The equilibrium and driven shear flows out
of the 2D reconnection plane with symmetric and antisymmetric profiles respectively are used in the simulation. It is found
that the out-of-plane flows with shears in-plane can change the quadrupolar structure of the out-of-plane magnetic field and,
therefore, modify the growth rate of magnetic reconnection. Furthermore, the driven flow varying along the anti-parallel
magnetic field can either enhance or reduce the reconnection rate as the direction of flow changes. Secondary islands are
also generated in the process with converting the initial X-point into an O-point.
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1. Introduction

Magnetic reconnection, a process of magnetic flux merg-
ing, cutting, and reconnecting, is a fundamental course in lab-
oratory and space plasma physics.['?! During magnetic re-
connection, a large amount of stored magnetic energy in a
plasma is rapidly released and converted into plasma parti-
cle acceleration and heating.[?! It, thus, plays a critical role
in fast energy transformation events, such as solar flares, coro-
nal mass ejections, interaction of solar winds with the geo-
magnetosphere, and the formation of stars.*! Due to its sig-
nificance, magnetic reconnection has been extensively investi-
gated in various aspects during recent decades; particularly for
fast growth, geometry features, and collisionless effects such
as Hall effect.!!~10]

Shear flows are easily generated in space and fusion plas-
mas. In magnetically confined fusion devices, it is found that
in experiments and numerical simulations, shear flows (i.e.,
differential plasma rotations) can considerably affect magne-
tohydrodynamics (MHD) processes, such as tearing modes,
error field lock modes, and resistive wall modes, as well
as singular current layer formation and Alfven resonance
generation.[!!=2!1 On the other hand, in space plasmas the so-
lar wind blowing on the magnetosphere often creates a veloc-

(221 1p particular, transient

ity shear across the magnetopause.
strong shear flow events with a substantial north-southward
electric field and energetic ion beams, as well as field-aligned
currents, are also observed at the boundary of the pre-midnight

plasma sheet.[>3] Numerically, the effect of shear flows on the
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structure of the reconnection layer at the flank magnetopause
has also been studied by one-dimensional (1D) hybrid and

24.25] The reconnec-

two-dimensional (2D) MHD simulations.[
tion layer structure with an in-plane shear flow perpendicular
to the anti-parallel magnetic field component was also inves-
tigated for the 1D MHD Riemann problem.?®! Tt was discov-
ered that such shear flows resulted in structures associated with
MHD discontinuities, which is drastically different from that
without shear flows or with shear flows parallel to the initial
magnetic field.

In addition to the in-plane shear flows studied previously,
out-of-plane “toroidal” shear flows have also recently been
considered.?7?8 Tt was revealed that the out-of-plane shear
flows generated a bipolar or quadrupolar structure of the out-
of-plane magnetic field perturbation. Moreover, it was also
demonstrated that reconnection processes, particularly in the
collision-free regime, were in certain cases dominated by the
out-of-plane shear flow in Hall MHD simulations. Then, the
effects had a significant influence on the theory and observa-
tions of fast magnetic reconnection. Nevertheless, Hall MHD
is a simplified two-fluid model and, in the ion inertial region
where Hall MHD is adopted mostly, the kinetic effect of ion
dynamics should be taken into account.

Hybrid simulations codes, by taking electrons as a mass-
less fluid approximately but keeping full ion dynamics in a
particle-in-cell (PIC) treatment, have been developed to study
collisionless magnetic reconnection.?*=32! It has been demon-
strated that the hybrid model is a powerful tool in the regime
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on a time scale of @ < €2y and spatial scale of kpp<1, where @
is the wave frequency of the perturbation, k is the wave num-
ber, and Qg and pg are the gyro-frequency and gyro-radius of
ions, respectively.>?] Thus, in this paper, we conduct a 2D hy-
brid simulation to further study the effect of the out-of-plane
shear flows on fast magnetic reconnection. The simulation
model with initial conditions is given in Section 2. The sim-
ulation results of the effects of the flows varying across the
current sheet and in the anti-parallel magnetic field directions
are presented in Sections 3 and 4, respectively. Finally, this
paper concludes with a discussion and summary in Section 5.

