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The time evolution of the cross-shock electrostatic potential jump during one specific high Mach number quasi-
parallel shock reformation cycle is examined via a 1D hybrid simulation. It is shown that when the average value
of the electrostatic potential jump is low, its instant value can be large so that the shock is in a favorable profile to
directly reflect the incident ions. Our simulation also suggests that, for the ones that finally become injected ions
(which can be further accelerated by diffusive shock acceleration mechanism), the first step of their reflections
should be mainly attributed to the electrostatic potential jump, instead of the magnetic force, as stated in some
previous studies.
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In space and astrophysical plasma, collisionless
shocks are of much concern not only in the parti-
cle heating, but also in the explanation of high en-
ergy particles. The theory of diffusive shock accel-
eration (DSA) has been very successful in explaining
the high energy tail of the cosmic ray spectrum as-
sociated with shocks.[1−11] At a quasi-parallel shock
(𝜃𝐵𝑛 < 45∘ with 𝜃𝐵𝑛 being the shock angle between
the upstream magnetic field and the shock’s normal di-
rection), where the upstream waves and downstream
waves are rich, DSA works more efficiently because
ions are more easily scattered back and forth to cross
the shock many times, gaining very high energies. In
DSA mechanism, an injection problem around how a
small fraction of seed particles are extracted from the
thermal background plasma to generate superthermal
ions for a further diffusive acceleration process has not
been well addressed.[12−14]

Since initially performed by Kan and Swift[15] and
Quest,[16] the hybrid simulation has been considered
a powerful tool to investigate the origin of diffuse su-
perthermal ions as well as the details of the quasi-
parallel shock structure. Specifically by this method,
Burgess[17] found that the high Mach number quasi-
parallel shocks exhibit a cyclic behaviour and reform
periodically, which has been confirmed by numerous
later researches. According to previous observations
and simulations, ion reflection is very common in
quasi-parallel supercritical collisionless shocks.[18−20]

Ions can be periodically reflected by the shock front
during the shock reformation, which seems to be ini-

tiated by the coherently reflected process.[21,22]

In this work, self-consistent 1D hybrid simulations
(ions are treated kinetically, while the electrons are
treated to be massless, adiabatic fluid) of high Mach
number quasi-parallel shock were performed to study
the ion reflection and electrostatic potential jump.
The results suggest that the electrostatic potential
jump plays an important role in extracting the seed
particle from the thermal background plasma.

Initially, the magnetic field lied in the 𝑥–𝑦 plane
and the shock was generated in the downstream sys-
tem by the method of a rigid wall that was located at
the right side of the simulation box. An upstream
ion flow with a bulk velocity of 4.5𝑣𝐴 (Alfven ve-
locity) continued to be injected from left to right;
then when reaching the right wall located at the right
boundary of the simulation area, the ions were secu-
larly reflected. In this way, a shock was generated,
and proceeded to the left. Fixed and free escape
boundary conditions were employed in our simulation,
with its simulation size of 1800𝑐/𝜔𝑝𝑖 (the grid size is
∆𝑥∼0.3𝑐/𝜔𝑝𝑖) and the time step ∆𝑡∼0.02Ω−1

𝑖 . There
are 200 particles (pure protons) in each cell, where the
Alfven Mach number 𝑀𝐴 = 5.5, upstream shock angle
𝜃𝐵𝑛 = 30∘, upstream ion beta 𝛽𝑖 = 0.1 and electron
beta 𝛽𝑒 = 0.5. In order to better analyze the results,
several flags were added to every particle to restore
their histories of the interactions with the shock at
the beginning of the simulations.

Figure 1 shows the overall evolution of the total
magnetic field strength B from Ω𝑖𝑡 = 90 to Ω𝑖𝑡 = 150
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between 𝑥 = 1500𝑐/𝜔𝑝𝑖 and 𝑥 = 1800𝑐/𝜔𝑝𝑖. In
this time interval, the shock propagates from right
to left with an average velocity of 1.0𝑣𝐴. In the up-
stream side, the ultra-low frequency (ULF) wave ex-
cited by the backstreaming ions has an upstream di-
rected group velocity; it is then brought back into the
shock by the upstream incident flow. When running
into the shock, the ULF wave can grow its amplitude
and form a shocklet; then this shocklet merges with
the local shock front, facilitating the formation of a
new shock front. In our simulation, the shock front
repeats itself on the time scale of tens of upstream ion
gyrating periods.
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Fig. 1. Surface plot of the total magnetic field 𝐵 with
different colors representing different magnitudes from
Ω𝑖𝑡 = 90 to Ω𝑖𝑡 = 150. The displayed area is cut between
𝑥 = 1500𝜆𝑖 and 𝑥 = 1800𝜆𝑖.
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Fig. 2. The evolution of the electrostatic potential jump
Δ𝜙 in units of the shock ram energy 𝐸ram from Ω𝑖𝑡 = 110

