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Key Points:

e The reconnection rate normalized by ion parameters (Ri) can reach high values,
attributed to insufficient field line bending outside of EDR

e Reconnection without ion bulk outflows occurs with high £;, as the bulk represents a
near-zero average acceleration across the p; scale exceeding the system size

e The rate normalized to electron parameters at ~0.1 indicates a well-developed EDR; a
high Rjindicates high absolute reconnection efficiency and weak ion coupling



Abstract

The recently discovered electron-only reconnection has drawn great interests due to abnormal
features like lack of ion outflows and high reconnection rates. Using particle-in-cell simulations,
we investigate their physical mechanisms. The reconnection rate, when normalized by ion
parameters (R;), may appear anomalously high, whereas that normalized by electron parameters
(R,) remains ~0.1. We propose that the essence of high R; is insufficient field line bending
outside the electron diffusion region, indicating an incomplete development of the ion diffusion
region. It may result from bursty reconnection in thin current sheets, or small system sizes. The
ion outflow diminishes at high ; when the gyroradius (p;) exceeds the system size. Low-
velocity ions still experience notable acceleration from Hall fields. However, a local distribution
includes many high-velocity ions that experience random accelerations from different electric
fields across p;, resulting in near-zero bulk velocities. Our study helps understand reconnection
structures and the underlying physics for transitions between different regimes.

Plain Language Summary

Magnetic reconnection is a fundamental energy release process in plasmas. In
reconnection, both ions and electrons couple to the process, receiving energizations. The
reconnection rate measures the efficiency of particle acceleration and magnetic flux transfer.
However, a new type of electron-only reconnection has been observed recently, where ions do
not exhibit accelerations of bulk flows, yet a higher reconnection rate compared to ion-coupled
reconnections is detected. We use particle-in-cell simulations to examine the controlling factors
and physical meanings of the high reconnection rate and explore the reasons for the minimal ion
acceleration. We find that the high reconnection rate indicates an incomplete development of ion
diffusion regions with insufficient magnetic field bending, and the minimal ion bulk acceleration
is due to the average over large-scale ion gyromotion covering different fields.



1 Introduction

Magnetic reconnection is a fundamental process in plasma physics that rearranges the
topology of magnetic field lines and drives many explosive energy transferring processes in
space (Birn & Priest, 2007; Yamada et al., 2010). The standard model of reconnection (Figure
1a) describes a small electron scale electron diffusion region (EDR) embedded in a large ion
scale ion diffusion region (IDR). On larger scales, both ions and electrons are frozen-in with the
magnetic field, but they decouple from the magnetic field within the IDR and EDR, respectively.

Recently, Phan et al. (2018) reported the electron-only reconnection in Earth’s turbulent
magnetosheath, where no ion-scale current sheet or ion outflow is observed throughout the
reconnection process. Simulation studies provided explanations of generating electron-only
reconnection by either small system sizes (e.g., smaller than 10 d;, where d; is the ion inertia
length) as in a turbulent environment (e.g., Pyakurel et al., 2019) or a transient early phase of
standard reconnection as in studies of magnetotail current sheets (Lu et al., 2020, 2022).

The reconnection rate measures the efficiency of particle acceleration and magnetic flux
transferred during reconnection. It can be normalized by ion parameters (R;) or electron
parameters (R,), both exhibiting a typical value of about 0.1 (Liu et al., 2022). However,
observations show E; much larger than the expected value if normalized to ion parameters (on
the order of 50) in electron-only reconnection (e.g., Phan et al., 2018; Bessho et al., 2022). This
suggests a potentially large reconnection rate, although additional local physical mechanisms
may play a role. Similarly, kinetic simulations have found high R; in electron-only
reconnections. One currently accepted controlling factor is the small system size, which gives
high R; and suppresses the ion outflow at the same time (Pyakurel et al., 2019). However, in
simulation practices, the reconnection rate may be influenced by multiple parameters. Could any
other factors also contribute to a high R;? For example, the initial current sheet thickness may be
a promising candidate, as demonstrated in a contemporary study by Guan et al. (2023).
Furthermore, what is the essential mechanism for high R;? In this study, we further examine the
effects of system size and initial current sheet thickness on the reconnection rate, and try to
further figure out the underlying physical meanings behind.

