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Abstract

®

CrossMark

The Hall effect, decoupling between the ion and electron motions, is the core mechanism
triggering fast reconnection. In plasmas with collision effects such as laboratory facilities,
collision can suppress the Hall effect and influence the triggering of fast reconnection. Here, by
conducting a series of kinetic simulations with varying collision parameters, we show that
collisions can suppress the electron outflow, impairing the quadrupole Hall magnetic field.
Besides, collision weakens the inflow of magnetic flux by reducing the charge separation and
increasing the thermal pressure at the reconnection site, leading to a reduction of the Hall
electric field. As the collisionality becomes larger, the Hall electric field diminishes more easily
than the Hall magnetic field. We propose that the quadrupolar Hall magnetic field can be a

significant indicator in reflecting Hall reconnection.

Keywords: magnetic reconnection, Hall effect, collision

1. Introduction

As a ubiquitous process in space plasmas and laboratory facil-
ities, magnetic reconnection leads to topological changes in
the magnetic field and converts magnetic energy to kinetic
energy, resulting in plasma accelerating and heating. Magnetic
reconnection is widely concerned for its close correlation
with geomagnetic storms and substorms in the magnetosphere
[1-4], and flares and coronal mass ejections (CMESs) in the
solar atmosphere [5-7].

Because the plasmas in space are mostly collisionless,
previous analytical calculations and simulations [8—11] have
been mostly focused on collisionless magnetic reconnection
in which they suggested that the Hall effect is the key to
understanding fast magnetic reconnection in most plasma

“ Authors to whom any correspondence should be addressed.

environments. Experiments [12—14] and satellite observations
[15, 16] also verify the existence of the Hall effect in fast
reconnection. The classic magnetohydrodynamics (MHD)
description of magnetic reconnection fails to predict the fast
reconnection rate since the Hall physics must be included.
Hence the Hall term is imperative to decouple the ion and elec-
tron dynamics. The ions and electrons break the frozen-in con-
dition at different scales, forming the multiscale structure of
the diffusion region. The onset of fast reconnection has been
a long-standing complicated problem in the theory of mag-
netic reconnection [11, 17, 18]. Previous studies suggest that
the triggering process involves the physics of kinetic Alfvén
waves [19], whistler waves [20], and nonlinear multi-wave
coupling [21]. It is helpful to explore the details of Hall phys-
ics to gain a deeper understanding and potentially solve this
puzzle. It was found that the Hall effect accelerates the tearing
instability and facilitates the onset of fast reconnection [22].
Fast magnetic reconnection is firstly triggered on an electron
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scale [23], where the frozen-in condition is broken by the elec-
tron dynamics. Then the Hall effect bridges the physical pro-
cess from the ion scale to the electron scale. In general, the
final reconnection process involves ion dynamics on a global
scale [11]. In the inflow region, the bipolar Hall electric field
accelerates the ions merging into the reconnection site, thin-
ning the reconnection layer to the scale of the ion diffusion
length [24, 25]. When the accelerated electrons jet outward at
the exhaust region [26], an out-of-plane quadrupole structure
of the magnetic field, namely the Hall magnetic field, is formed
[27]. Therefore, the quadrupole Hall magnetic field and the
bipolar Hall electric field are characteristic signatures of the
Hall effect in fast reconnection.

