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Abstract

One-dimensional (1-D) hybrid simulations have demonstrated that a quasi-parallel shock is
nonstationary and undergoes a reformation process. Recently, two-dimensional (2-D) hybrid simulations
have revealed that ripples along the shock front is an inherent property of a quasi-parallel shock. In this paper,
we investigate reformation process of a rippled quasi-parallel shock with a 2-D hybrid simulation model. The
simulation results show that at a rippled shock, incident particles behave differently and just can be partially
reﬂected at some speciﬁc locations along the rippled shock front, and the reﬂected particles will form an ion
beam that moves back to the upstream along the magnetic ﬁeld. Then, the beam locally interacts with
upstream waves, and the waves are enhanced and ﬁnally steepen into a new shock front. As the upstream
incident plasma moves to the shock front, the new shock front will approach and merge with the old
shock front. Such a process occurs only before these locations along the shock front, and after the
merging of the new shock front and old shock front is ﬁnished, a relatively plane shock front is formed.
Subsequently, a new rippled shock front is again generated due to its interaction with the upstream
waves, and it will repeat the previous process. In this pattern, the shock reforms itself quasiperiodically,
and at the same time, ripples can shift along the shock front. The simulations present a more complete
view of reformation for quasi-parallel shocks.

1. Introduction
Collisionless shocks are of much concern and considered to be important sources of power law spectra of
energetic particles in space and astrophysical plasma [Axford et al., 1977; Blandford and Ostriker, 1978; Bell,
1978; Webb et al., 1995; Gedalin et al., 2016]. Shocks can be separated into two groups by the shock angle
θBn (deﬁned as the angle between the shock normal and the upstream background magnetic ﬁeld): quasiperpendicular shocks (θBn > 45°) and quasi-parallel shocks (θBn < 45°) [Jones and Ellison, 1991]. Particles show
different behaviors at a quasi-perpendicular shock and at a quasi-parallel shock. At a quasi-perpendicular
shock, which has a distinguishable magnetic structure including foot, ramp and overshoot, a part of upstream
incident particles can be reﬂected and quickly transmit into the downstream [Leroy et al., 1982; Sckopke et al.,
1983; Hada et al., 2003; Lembège et al., 2004; Ofman et al., 2009; Yang et al., 2009a, 2009b, 2012; Guo and
Giacalone, 2010; Ofman and Gedalin, 2013; Hao et al., 2014; Gedalin, 2016a, 2016b, 2016c; Johlander et al.,
2016b; Tsubouchi et al., 2016]; also, some reﬂected particles may travel along the background magnetic ﬁeld
to further upstream and lead to an ion foreshock [Meziane et al., 2004; Mazelle et al., 2005; Savoini et al., 2013].
At a quasi-parallel shock, backstreaming particles generated by reﬂection can move far upstream along the
background magnetic ﬁeld, and then they will interact with upstream incident particles, resulting in the
excitation of ultralow frequency (ULF) waves with oblique propagation [Burgess, 1989; Scholer and Burgess,
1992; Lucek et al., 2002, 2004, 2008; Tsubouchi and Lembège, 2004; Eastwood et al., 2005a, 2005b; Omidi
et al., 2004, 2005; Wilson et al., 2013; Shan et al., 2014, 2016; Wu et al., 2015; Hao et al., 2016a, 2016b;
Johlander et al., 2016a]. These waves will be convected back to shock front due to their smaller phase velocity
compared to the incident plasma velocity [Burgess, 1989; Scholer et al., 1993, 2003; Guo and Giacalone, 2013;
Blanco-Cano et al., 2006, 2009; Su et al., 2012a, 2012b; Liu et al., 2016a, 2016b].
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Using a 1-D hybrid simulation model, Burgess [1989] reported that a quasi-parallel shock shows a cyclic behavior and reform itself periodically. After that, the reformation of quasi-parallel shocks has been explained by
several mechanisms, such as dissipation of whistler waves at shock front [Lyu and Kan, 1990], interface
instability between upstream incident plasma, and thermalized downstream particles [Winske et al., 1990]
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and deﬂection of specularly reﬂected particles by upstream waves [Onsager et al., 1991; Scholer and Burgess,
1992]. Further investigation with 1-D hybrid simulations shows that reﬂected particles indeed play a crucial