to Ω𝑖𝑡 = 125. The three dot-dashed lines indicate three
different time points, with Ω𝑖𝑡1 = 116, Ω𝑖𝑡2 = 118, and
Ω𝑖𝑡3 = 123.7.

The electrostatic potential jump in the normal
incident frame (NIF) during the time period from
Ω𝑖𝑡 = 110 to Ω𝑖𝑡 = 128 was calculated with the def-
inition 𝐸 = −∇𝜙, and its evolution ∆𝜙 is plotted in
Fig. 2, in units of the shock ram energy 𝐸ram (the in-
cident flow energy 1

2𝑚𝑉 2
𝑖 in shock frame). It is found

that the average ∆𝜙 is around 80% of 𝐸ram. Never-
theless, during one reformation cycle, the value of ∆𝜙

varies with time: when the incident ions confront the

shock at, e.g., 𝑡1, it is difficult for the particle to trans-
mit to the downstream due to the large electrostatic
potential gradient force; while at times like 𝑡2 or 𝑡3,
∆𝜙 is very small or nearly zero, so that the incident
ions can transmit to the downstream side of the shock
more freely.
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Fig. 3. The four panels indicate the time evolution of the
position in the normal direction 𝑥 of the particle (a), the
total energy gain 𝜀 = 𝑣2/2 in shock rest frame in units of
the shock ram energy (b), the 𝑥 component force with its
two components 𝐹𝐸𝑥 and 𝐹𝐵𝑥, with each obtained from
the electric field and magnetic field (c), and 𝑥 component
velocity 𝑣𝑥 (d). The shadowed regions A and B are the
initial reflection period and the trap-acceleration process,
respectively. This particle first encounters the shock at
Ω𝑖𝑡 = 116 indicated by 𝑡1 in Fig. 2, corresponding to the
bottom boundary of the region A here.
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Fig. 4. Plots of the energy of ions with respect to the
shock ram energy in shock rest frame. The solid curve is
the energy distribution of the seed particles that are fi-
nally to be injected; the energy distribution of the back
ground ions in the upstream flow is also provided for ref-
erence (dotted curve). Note that these two distributions
are normalized respectively.

The injected ions, which can finally escape to the
upstream, are discussed in the following. For a de-
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tailed analysis, all the particles reflected by the shock
during the period between Ω𝑖𝑡 = 110 to Ω𝑖𝑡 = 128 are
studied (Fig. 2). The evolutions of the relative quan-
tities of a typical injected ion including position 𝑥,
energy 𝜀, 𝑥-component force read 𝐹𝑥 = 𝑞𝐸𝑥 + 𝑞(𝑣 ×
𝐵)𝑥 = 𝐹𝐸𝑥 + 𝐹𝐵𝑥, 𝑥-component velocity 𝑣𝑥 (also the
normal direction velocity), are plotted in Fig. 3. After
examining all the injected ions, we divide the injection
process into two steps: reflection process and acceler-
ation process, corresponding to the two shaded areas
A and B, respectively. Only step A is discussed in this
study, while step B will be investigated in our succes-
sive papers. During the time period shown in Fig. 3,
we should bear in mind that the shock was propa-
gating to the left side of the simulation area. Before
step A, the particle was streaming to the shock in the
upstream. When encountering the shock for the first
time at Ω𝑖𝑡 = 116 indicated by the base line of re-
gion A, the particle started to decelerate to 𝜀 = 0