The ion dynamics in electron-only reconnection is also an intriguing problem. Phan et al.
(2018) suggested that the limited space and/or time in the turbulent environments prevents ions
from coupling to the magnetic structures. Simulations by Pyakurel et al. (2019) supported these
findings, and they identified a system size of 10d; as a critical transition point. Further research
by Guan et al. (2023) revealed the transition threshold as p; (ion thermal gyro-radius). Despite
these advances, there has yet to be a detailed investigation into the exact mechanisms to explain
why ions fail to experience acceleration.

In this paper, we use particle-in-cell (PIC) simulations to explore the controlling factors
and physical meanings of high reconnection rates. Additionally, we investigate the behaviour of
ions in simulations with and without bulk outflows to understand why ion outflows may be failed
to form.

2 Simulation Setup

We conducted twelve 2.5-dimensional PIC simulations described in Table 1 using the
VPIC code (Bowers et al., 2008). The x boundaries are periodic, while the z boundaries are
reflecting for particles and conducting for the fields. The simulations are initialized with force-
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free current sheets, where all initial currents are carried only by electrons. The guide field B, is
equal to the upstream asymptotic field B,,, and By, = |BZ%, + BZ. The initial magnetic field is

given by B, = Byg[tanh (z/L)] and B, = y/B§ — BZ, where L is the half thickness of the
current sheet. Reconnection occurs spontaneously from numerical noises.

In Table 1, % is the ion-to-electron mass ratio, ; (8.) is the ion (electron) beta based on

the uniform initial number density n,, temperature T;, (To) and magnetic field B,. w,, is the
electron plasma frequency based on n,, and w,, is the electron cyclotron frequency based on B,.
The number of particles per cell per species (nppc) is 500 in all simulations. Unless otherwise
noted, the length is normalized to the ion initial length d; (based on no), the magnetic field is in

. By __— -
B, the velocity isin V, = Jﬁznl and the electric field is in B,,V,.

The simulations are categorized into three groups. In the A and B groups, we observed
the reconnection rate influenced by L and L,, respectively, where L, is the system size along z.
In the C group, we altered T;, and hence p; and f3;, to study its effect on the ion outflow.

To simulate the realistic boundary conditions, we performed three different simulation
models. “1CS” refers to one initial current sheet. “3CS” represents three initial current sheets
along z of the equal thickness, with the initial currents oriented in opposite y directions for the
adjacent current sheets. L, represents the system size along z for each current sheet, so the
simulation size along z in the 3CS model is 3L,. “1+2CS” means one thin initial current sheet in
the middle, with two thick initial current sheets (L = 0.5d;) positioned above and below. In the
1+2CS model, L, is defined by the distance between the extreme points of B,. The thick current
sheets, which do not reconnect during the time of interest, act as realistic boundaries. Thus,
particles can be constrained in the z direction through the electromagnetic force instead of by
artificial reflections at the boundaries. Therefore, in group C when focusing on the ion dynamics
in a small system size, the 1+2CS model is applied to completely avoid the effect of artificial
boundary conditions.

3 High reconnection rate (R;) caused by insufficient magnetic field line bending

We first study the reconnection rate. Based on the diagram in Figure 1a, the normalized
reconnection rates can be written as

d;y d;y
t t
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Where A,, is the y component of the magnetic vector potential. The simulations do not
develop or have not yet developed well-defined IDRs for the intervals of interest, so we calculate
R; using B, at the system boundaries. B,, marks B, at the EDR boundaries, defined by the edge
of the central /,,, current layer. An additional J,,, layer may develop outside the central EDR
with an opposite sign, partly due to the Hall effect. Thus, we choose a practical criterion for the

EDR boundary at J, = % (ey,max T 9eymin), Which gives reasonable and consistent results
throughout the reconnection development in all runs.



With simulations in group A, we examine the effect of the initial current sheet half
thickness (L). The reconnection rates at the time of peak R; are presented in Figure 1b. As L
decreases, R; increases and becomes abnormally high (approximately 0.9). Such an increasing
trend of R; with decreasing L is consistent with the contemporary study (Guan et al., 2023). In
contrast, R, remains around 0.1. Let us compare the time history of reconnection rates in runs Al
(L = 0.03 d;, Figure 1c) and A5 (L = 0.3 d;, Figure 1d). In Figure 1c, R; (black line) rapidly
reaches a high peak during the initial phase (tw.; = 0.2 to 0.8) before dropping to a steady
phase, while R, remains consistently around 0.1 throughout the entire process. In Figure 1d, R;
and R, both slowly rise to a steady value around 0.1, in accordance with the standard
reconnection model.