Nevertheless, when shifting our focus from the interplan-
etary plasmas to more various plasma environments, the role
of the collision effect can be intriguing, for instance, in the
lower solar atmosphere such as the photosphere and the chro-
mosphere where neutral particles begin to take effect [28], and
in the Martian magnetotail where dynamics of the heavy ions
can affect the reconnection process effectively [29]. Moreover,
magnetic reconnection in laboratory plasmas (e.g. tokamaks
[30-32], reversed field pinch [14], spheromaks [33, 34], laser—
plasma interaction [35], and dedicated reconnection facilities
[12, 36-38]) is featured with various configurations and more
adjustable parameter range from collisionless (Hall) to colli-
sional (Sweet—Parker) regimes [39]. Experiments on the mag-
netic reconnection experiment (MRX) device [13, 40] have
reported that the quadrupole Hall magnetic field decreases
as the collisionality strengthens, but the underlying phys-
ics of why the Hall magnetic field is weakened by collision
remains ambiguous. Former researchers imply the collisional-
to-collisionless transition can be seen as a phase transition [39,
41, 42]. Daughton et al [43, 44] have investigated the pro-
cess of the transition from the Sweet—Parker regime to the
kinetic regime by kinetic simulations. The emergence of plas-
moids and current sheet thinning to the ion scale is observed,
while the Hall magnetic field and the Hall electric field are
not described in the process. Now comes the question of how
Hall magnetic reconnection will evolve when introducing col-
lision effects. Stronger collision effects can result in larger
classical resistivity, providing for the conditions of Sweet—
Parker reconnection (i.e. resistive reconnection). Contrarily,
weaker collisionality may result in a more Hall-like regime
(i.e. kinetic regime). The key question is on what condition
the Hall effects dominate and on what condition the collision
effects take advantage. Understanding how collisions affect
those Hall fields can provide a more lucid perspective of the
Hall effects during magnetic reconnection.

The Hall magnetic field and the Hall electric field are
known as the characteristic indicators of Hall effects. Our
research aims to evaluate those Hall fields as indicators and
attempts to find how and why the indicators change in the
transition from one regime to the other.

To investigate the questions above, we conduct a series
of particle-in-cell (PIC) simulations from collisionless to col-
lisional. We focus on the reconnection that spontaneously
arises from a Harris current sheet. Only the collision para-
meter (Lundquist number) is varied for all cases, while other

parameters remain the same. The detailed simulation setup
is described in section 2. By examining the fields related to
Hall effects over time, we present the time evolution of the
quadrupole Hall magnetic field and the Hall electric field.
Through comparison cases with different collisionality, influ-
ences of collisions on the Hall effects are also illustrated.
Those results are shown in section 3. Finally, discussion and
conclusions are given in section 4.

2. Simulation setup

We perform the 2.5D kinetic simulations using the EPOCH
PIC code [45] which involves a Monte—Carlo module to cal-
culate the Coulomb collisions. The electromagnetic field is
updated by solving the Maxwell’s equations. The electron
and ion motions are advanced in the electromagnetic field by
solving their motion equations. Our simulations are conduc-
ted in a x—z plane, where the calculation box is L, x L, with
L, =100d; and L, = 100d;. d; = ¢/w,; denotes the ion iner-
tia length and wy; = \/noe?/eom; is the ion plasma frequency.
The x-boundaries are periodic and the z-boundaries are perfect
electric conductor. The grid spacing is Ax = Az = 0.0625d;.
The time step is Ar=0.0024€)." ! where Q; = eBy /my is the
ion gyrofrequency. The mass ratio is m;/m. = 40. The speed
of light is taken as ¢ = 9.04v, where va = By/+/Honom; is the
Alfvén velocity.

The initial condition is the Harris current sheet equilib-
rium without perturbations. The magnetic field is set to be
B = Bjtanh (z/0) e, with no guide field. By denotes the asymp-
totic magnetic field and 9 is the half-width of the initial current
sheet. We take § = 0.54, for all cases in our simulations. The
initial plasma density is n = ngsech? (z/8) + ny, for both elec-
trons and ions, where n is the initial plasma density at the cen-
ter of the Harris current sheet. A uniform background density
of ny = 0.3ng is applied. The ion temperature is the same as
the electron temperature at initialization.