2. Model and initial conditions

We will first briefly describe the model, which is similar
to that in Refs. [27]-[30], that we have applied to our hybrid
simulation. The equation for the ion motion is written in the

form of 3%
dV; e 1
i m <E+c"iXB> Svlmmud O

to advance individual particles by the Lorentz force with
Krook collision on the bulk flow. Here V;, m;, e, E, B, and ¢
are the velocity and mass of an individual ion particle, the ele-
ment charge, the electric and magnetic fields, and the speed of
light, respectively. v is the collision frequency between ions
and electrons, u; and u. are the ion and electron bulk flow
velocities, respectively. To bring about the resistivity effect,
the collision frequency is applied to the bulk flow rather than
to individual particles with respect to the electron fluid. It is
notable that V' is used here for the individual particle veloc-
ity, while u is for the flow velocity. The massless electron
momentum equation is given by

e 1

<E+ue><B>+v(ue—ui):0, 2)
ny C

which is obtained from the electron fluid equations by ignor-
ing the pressure. The electron flow velocities can also be cal-
culated by Ampere’s law

4
VXB:—”ne(ui—ue), 3)
c

where 7 is the number density of the ions with its maximum
no and the high frequency displacement current effect is ne-
glected. In addition, Faraday’s law

10B

VXE:_;W (4)

is used for updating the magnetic field.
The dimensionless equations for hybrid simulation are,
thus, written as

dVv;
dt

—E+VixB—v(ui—u.), 5)

E=—-u.xB—V(ue—1u), 6)
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Here, the length is scaled by the ion inertial length A9 =
¢/ @pio, Wpio= (47zrnoe2 /mi)l/ 2 is the ion plasma frequency,
and time is scaled by ! where Qo = eBy/mjc is the ion
gyro-frequency with By being the asymptotic field. Then,
both velocities V' and w are scaled by the Alfvén veloc-
ity Va=A0£2y and, therefore, clearly the Alfvén time Tp =
Ao/Va = Q4 ' The electric field E and the magnetic field
B are scaled by VaBy/c and By, respectively, while i=n/n,
and V=v/Qy. By substituting Egs. (6) and (7) into Eq. (5), we
obtain

dVv;
< =B+ VixB, ©)
with
V x
Ep:—uexB:( = —ui)xB. (10)

The simulation domain is a rectangular box, —L,/2 < x <
L,/2, —L;/2 < x < L;/2, in the x—z plane with a size of
L, x L, =100 x 50 (scaled in Ag). It is divided into 100 x 100
grids uniformly with Ax =2Az = 1.

The initial equilibrium is a 2D Harris current sheet sym-
metrically distributed in the z = 0 plane with a magnetic field
of

Byo(z) = Botanh(z/Ly), (11)

where L is the half width of the Harris sheet. For fast re-
connection, we make an assumption of the thin current sheet
with Lo= 2 in the simulation. The initial ion number density
is given by

n(t =0)
no

-1
iy = =1+ (Bocosh? (z/Ly)) - (12)
Here, we take the asymptotic ion number density ny = 50 per
cell, and the asymptotic plasma beta By = 0.1. A localized
resistivity is used and given by

v ="voexp (—(x* +2%)/23), (13)

to trigger reconnection , where v = 1.5.13%1 Also, the initial
ion temperature 7; is assumed to satisfy the equilibrium con-
dition

2

2
7_’0(Z)TiO(Z)+%ﬁ0(z)uizo(z)+3)é077§:z): const. (14)

The open boundary condition is imposed on the bound-
aries of x = +L,/2, while the fixed conditions are applied to
the boundaries of z = +L,/2, with perturbations of both mag-
netic field component B, and inflow velocity u;, vanished for
free magnetic reconnection.
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3. Effects of flows with shear in z direction

As in Refs. [27] and [28], we first use the out-of-plane
shear flow varying in the direction across the current sheet in
the initial equilibrium, that is, the flow shear (its magnitude
variation) is set to be along the z axis, which is the same as
the initial magnetic field shear, and satisfies the Harris sheet
equilibrium in 2D geometry. We then discuss the flow effects
on reconnection for anti-symmetric and symmetric cases sep-

arately.