In all of our simulations, R, remains perfectly around 0.1, so we examine the abnormally
high R; by comparing it to R,. The ratio between the two is

Re B VAinO B me

Ri _ VAeBxe _ E(Bxe)z
Bxo

(2)

This relationship shows that the high R; comes from a high Bxe ratio. Since B,. can

xO

normalize R, effectively, the hlgh Bre ratlo results from a low AB, = B,, — By., the magnetic
field depletion outside of the EDR as |Ilustrated in Figure la.
By applying Ampée’s Law in the x — z plane,
(VX B)y = woly (3)
We take a cut at the x location of the X-line and integrate along z to obtain
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The integrals fiDR tolydz (black) and fiDR %dz (green) are presented in Figures 1e
and 1f, respectively. In all of our simulations, the contribution from ijR tolydz is an order of

magnitude smaller than that from ijR % dz. This phenomenon can be attributed to the fact that

the J,,, (blue) with an opposite sign from that in the central EDR, partly resulting from the Hall
effect, always offsets J;,, (red) that arises from the ion acceleration by the reconnection electric
field E,,. Consequently, it can be approximated that

EDR g
AB, zf 7% (5)
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The term phy3|cally represents the magnetic tension, and geometrically reflects the

bending of magnetlc field lines in the z-direction. Thus, the low 4B, results from a low 2 E’
indicating insufficient field line bending, which further leads to high R;.

To observe how a low L contributes to insufficient field line bending, we examine the
ratio ? (blue) in Figures 1c and 1d, which is the mean value of both sides of the current sheet.
x0



Initially, % remains approximately 1, and then enters a rapid declining phase when the
X0

reconnection starts, followed by a transition to a steady phase. A key distinction between runs
Al and A5 is the evolution speed: in run Al, R; peaks within a short interval (tw.; = 0.5),

during the declining phase of ?; in run A5, R; gradually rises to its peak (tw.; = 24) during the
x0
steady phase of %. Therefore, in thin current sheets, reconnection rapidly progresses with a high
x0

reconnection rate %, before magnetic field lines achieve sufficient bending and hence,
significant 4B, resulting in high R;.

Another important factor influencing R; is L,. When the field line structure extends to the
system boundaries, a small L, can restrict the space available for the field lines to fully bent,

resulting in higher R;. As shown in Figure 1g for group B, both R; (black) and % (blue)
X0

decrease as L, increases. It applies to both the first R; peak during the declining phase of %

x0

(solid curves) and the later steady phase (dashed dotted curves). The time histories of the
reconnection rate and ? for group B are provided in the Supporting Information. After the

X0

initial declining phase, % becomes steady, while R; exhibits peaks when magnetic islands
x0

merge. The values representing the steady phase in Figure 1g are taken at the second R; peak,
which occurs as the island merges for the first time from three to two islands (not shown), and
when R, in all runs reach similar values around 0.1 (Figure S1). The field line structures of runs
Bl (L, = 1d;) and B4 (L, = 5d;) at the second R; peak are presented in Figures 1i and 1j,
respectively. It is evident that run B1 exhibits less field line bending compared to run B4.

Run B5 (3CS Model) mimics a turbulence environment, where multiple current sheets
interact, resulting in significant deformation of reconnection structures and a reduced lifespan of
reconnections. In the early stage, reconnection develops in a similar manner with that from the
1CS model (not shown). However, Figure 1h illustrates the field line structure at tw.; = 3,
where the main X-line is being disrupted by adjacent current sheets. At this time, the
reconnection structure cannot be clearly defined and it ceases soon afterwards. Therefore,
studying the transient reconnection behavior is important for the turbulence environment, since it
may not get a chance to develop into steady states.

4 The absence of ion outflow caused by high B;

While it is generally accepted that electron-only reconnections have high reconnection
rates, it is important to note that a high reconnection rate is not necessarily associated with the
absence of ion outflow. As illustrated in Figures 2a and 2c, run C1 exhibits both a high R; and a
strong ion outflow.