The simulation setups above are applied for all cases. The
only variable is the collision parameter, i.e. the Lundquist
number S = pogvaL/n, where L is the characteristic length of
reconnection; here we take L = 100d;

Ze* . /meln A 0
32:2/20 T2

Ui

is the Spitzer resistivity calculated using the initial temperature
at the center of the current sheet. Based on the Coulomb col-
lision theory, the relationship between the Lundquist number
and the corresponding mean free path can also be calculated

2 m; [Ty L Ay
S= "=y —1/ =52, Q)
\6 me \ Te Pi d;
The collision parameters for all cases are listed in table 1.
The simulation data based on the setup above are openly avail-
able [46].

In the EPOCH PIC code, the collision is realized using
a scattering algorithm based on the model presented by
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Table 1. Collision parameters of calculation cases. The Lundquist
numbers shown in the table are set in the middle of the current sheet
during initialization. &/ Amfp i the ratio of the initial current sheet
width (6 = 0.5d, for all cases) and the mean free path of the
particles (Amgp).

Case Lundquist number 6/ Amfp
A 00 0

B 10° 0.0073
C 5x 10* 0.0146
D 2 x 10* 0.0365
E 8455 0.0864
F 3000 0.2434
G 1200 0.6086
H 625 1.1685
I 300 2.4343
J 150 4.8686

Nanbu and Yonemura [47] and Pérez et al [48]. For a spe-
cific Lundquist number, the corresponding central temperat-
ure and density of the current sheet can be calculated through
equation (1), which are given as the initial condition in the
code.

3. Results

3.1. Time evolution of Hall fields

We performed several PIC simulations with different
Lundquist numbers varying from S = 150 to S = oo, viz. col-
lisionless, listed in table 1. Detailed simulation setups are in
the Methods section. All cases except case J present signs
of Hall magnetic reconnection, i.e. the quadrupolar magnetic
field pattern near the X-line, a maximum reconnection rate
at the scale of 0.1, and significant outflows that approach or
exceed the Alfvén velocity. None of those are found in case
J through the calculation time (approximately 500 €2, 1. The
reconnection rate of case J maintains the scale of 1073,

Firstly, we focus on the Hall reconnection process. Here
we take case C as a typical example (shown in figure 1). Field
components related to the Hall effect at several moments dur-
ing Hall reconnection are plotted in figures 1(b)—(d). On the
one hand, the quadrupolar Hall magnetic field B, (figure 1(b1))
begins to form and rises with the outflowing current J,
(figure 1(d1)) after fast reconnection is triggered. Later the
quadrupolar pattern is enhanced and reaches a maximum at
Qit =75.8 (figure 1(b3)) with the current density in the x-
direction growing to the acme at the same time (figure 1(d3)).
Then it expands to the pile-up region and the density becomes
weaker (figures 1(b4) and (d4)). On the other hand, the z-
component of the electric field, namely the Hall electric
field, exists earlier than the onset of fast reconnection and
maintains the bipolar pattern during the reconnection process
(figures 1(c1)—(c4)).

To quantify the Hall effect in magnetic reconnection, we
calculated three characteristic quantities closely related to the
Hall effect, i.e. the Hall magnetic field By,), the peak of the
outflowing current Jy max, and the Hall electric field Epyan,

=
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Figure 1. Field components related to Hall effects at different
moments in case C. (a) Time evolution of reconnection rate.
(b1)—(b4) the y-component of the magnetic field By, (c1)—(c4) the
z-component of the electric field £, and (d1)—(d4) the x-component
of the current J, at different moments are shown. The black solid
lines denote the magnetic field. The corresponding moments are
plotted as red dots in (a).
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Figure 2. Time evolution of the Hall magnetic field amplitude (blue
line with circles), the maximum outflowing current (green solid
line), and the Hall electric field (red dashed line).

shown in figure 2. Those quantities are all smoothed and
averaged over 1 €2 ! to reduce the noise. The decoupling of
ion and electron motions forms the in-plane current, gener-
ating the out-of-plane Hall magnetic field. Thus, we take the
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x/d,