(Fig. 3(b)) and 𝑣𝑥 = 0 (Fig. 3(d)) due to the large
negative 𝑥-component electric force 𝐹𝐸𝑥 (Fig. 3(c)).
The particle was further accelerated to have a large
negative 𝑥-component velocity (see the upper line of
region A in Fig. 3(d)). Once it obtains the large nega-
tive 𝑣𝑥, the particle will go to the upstream, however,
not very far away from the shock, and it immediately
becomes trapped and accelerated by the shock in step
B (Figs. 3(a) and 3(b)). Finally, after step B, it can
escape from the trap of the shock and stream far up-
stream (Figs. 3(a) and 3(d)). Comparing the above
steps, we find that 𝐹𝑥 was mainly contributed by the
electric force 𝐹𝐸𝑥 in step A, while totally by the 𝑣×𝐵

term 𝐹𝐵𝑥 during step B. Other injected particles dur-
ing this time period share the same characteristics:
when first encountering the shock at times like 𝑡1, they
see a very large electrostatic potential gradient force
at the shock, and are easily reflected back to the up-
stream (most of them were nearly secularly reflected).
On the contrary, usually, the directly transmitted ions
entered the shock at time like 𝑡2 in Fig. 2, when the
shock’s electrostatic potential jump was low, so that
there were barely barriers for the incident ions to get
transmitted.

Previous studies showed that the cross-shock’s
electrostatic potential gradient force is less important
than the magnetic field in reflecting incident ions in
quasi-parallel shocks.[8] However, our simulation re-
sults suggest that all the obvious coherently reflected
ion beams happened when there was a large ∆𝜙 near
the shock front, while the magnetic force was low.
Note that after the first reflection, the magnetic force
can begin to play a more important role.

At the end of the simulation, all the ions that
had once been injected were carefully selected based
on their flags. Then we checked their initial energies

when they were still in the upstream as the seed par-
ticles, before interacting with the shock. The initial
energy distribution of these injected ions (solid curve)
and the background upstream ions (dotted curve),
which are normalized independently, are plotted in
Fig. 4. The peak of the seed particles energy distri-
bution is around 0.9𝐸ram, which is relatively low com-
pared to the full distribution of the whole upstream
incident flow. It is a reasonable result because com-
pared with the higher energy particles, the particles of
lower energy can be more easily reflected when con-
fronted with the same cross-shock electrostatic poten-
tial. The results shown by Fig. 4 are somewhat differ-
ent from previous studies. This work’s results are in
agreement with Scholer et al.,[20] i.e., instead of from
the core of the incident flow, seed particles originate
from the thermal part of the incident flow. Further,
the seed particles in our simulation are mainly of lower
velocity, which is reasonable when the impact of the
variation of the electrostatic potential jump during a
shock reformation cycle is taken into account.

The electrostatic potential jump has long been
ignored in reflecting upstream ions in quasi-parallel
shocks, especially in building injection models. Ac-
cording to previous studies, the electrostatic potential
jump can only reach a value that is no more than 30%
of the energy of the incident flow when the Mach num-
ber is high.[23,24] In these works, they assume that the
shock’s structure is steady (not time varying). Al-
though some of these results were obtained from the
De-Hoffman Teller frame, in which the motional elec-
tric field would vanish, it is still reasonable to include
the influence of the shock reformation process in calcu-
lating the electrostatic potential jump. Without the
consideration of the reformation process, one could
easily underestimate the instant value of the electro-
static potential jump. Also, a single spacecraft can not
resolve time and space, thus the electric field strength
measured is often an instant value. As in our sim-
ulation in NIF frame, although on average, the elec-
trostatic potential jump was low, it can reach a very
large value during the reformation cycle. The instant
electrostatic potential jump may reach or even exceed
the shock’s ram energy. Also, our results show that
the magnetic force alone cannot reflect the incident
flow without the large electrostatic potential gradient
force. For instance, at 𝑡2 or 𝑡3 in Fig. 2, although
the local magnetic field is very large, there are barely
any incident ions reflected, because there is a very low
(nearly zero) electrostatic potential jump. As a result
of the influence of the electrostatic potential jump on
the ion reflection process, the seed particles are mainly
from the lower velocity part of the upstream incident
flow ions.

To some extent, it is the time when the incident
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ion encounters the shock that really determines the
fate of the ion. Whether the ion will penetrate to the
downstream region or be reflected to the upstream re-
gion is subject to the instant electrostatic potential
jump of the shock front. Thus, whether an ion can be
a seed particle to be injected is also influenced by the
instant electrostatic potential jump.
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