—5 —10

3.1. Effect of symmetric flows varied in the z direction
(CaseI)

In a way that is similar to that in Ref. [27], we introduce a
symmetric out-of-plane shear flow profile, shown in Fig. 1(a),

ya(e) = {

where the flow shear length Lg is taken to be the same as the
half width of the current sheet, that is, Ls = Ly = 2, and the
shear flow strength Uy is assumed to be 0.3V,.

as

Uo[1+cos(nz/Ls)],
0,

—Ls < z<Lsg,

otherwise, (s)

Uiyo

Uiyo

—0.5 —10

x| X0

Fig. 1. Profiles of the out-of-plane shear flows applied, with (a) the symmetric (Case I) and (b) antisymmetric (Case II) flows varying
in the z direction, and (c) the symmetric (Case III) and (d) antisymmetric (Case IV) flows varying in the x direction.
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Fig. 2. (color online) Effects of the shear flow given by Eq. (15) with Uy = 0.3V, and at r = 11574. Panel (a) shows the configuration
of the in-plane magnetic flux, panel (b) shows the distribution of the out-of-plane magnetic field By, panel (c) shows the distributions
of the out-of-plane vorticity @, (in contours) and the in-plane flows wu, + . (in arrows), and panel (d) shows the density of plasma.

Figure 2 shows the configuration of the magnetic flux
(Fig. 2(a)), a color contour plot of the out-of-plane magnetic
field component (Fig. 2(b)), and the corresponding out-of-
plane vorticity @, (x,z) = duy,/dz — du./dx together with the
in-plane flow pattern shown by arrows (Fig. 2(c)), and the
plasma density distribution (Fig. 2(d)); all the above figures

are plotted at r = 1157, in the vicinity of the X -point. It is
well known that in 2D hybrid and Hall MHD models with-
out the out-of-plane shear flow, quadrupolar structures of both
out-of-plane components of magnetic field B, and vorticity @,
are generated by the Hall effect. In fact, the symmetric out-of-
plane shear flow also induces a quadrupolar out-of-plane mag-
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netic perturbation parallel or opposite to that generated by the
Hall effect and, thus, strengthens or weakens the quadrupolar
Hall field component. Consequently, however, the flow shear
itself is reduced in the process as the quadrupolar pattern of
the vortex @, is formed. Thus, the effect does not significantly
affect the maximum of the growth rate but only accelerates or
delays the moment when the maximum is reached. Then, the
temporal evolution of the magnetic energy E, and the recon-
nection rate, dy/dt, are shown in Figs. 3(a) and 3(b), respec-
tively. It can be seen that the reconnection rates calculated re-
spectively by the slope of the magnetic energy growth shown
in Fig. 3(a) and by the maximum of dy/dt, are both about
0.08, that is, ¥ =~ 0.08, which is the same as, but being reached
later than, that without the shear flow (Uy=0).
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Fig. 3. (color online) Growth rates of reconnection in Case I. Panel (a)
shows the temporal evolution of magnetic energy Ep,, with the slope
(dash line) representing the growth rate of y = d (InEp)/ds = 0.08,
and panel (b) shows the temporal evolutions of E, = dy/dt for recon-
nection processes without the shear flow (Uy = 0) and with shear flow
Uy =0.3Vp).

3.2. Effect of antisymmetric flow varying in z direction
(Case II)

On the other hand, the antisymmetric out-of-plane shear
flow profile shown also in Fig. 1(b) is introduced as

—Up, z < —Ls,
uiyO(Z) = ¢ Upsin (”Z/ZLS)’ —Ls <z <lLs, (16)
Uy, z 2> Ls,

where Ls and Uy are taken to be the same as those in Case 1.