Figure 3. The outflowing current components near the X-line of
case C at it = 75.8. The red dashed line represents the position of
the X-line. The total electric current density (black), the ion current
density (blue), and the electron current density (red) are plotted
along the z = 0 line. Those current densities are averaged in the

z = £0.5d; range to reduce the noise.

maximum amplitude of the quadrupolar magnetic field B, as
the Hall magnetic field in our simulations, which is only calcu-
lated since €2t = 39, when the quadrupole pattern is obviously
formed. In the ion diffusion region, the Hall term (J x B) /ne
in the generalized Ohm’s law, mainly composed of the J,B, /ne
component at the vicinity of the X-line, is far greater than
the convection term and other non-frozen-in terms. In addi-
tion, it has been shown that the E, component is predomin-
antly electrostatic [49], which results from charge separation.
Consequently, the maximum absolute value of E, around the
X-line along the z-direction can be taken as the Hall electric
field.

The Hall magnetic field evolves with the outflow current
J synchronously, while the trend of the Hall electric field
is inconsistent with the outflow before €2;t = 39 (see the red
dashed line in figure 2), which is already formed before the
onset of the fast reconnection. The outflow near the X-line
(within 8d;) is mainly attributed to the electron current Jex
(the red solid line in figure 3). The relationship between the
magnetic field and the current density can be described by
equation (3)

V X B = poJ. 3

The displacement current term is neglected in the steady-
state approximation. In our specific x—z plane, equation (3) is
reduced to

0By By _
0z OHall

Ho - “

The dyay denotes the characteristic width of the quadrupole
pattern, which can be approximated as the width of the current
sheet. By is roughly proportional to the current J, formed in
the exhaust region of reconnection; this tendency is certified in

Qit =22
E/(B)V,)
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E /(B,V,)
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Figure 4. The contour of the normalized z-components in the
general Ohm’s law (equation (5)) for case C at two different times.
The panels in the first column are snapshots of field components at
€t = 22, before the onset of fast reconnection. The second column
is at ;¢ = 75.8, when Hall reconnection is well-developed. (a and
b) z-component of the electric field E; (i.e. the Hall electric field)
and two components in the Hall term (c and d) —JyB./ (ne) and (e
and f) J,By/ (ne). (g and h) The z-component of the electron
pressure gradient term —(V Pe)_/ne. The black solid lines denote
the magnetic field lines.

figure 2. When J, peaks, By, reaches the maximum as well,
proving that the Hall magnetic field is an explicit sign of Hall
reconnection.

Unlike the Hall magnetic field, the Hall electric field E,
emerges at the pre-reconnection stage (before {2;# = 39). Here
we try to figure out the evolution of the Hall electric field
through decomposing the general Ohm’s law in the z-direction
1 dP.

1
EZ+ (V X B)z = E (—JyBx +JxBy) — % dz .

&)

We decompose the Hall term in the general Ohm’s law into
two terms. The first term —J,B,/ne is naturally formed by
the initial Harris current sheet configuration. The second term
JBy/ne is composed of outflow current and the Hall mag-
netic field. We focus on the ion diffusion region, where the
Hall effects dominate. The V x B term is small in this region.
The electron inertial term and the off-diagonal components of
the electron pressure tensor are also omitted because they are
only dominant in the electron diffusion region. The remain-
ing components of case C are plotted in figure 4 before (€2t =
22.0, the first column in figure 4) and after (€ = 75.8, the
second column in figure 4) the onset of fast reconnection.
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Figure 5. The maximum Hall magnetic field (blue) and the Hall
electric field (red) versus the collision parameters (i.e. the ratio of
the initial current sheet half-width § to the mean free path Ang and
the Lundquist number S). The x-axis employs the logarithmic
coordinates; thus, case A is not shown in the figure for §/ Amtp =0
and S = oo.