Figures 2e-2f depict the E,, and ion outflow structures in runs C1 (g; = 0.1) and C2
(B; = 9). E, as part of the Hall field arises from the decoupling between ions and electrons and
is an important factor on accelerating ions towards the outflow (e.g., Aunai et al., 2011; Yamada
et al., 2018). It is noteworthy that although the E,, structures in C1 and C2 are similar, and even
stronger in C2, run C1 demonstrates a strong ion outflow, while run C2 is an electron-only
reconnection. A contemporary study by Guan et al. (2024) also suggests that the stronger E,



structure in electron-only reconnection arises from greater charge separation due to the absence
of ion outflow.

To investigate why ions in run C2 are not fully accelerated, we collected the ion velocity
data from a specified area in the outflow region, indicated by the black circles in Figures 2c and
2d. We present the reduced ion velocity distribution functions (VDFs) in the v, — v, plane of
runs C1 and C2 in Figures 2g and 2h. A key difference is the ion velocity range: most ions in run
C1 have a velocity not exceeding 1V,, whereas ions in run C2 can reach velocities of up to 10V,.

We examine low-velocity and high-velocity ions separately. In run C1, the low-velocity
ions include all ions; in run C2, the low-velocity ions include those with velocities less than
3venic1 = 0.9V, as indicated by the white circle in Figure 2h, where vp; ¢, is the initial ion
thermal speed in C1. The one-dimensional reduced VDF along v, for only low-velocity ions is
shown in Figure 2i, where both simulations exhibit a similar bulk velocity drift in the —x
direction. To gain further insights, we observe the typical trajectories of the low-velocity ions
from both simulations in Figures 2j and 2k. These ions travel over a small scale near the X-line.
Using the same color scale to represent the speed along track, they exhibit nearly identical
behaviors. In conclusion, the low-velocity ions in both simulations experience accelerations and
show little distinction.

For the high-velocity ions, which comprise the majority in run C2, we picture the typical
trajectories in Figure 2l. One trajectory is colored in rainbow that represents the speed along
track, while the other two are depicted in black and purple, respectively. These ions travel at high
velocities across the system scale, as was also shown in Guan et al. (2023). The ions pass
through the X-line region in a short time, which limits their acceleration from the electric fields
that belong to the same X-line. Additionally, they experience counter-acceleration from the
opposing electric field throughout the system, which offsets their velocity. Consequently, it is
highly possible that a single high-velocity ion cannot accumulate significant acceleration during
the entire gyromotion process.

On the other hand, when considering the bulk ion outflow, we are not observing the
behavior of a single particle, but rather the average velocity of all the ions within a local area.
Since these local ions come from random trajectories across the p; scale, their average velocity
will therefore represent the average acceleration across the p; scale. Therefore, when p; exceeds
the system size, the bulk ion velocity reflects the average acceleration across the entire system,
which is zero due to the symmetric nature of the reconnection structures.

5 Discussion

Our results have linked the high R; to insufficient field line bending, and it suggests that
R; in such cases cannot appropriately represents the normalized reconnection rate. Comparing
our study with the standard model in Figure 1a, R,~0.1, indicating that the reconnection
structure within the EDR is already well-developed. The standard model proposes that B,; can
properly normalize R;, and in Figure 1a, we expect B,y = B,;. When insufficient field line
bending (low AB,) exists between B, and By, Byog = Bye + 4B, < B,; (the expected value of
B,;). Consequently, B, cannot effectively normalize R;, and R; loses its meaning as a
normalized reconnection rate. The reduction of 4B, in small-scale reconnection was discussed
in Pyakurel et al. (2019) and Bessho et al. (2022), but here we demonstrate that 4B, is
contributed by field line bending with little contribution from the current density (e.g.,



discussed in Pyakurel et al., 2019). The importance of field line bending in constraining R;~0.1
in standard reconnection was pointed out in Liu et al. (2017). We note that the field line
bending outside of the IDR would lead to B,y > B,;, but using either B, = B,; or B,y > By;
would not alter the above analysis. Thus, our study extends the picture of field line bending to
inside the IDR, concluding that insufficient bending outside of the EDR still allows for R,~0.1
but fails to constrain R;.

However, R; can still be meaningful as a description of the absolute value of the

dA
reconnection rate. Given a fixed boundary condition of B,,, a higher R; means higher d—ty =

R;V4;Byo, i.€., more magnetic fluxes are reconnected per unit time. It serves as a useful
guantity to compare the absolute reconnection rate in observation events, as long as the
upstream boundary conditions can be identified.