As in Fig. 2, the magnetic flux, the out-of-plane mag-
netic field component, the vortex of @y (x,z) together with the
u, + u; pattern, and the plasmas density distribution are plot-
ted respectively in Fig. 4 at t = 12574, in the vicinity of the
X-point. In contrast from Case I, although the quadrupolar
pattern remains for the vortex @, in this case, as shown in
Fig. 4(c), an asymmetric structure of the out-of-plane mag-
netic field component By is found, as shown in Fig. 4(b).
This indicates that the antisymmetric shear flow significantly
reshapes the out-of-plane magnetic perturbation structure in-
duced by the Hall effect in the reconnection process and prob-
ably changes the reconnection rate.
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Fig. 4. (color online) Effects of the shear flows given by Eq. (16) with
Up = 0.3V and att = 12574. Panel (a) shows the configuration of the
in-plane magnetic flux, panel (b) showsthe distribution of the out-of-
plane magnetic field By, panel (c) shows the distributions of the out-
of-plane vorticity @, (in contours) and the in-plane flows w, + u (in
arrows), and panel (d) shows the density of plasma.

The temporal evolutions of the magnetic energy Ep,, to-
gether with the reconnection rate, dy/dt, are then shown in
Fig. 5. It is found that the reconnection rate is approximately
Y~ 0.07 in this case, which is less than that without the shear
flow (y = 0.08 for Up=0, as in Fig. 5(b)).

Furthermore, the quadrupolar structure of out-of-plane
magnetic field has been taken as an important signature of fast
magnetic reconnection.3337] It is, however, demonstrated in
this case (Fig. 4(b)) that the quadrupolar pattern of the out-of-
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plane magnetic field may be significantly distorted even in the
collisionless regime if there exists an out-of-plane shear flow.
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Fig. 5. (color online) Growth rates of reconnection in Case II. Panel
(a) shows the temporal evolution of magnetic energy Ey,, with the slope
(green dash line) representing the growth rate of y = d (InEy,)/dr ~
0.07, and panel (b) shows the temporal evolutions of E, = dy/dt for
reconnection processes without shear flow (Up = 0) and with shear flow
(Up =0.3Vy).

4. Effects of flows with shear in x direction

The out-of-plane (toroidal) shear flow discussed in Sec-
tion 3 is a “z-dependent” equilibrium flow. Generally speak-
ing, for a 2D “toroidal” shear flow u, = u,(x, z) in a Harris
sheet, the ug X Bo = —Zuy0(x,z)Bxo(z). If the out-of-plane
flow is u, = u,(z) as in Section 3, we always have V x (ug x
By) = 0, satisfying the Harris sheet equilibrium. Neverthe-
less, for the general 2D out-of-plane flow u, = uy(x7z), we
can have V x (ug x Bg) = §Bxodu,/dx # 0. Then, the initial
out-of-plane flow u, = u,(x,z) can immediately generate an
out-of-plane magnetic field By to reduce or enhance the out-of-
plane Hall field. Thus, in this section we will further discuss
the out-of-plane “driven” flow effect with an “x-dependence”.
In a way similar to that in Section 3, flows, symmetric and an-
tisymmetric about the z axis are imposed on the Harris sheet
equilibrium.

4.1. Effect of symmetric flows varied in x direction (Case
11I)

The flow symmetric about z axis is assumed to be
uiyo(x) = Upexp (—x*/L2) , a7

which is shown in Fig. 1(c) and here indicated as Case III.

In Fig. 6, the configuration of the magnetic flux, the color
contour plot of the out-of-plane magnetic field component,
and the corresponding out-of-plane vorticity o, (x,z) together
with the in-plane flow pattern, which is shown by arrows,
and the plasma density distribution are plotted, respectively,
att = 12574 and for Uy = 0.3V,.
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Fig. 6. (color online) Effects of the shear flows given by Eq. (17) with
Uy = 0.3V and atr = 12574 Panel (a) shows the configuration of the
in-plane magnetic flux, panel (b) shows the distribution of the out-of-
plane magnetic field By, panel (c) shows the distributions of the out-
of-plane vorticity @, (in contours) and the in-plane flows w, 4w (in
arrows), and panel (d) shows the density of plasma.