Before the onset, the bipolar electric field structure is formed
(figure 4(a)). The Hall component —J, B, /ne (figure 4(c)) and
the electron pressure gradient term (figure 4(g)) present the
adverse bipolar pattern, yet the Hall term is apparently larger,
meaning the central thermal pressure cannot contend against
the upstream magnetic pressure, allowing the electric field to
drive the ions along with the magnetic flux into the reconnec-
tion site. After fast reconnection is triggered, the bipolar elec-
tric field grows more intense and expands to the separatrices
(figure 4(b)). Still, the dominant part is the component of
—JyBy /ne (figure 4(d)). The J,B,/ne term exists close to the
neutral line at the exhaust region (figure 4(f)), corresponding
to the coeffect of the Hall magnetic field and the outflowing
current. The electron pressure gradient formerly at the recon-
nection site shifts to four arms of the separatrices, which can
no longer hinder the inflow of the magnetic flux.

3.2. Effects of collision on Hall fields

The features of Hall fields described above for case C also
hold for other cases (except the collisional reconnection in
case J), the same means can be applied to evaluate the Hall
fields for other cases. Once we find out the maximum Hall
magnetic field and the Hall electric field during reconnection,
we can compare the maximum By, and Eyyy for all cases with
varying collisionality, shown in figure 5. The Coulomb colli-
sion can be represented by either the mean free path or the
Lundquist number, both labeled at the x-axis. The maximum
Hall B field descends as the collisionality becomes stronger
(shorter mean free path and smaller Lundquist number S). This
tendency is consistent with the experimental results [13].

For detailed comparison, the maximum Hall magnetic field
patterns for cases C, H, I, and J are plotted in figure 6. When
the collisionality becomes stronger, the Hall magnetic field

(a) Case C
B ‘
w 0
40
20 30 40 50
(b) Case H
0
<" 2 |
= 50
40 :
60 70 80 90 100
(¢c) Casel
60 0.5
-
= 50 | i.
40 ° -0.5
60 70 80 920
(d) Case J
60
v.l—i
= 50
40

20 30 40 50

x/d,

1

Figure 6. The B, component of the magnetic field of cases C, H, I,
and J. The contours of cases C, H, and I are plotted at the time when
B, peaks. A typical time (£2iz = 73) is chosen for case J as it remains
a quasi-steady-state over the simulation process. The black solid
lines denote the magnetic field lines.

structure is weaker but maintains an identifiable quadrupolar
structure until fast reconnection is not triggered in case J. The
impairing Hall magnetic field implies that collision can reduce
the electron outflow.

We notice that the Hall electric field diminishes earlier
than the Hall magnetic field (cases F-J) when S < 10* (see
figure 5). To quantify the reduction of the electric field, we plot
the z-components (the inflow direction) of terms in the gener-
alized Ohm’s law in figure 7 (also for cases C, H, I, and J).
For the typical Hall reconnection (case C), the E, component
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Figure 7. Z-components of terms in the generalized Ohm’s law at
the X-line in the inflow region of cases C, H, I, and J. The
components are averaged over +0.5d; in the x-direction. (Blue) The
electric field component E., (red) the Hall term, (orange) the
electron pressure gradient term, (black dashed) the sum of the Hall
term and the electron pressure gradient term. Those terms of cases
C, H, and I are plotted at the time when By, peaks. A typical time
(£2it = 73) is chosen for case J as it remains a quasi-steady-state
over the simulation process.

is dominated by the Hall term J x B/ne. As the collisionality
grows stronger, the Hall term decreases because the decoup-
ling between the ions and electrons becomes weak. Further,
the electron pressure rises slightly due to the heating effect

by collision. For cases I and J (figures 7(c) and (d)), the Hall
term (corresponding to the Lorentz force) is almost balanced
by the electron pressure gradient term, causing the reduction
and even disappearance of the Hall electric field. It is also
noticed that the peaks of the Hall term and the electron pres-
sure term expand to a wider range in case J (figure 7(d)). This
is also evidence of the expansion of the current sheet width
due to collision, i.e. the weak Lorentz force fails to drive the
plasma flux and the magnetic field lines into the reconnection
region.