Additionally, the high R; can be an indicator of the extent to which the ion acceleration
deviates from the standard model. Since ions decouple from the field lines inside the IDR, the
motion of field lines between the EDR and IDR boundaries is primarily due to the electron
motion u,,, mainly guided by the E,, X B, drift. Therefore, insufficient field line bending can be
attributed to an incompletely developed E,, structure, which is a crucial factor influencing the
ion acceleration within the IDR. Our simulations also show an expanding E|, structure
originating from the EDR, which corresponds with a similar J;,, structure, and u;, grows
together with J;,, (not shown). Thus, the insufficient field line bending and the high R; are
related with weak ion acceleration and incomplete IDR development. The decreasing phase of
Bx

B—e can represent the evolution process of IDR.
0

X

The electron-only phase can be either temporary or throughout the entire reconnection
process. In our simulations of group A, with L, X L, = 10d; X 5d;, eventually ions are coupled
and R; reaches around 0.1. Thus, the incomplete ion coupling only occurs in the early time (Lu
et al,, 2020, 2022; Hubbert et al., 2021). When the initial current sheet is thick, reconnection
grows slowly and the reconnection rate peaks after field lines have been fully bent, so that R; is
low in the electron-only phase, such as in our run A5 and in Lu et al. (2020, 2022). However,
with a thin initial current sheet, reconnection peaks before field lines are fully bent, producing a
temporarily high R; as in our run Al. In contrast, with a small system size as in our group B and
those in Pyakurel et al. (2019, 2021), the field line bending is constrained by the system size and
can never fully develop. Thus, R; remains high as long as reconnection proceeds with a fast
R,~0.1.

The lack of the ion outflow is linked to high ;. It is consistent with the decreasing trend
of the ion outflow with increasing f; in large-scale standard reconnection (Li and Liu, 2021).
Their study also found that R; decreases with higher ;. The reconnection rates in our two
simulations in group C only exhibit a small difference, so we cannot draw a conclusion on their
relation. However, Guan et al. (2023) showed with multiple simulations that in small-scale
reconnection, R; increases with higher f3;, opposite to the trend in large-scale reconnection.
Our conjecture is that when the system size is smaller than IDR, as f3; rises, the expected IDR
size also increases. Therefore, it amplifies the weakening effect on ion acceleration due to the
small system size, leading to a higher R;, while R, may remain around 0.1. In large-scale
reconnection, ions are magnetized once outside of the IDR, so a lower outflow at higher f; can



. . . dA
be associated with a lower reconnection rate d—ty = Ey = VourBout, Where Vi and By

represent the velocity and magnetic field around the outflow boundary of the IDR, respectively.
Then both R; and R, would be lower. In summary, a higher [5; leads to a weaker bulk ion
outflow; it reduces the normalized reconnection rate (R; and R,.) in standard reconnection by
really reducing the reconnection efficiency, while it can increase R; (but not R,.) in small-scale
reconnection by introducing insufficient field line bending and incomplete IDR structures.

6 Conclusion

In conclusion, we have examined the normalized reconnection rates and the impact of
Bi on the ion outflow using 2.5 dimensional PIC simulations. Our findings indicate that while R;
may be abnormally high, R, remains consistently around 0.1. The high R; is attributed to
insufficient field line bending outside of the EDR, which corresponds to an incompletely
developed IDR. A thin initial current sheet may produce temporarily high R; by fast
reconnection development before field lines have been fully bent, while a small system size
may limit the field line bending throughout the reconnection process. A high R; is an indicator
of the extent to which ion acceleration deviates from the standard model.

Previous studies associated the small system size, high R;, and lack of ion outflow
together. However, we show that while high R; does represent weak ion coupling, it does not
indicate a complete absence of the ion outflow. The ion outflow is suppressed by the combined
effects of the small system size and high f; (i.e., large IDR size), rather than by the small system
size alone. Hall electric fields develop in both cases in simulation group C, and low-velocity ions
exhibit similar acceleration patterns. High-velocity ions in the high-f; run travel rapidly through
the acceleration region, receiving minimal acceleration. Statistically, the local ion bulk velocity
represents the average acceleration across the p; scale; thus, when p; exceeds the system
scale, the ion outflow diminishes.