Dramatic changes of the out-of-plane magnetic field and
vorticity due to the shear flow are seen in Fig. 6. As shown
previously,?”-?8] a quadrupolar structure of B§S) can be gener-
ated by the out-of-plane symmetric flow with its shear along
the initial neutral line (z = 0). As the flow strength U in-
creases, for example, Uy = 0.3Vj,, it is clearly indicated that
the flow generated quadrupolar structure B§S) is of the same

order of the Hall effect generated quadrupolar structure BﬁH),

ie., B;S) ~ B§H). It has been found that, if Uy > 0, then the
shear flow generated quadrupolar structure B§S) is opposite to
B 1271 In the case of Uy = 0.3V, we have |BY)| > [B{"V],

which then eliminates the Hall quadrupolar field structure and
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reverses the reconnection process around the origin (x =z =0)

by turning the X-point at the point to an O-point. However,

since the flow distribution is localized only in a small re-
gion of |x| ~ Ly = 4, the reconnection process still occurs in
the plasma to form another two X-points, near x ~ +20, and
Hall quadrupolar field structures form around them. It can,
therefore, be seen as a “multiple X-points” reconnection pro-
cess. The growth of the “multiple X-points” island is shown in

Fig. 7.

Configuration of magnetic field lines 8.0

7.5

Fig. 7. (color online) Growths of the “micro-islands”.

The temporal evolutions of the magnetic energy E, for
Up = 0.3V, together with the reconnection rate, dy/dt, are
then shown in Fig. 8. In Fig. 8(a), which is calculated by using
the slope of the E, growth, the reconnection rate is found to
be approximately 0.08, i.e., ¥ = 0.08, which is in a reasonable
agreement with ¥~ 0.07 shown in Fig. 8(b) for the growth rate
at one of the X-points, while the reconnection rate at the origin
(an O-point) is approximately kept vanished.

On the contrary, if Uy < 0, the flow can generate a
quadrupole field parallel to B§H), and enhance the reconnec-
tion rate at the origin. Fig. 9 shows how the reconnection
rate at the origin varies with the strength of the shear flow
Up. For Uy < 0, if the strength is negative enough, for ex-
ample, Uy = —0.2, then the reconnection rate is significantly
enhanced to Y~ 0.13. As U increases to the positive regime
(Up > 0), the reconnection rate at the origin becomes reduced.
Then, the X-point turns into an O-point at the origin to trigger

“multiple X-points” reconnection.
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Fig. 8. (color online) Growth rates of reconnection in Case III. Panel
(a) shows the temporal evolution of magnetic energy Er,, with the slope
(green dash line) representing the growth rate of y = d(InEp,)/dr =
0.08, panel (b) shows the temporal evolutions of E, = dy//dt for re-
connection processes without shear flow (Up = 0) and with shear flow
(Up = 0.3V, ) at the origin (pink squares) and at the X-point (blue stars).

0.05

Reconection rate

O " " " "
—-2.0 —1.5 —-1.0 -=0.5 0 0.5
Vo/Va

Fig. 9. (color online) Reconnection rate at the origin as a function of
strength of shear flow.

4.2. Effect of antisymmetric flows varied in x direction

(Case IV)
The antisymmetric flow with a shear in the x direction is

given by
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Uiyo(x) = Uptanh (x/Ls), (18)

as shown in Fig. 1(d), with also Uy = 0.3.

The configuration of the magnetic flux, the color contour
plot of the out-of-plane magnetic field component, and the cor-
responding out-of-plane vorticity @ (x,z), together with the
uy + u, pattern denoted with arrows, and the plasma den-
sity distribution are again plotted, respectively, in Figs. 10(a)—
10(d), att = 11574 and for Uy = 0.3V. The solid vertical line
in Fig. 10(a) indicates the origin and the dashed vertical line
marks the X-point due to the shear flow effect. “Secondary”
islands can also be seen in the process.

i
T . T . T aa
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1.0X10°

i EHRERAIA RN | 0.5%x10°
40 —20 0 20 40
z/Xo

Fig. 10. (color online) Effects of the shear flows given by Eq. (18)
with Up = 0.3V and at t = 11574. Panel (a) shows the configuration
of the in-plane magnetic flux, panel (b) shows the distribution of the
out-of-plane magnetic field By, panel (c) shows the distributions of the
out-of-plane vorticity @y in contours and the in-plane flows w, +u; (in
arrows), and panel (d) shows the density of plasma.