4. Conclusions and discussion

In conclusion, the quadrupolar Hall magnetic field is approx-
imately proportional to the outflow electron current density
in the exhaust region, which well reflects the Hall physics
in reconnection. On the other hand, the Hall electric field is
related to the non-equilibrium of the pressure gradient force
and the Lorentz force in the inflow direction even before
the onset of fast reconnection. As the collisionality becomes
stronger, the mean free path reduces to the scale of sub-
ion inertial length, depressing the charge separation, thus the
Lorentz force (Hall term) descends; together with the heat-
ing effect by collision, the thermal pressure increases, cor-
responding to the decline of the Hall electric field. Besides,
the collision effect can reduce the electron outflow current
density, impairing the quadrupole Hall magnetic field. We
noticed that the electric field diminishes more easily than the
quadrupolar Hall magnetic field when the collisionality grows
stronger.

The quadrupolar magnetic field structure certifies the exist-
ence of the Hall effect. While the bipolar electric field pat-
tern can be harder to assess especially when the collisional-
ity becomes stronger. The discrepancy between the electric
field and the magnetic field may arise from their generation
mechanism. The Hall electric field requires charge separation
in space. The ion—electron collision brings the momentum and
energy exchange between two types of particles, and mixes up
ions and electrons at the scale of the mean free path. When
the mean free path reduces below the ion inertial scale (cases
G, H, and I in table 1), ions cannot complete a gyromotion or
meandering path around the neutral line in a mean collision
interval. At this scale, the ions become partially unmagnetized
due to collision, so that they will diffuse to counteract charge
separation. The diffusion time scale (~ d/v;) is approxim-
ately the same order as the ion cyclotron period. On the other
hand, at the exhaust region, electrons can still be accelerated
and jet outward at the order of the electron Alfvén speed V.
Even though the unmagnetized ions attempt to follow the elec-
tron jets, they cannot be accelerated to V. by electron—ion
collision. Therefore, the Hall current and Hall magnetic field
can still be generated without charge separation in space, they
only require the decoupling of the electron flux and ion flux in
the phase space at the exhaust region, which makes the Hall
magnetic field structure easier to hold. Only when the mean
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free path falls below the electron inertial length the diffusion
is strong enough to break the electron frozen-in condition and
totally erase the decoupling between electron and ion motion
(see case J).

We applied a reduced mass ratio of m;/me. =40 in our
research. For the physical mass ratio, the gap between the
ion inertial length and the electron inertial length becomes
wider, resulting in a wider parameter space of the intermedi-
ate regime between the Hall regime and the collisional regime.
This makes the regime easier to observe in experiments. The
temperature ratio between ions and electrons can also alter this
intermediate regime as the collision parameters are determ-
ined by the temperature. In this work, we set the initial ratio
T;/T. = 1 for simplicity, so that the ion mean-free-path and the
electron mean-free-path are identical. Altering the temperat-
ure ratio can be complicated, which will be discussed in future
work.

Our simulation results can be mapped into the single X-
line collisionless to collisional phase in Ji and Daughton’s
phase diagram [39], though the intermediate regime is not
shown in the diagram. The effective plasma size in our sim-
ulations is fixed as L/d; = 100, which is too short to gener-
ate plasmoids. Hence, the multiple X-line phase (or the plas-
moid phase) in Daughton’s simulation [50] is not discovered in
our results. Occasional temporary secondary magnetic islands
can be noticed near the X-line (e.g. figures 1(e)—(g) and (n)—
(p)), which may enhance or impair the local Hall fields but its
impact on the reconnection process can be negligible due to its
randomness and short lifespan.

Our results certify that the quadrupolar Hall magnetic field
can be a significant feature in identifying Hall reconnection,
which can facilitate the experiments to evaluate whether Hall
physics occurs. Those findings can help us further understand
the effects of collision on the reconnection rate and energy
conversion process.
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