Our analysis advances the understanding of field structures of reconnection diffusion
regions and the associated particle acceleration. As we identify the essence of R; and the ion
bulk outflow, our study clarifies the relationship between normalized reconnection rates,
system sizes, current sheet thicknesses, and the lack of ion outflows. The transition between
different regimes related to these factors is thus understandable.
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Table 1. Plasma parameters of twelve simulation runs

m; Wpe
Run — pi/d; Bi Be Ly/d; | Ly/d; | L/d; 4/d; Model

me Wce
Al 0.03
A2 0.05
A3 10 5 0.1 0.01 1CS
A4 0.2
A5 0.3
B1 100 1.58 2.5 0.5 5 1
B2 1.5 0.005

1CS
B3 5 2 0.03
B4 5 0.01
B5 1 0.005 3CS
C1 0.32 0.1
2 2 1 1 . .001 1+2

o 900 3 9 0 0.05 0.00 +2CS

Note:

e

%: ion-to-electron mass ratio. p;: ion gyroradius. 8; (B.): ion (electron) beta . -

Wpe

ce

: ratio between the

electron plasma frequency and electron cyclotron frequency. L,: system size along X. L: initial current sheet

half thickness. A: size of one cell. Model: simulation model. See text for details.
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Figure 1. (a) The structure of diffusion regions. (b) to (f): Reconnection rates affected by

the initial current sheet half thicknesses (L). (b) Simulation Group A: Peak R;, R, and %

x0
at the time when R; reaches the peak. As L increases, R; and % both decrease, while R,
x0

always remains around 0.1. (c) and (d), runs A1 (L = 0.03 d;) and A5 (L = 0.3 d;): the
evolution of R; (black), R, (red) and g—"; (blue) over time. In both cases, as reconnection

develops, % first decreases and then becomes stable as R, reaches around 0.1. In run Al,
x0

reconnection develops rapidly, associated with R; reaching a high peak; in run A5, R;
gradually increases to around 0.1. (e) and (f), runs Al and A5: B, (orange), the integral of

Jjy (black) and ddiz (green) from the upper system boundary to the upper EDR boundary

along the x location of the X-line at the time when R; peaks. 4B, is mainly contributed by
ddiz. Despite j;, (red) is larger in A5, j,, remains small as j;,, offsets j,,, (blue). (g) to (j):
Reconnection rates affected by the system size along z (L,). (g) Simulation group B: R;

(black) and Bre (blue) at the time when R; reaches the first peak (solid) and the second peak

BxO
(dashed dotted). As L, decreases, R; and ﬁ’“’ both decrease. (h) run B5: out of plane current
x0

at tw.; = 3. In turbulent environment, strong deformation is observed. (i) and (j), runs B1
(L, = 1d;) and B4 (L, = 5d,): the reconnection rate R; at the second R; peak. Less field
line bending is observed in B1 than in B4.
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Figure 2. (a) to (f): Reconnection ion outflows affected by g;, run C1 (left) with g; = 0.1

and run C2 (right) with g; = 9. (a) and (b), the evolution of R;, R, and i—"z over time. Both

runs exhibit large peak R;. (c) and (d), significant ion outflow U;, observed in run C1, while
no ion exhaust is present in C2. Black circles represent the outflow region where the ion
velocity data were collected for the analysis. (e) and (f), similar E, structures observed near
X-line in both runs, stronger in C2. (g) to (I): lon particle data from the outflow region of
runs C1 and C2. (g) and (h), reduced ion VDF in the v, — v, plane. (i) One-dimensional
reduced ion VDF along v,.. For C2 (red), only low-velocity ions with |v| < V4 (within the
white circle in (h)) are collected. Distributions in both runs exhibit a bulk velocity drift in
the —x direction. (j) and (k), typical trajectories of ions in run C1 and low-velocity ions in
Run C2 overplotted on E, at tw.; = 0.6. Colors along the trajectories represent their
speeds, showing similar accelerations. (l) Typical trajectories of high-velocity ions in Run
C2 overplotted on E, at tw.; = 0.4. One of the trajectories is colored in rainbow, showing
little and reversing accelerations over one cyclotron period. Two additional trajectories are
shown in black and purple. Since the gyroradius exceeds the system scale, ions in the local
distribution experience the acceleration across the whole system, leading to a negligible
bulk velocity.