The temporal evolutions of the magnetic energy E, for
this case, and the reconnection rate, dy/dt, are shown in
Figs. 11(a) and 11(b). In Fig. 11(a), which is calculated by
using the slope of the Ey, growth, the reconnection rate is
found to be approximately 0.09; that is, ¥ ~ 0.09. As shown
in Fig. 11(b) the reconnection rate, dy/dr at the shifted X-
point is approximately the same as that in Fig. 11(a). There-
fore, such an X-point shift does not have a substantial effect
on the major reconnection. Nevertheless, a couple of “micro-
islands” can be found in the process (Fig. 10(a)).

100

(a)

10-1f

o 1072}

10-3 F

0 50 100 150

Time

0.08

0.06

0.04

Reconection rate

0.02

0 50 100 150
Time

Fig. 11. (color online) Growth rates of reconnection in Case IV. Panel
(a) shows the temporal evolution of magnetic energy Er,, with the slope
(green dash line) representing the growth rate of y = d (InEp,)/dr =~
0.09, and panel (b) shows the temporal evolutions of E, = dy/dt for
reconnection processes without shear flow (Up = 0) and with shear flow
Uy =0.3Vy).

5. Discussion and summary

In this paper we discuss the effects of out-of-plane shear
flows on magnetic reconnection in 2D hybrid simulations, for
various symmetric or antisymmetric flow profiles.

It is found in previous studies that an out-of-plane mag-
netic field component can be generated by the out-of-plane
shear flow even without Hall effect in a 2D resistive MHD
model.!?8! Tt has also been shown in the Hall MHD model that
the out-of-plane magnetic field component induced by shear
flow can be coupled to Hall effect.?’) If the flow shear is
strong enough, the quadrupole field generated by Hall effect
can be significantly distorted.

An important feature of the Hall effect in magnetic re-
connection is to generate quadrupolar structure of out-of-plane
magnetic field component, called the Hall quadrupolar field,
which is also seen in observations and laboratory experiments.
Thus, this out-of-plane quadrupole field perturbation is usu-
ally taken as the main signature of a Hall MHD magnetic re-
connection regime. Nevertheless, previous studies have shown
that the out-of-plane shear flows may significantly affect the
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signature.[?7-281

In this paper we use four various shear flow profiles vary-
ing in-plane, which are the same as those in Ref. [27], in a 2D
hybrid model to further study the effect of out-of-plane shear
flow on fast magnetic reconnection. The shear flow in each
case is imposed on the initial equilibrium state, and the result
is compared with that in the case without the shear flow.

The results obtained in the present study can be summa-
rized as follows.

(i) For the equilibrium shear flow varying in the direction
of initial magnetic shear (i.e., the z direction) the effect of the
symmetric flow on the reconnection process is not substantial,
while the effect of the antisymmetric flow, particularly on the
out-of-plane magnetic field pattern (shown in Fig. 4) is obvi-
ous.

(i1) For the “driven” shear flow varying in the direction
of initial magnetic field (i.e., the x direction) the effect of the
symmetric flow on the reconnection process is significant. The
initial symmetric point, the origin in the configuration dis-
cussed, turns into an O-point instead of an X-point in other
cases. Consequently, a “multiple X-points” reconnection pro-
cess is triggered.

(iii) For the antisymmetric “driven” shear flow varying
in the x direction, the effect of the flow is also observable. Al-
though it does not affect the major reconnection process much,
one can clearly see the formation of “micro-islands”, which
may be helpful in understanding the “secondary islands” ob-
served in magnetotail plasmas.
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