role in the reformation process [Scholer, 1993]. Reﬂected particles can form a cold ion beam [Su et al.,
2012b] in the upstream at the beginning of the reformation, and this beam will be deﬂected by the upstream
wave crest convected toward the shock front [Su et al., 2012b]. Then, particles from the deﬂected beam are
quickly trapped between the upstream waves and shock front and get accelerated [Su et al., 2012a]. Part of
them obtain sufﬁciently high energy to escape further upstream and become superthermal diffuse ions [Su
et al., 2012b]. In such a process, the upstream waves grow and steepen gradually due to the increase of
number density of diffuse ions as they approach the shock front [Scholer, 1993; Su et al., 2012b]. When arriving
in the immediate upstream, by deﬂecting the cold ion beam, the waves may steepen into a new shock front
[Onsager et al., 1991; Scholer and Burgess, 1992; Scholer et al., 1993; Su et al., 2012b], which will exceed the old
shock front in amplitude. Finally, the new shock front merges with the old shock front, and a reformation
cycle is ﬁnished.
With 2-D hybrid simulations, reformation process had once been conﬁrmed, and Thomas et al. [1990] suggest
that cyclic behavior is an inherent property of quasi-parallel shocks rather than a result of restriction of spatial
dimensions as in 1-D simulations. In the process of reformation, upstream waves generated due to the
ion-ion beam instability will be brought into the quasi-parallel shock front and form ripples [Schwartz and
Burgess, 1991; Scholer et al., 1993], which has the local curvature variations along the shock front. Recently,
at a rippled shock, Hao et al. [2016a, 2016b] investigated ion dynamics and evolution of the quasi-parallel
shock with hybrid simulations, which are performed with a larger spatial and temporal scale compared to
a work [Scholer et al., 1993] where the reformation is described as a coherent process without consideration
of effect of ripples along the shock front. Their results show different ion dynamics along the rippled shock
front: (i) on some parts of ripples, incident particles can be directly transmitted more easily and form
downstream high-speed jets, which had been observed by satellites in terrestrial magnetosheath [Savin
et al., 2008; Hietala et al., 2009, 2012; Archer et al., 2012; Archer and Horbury, 2013; Hietala and Plaschke,
2013; Plaschke et al., 2013] and are thought to contribute to the formation of the downstream secondary
shock [Hietala et al., 2009] and throat aurora [Han et al., 2016, 2017]; (ii) but, particles tend to be reﬂected
and accelerated on other parts, where a large-amplitude electric ﬁeld exists and points toward upstream
[Hao et al., 2016b]. According to the closed relationship between reﬂected particles and generation of new
shock front as described in 1-D works [Scholer, 1993; Su et al., 2012b], reformation process along a 2-D rippled
quasi-parallel shock should not be coherent. Hao et al. [2016a] found that the reformation of a quasi-parallel
shock is intermittent and takes place with a certain time range. Here, in this paper, we introduce a new
scenario of reformation of a quasi-parallel shock in two-dimensional space.
We organized this paper as follows. In section 2, the hybrid simulation model is described and associated
parameters are presented. The simulation results are shown in section 3. Conclusions and discussion are
given in section 4.

2. Simulation Model
A two-dimensional hybrid simulation model is used to investigate the process of reformation at quasi-parallel
shocks. Hybrid simulations treat electrons as massless ﬂuid and regard ions as macroparticles. The plasma
consists of electron and proton components which are denoted as e and p, respectively. Charge neutrality
is assumed and the background magnetic ﬁeld B0 lies in the x-y simulation plane. Initially, the injected plasma
moves to the right rigid boundary with a ﬁxed bulk velocity Vinj = 4.5VA (where VA is the upstream Alfven
speed). It is reﬂected by the right boundary and will interact with continuously injected plasma, which results
in the formation of a shock front. In the downstream reference frame, the propagating velocity of the shock is
about 1.0VA that points to the left along x direction. Therefore, the Alfven Mach number of the shock is about
5.5. Its shock angle is θBn = 30°, and the upstream plasma beta is βp = βe = 0.4. In this simulation, the number of
grid cell is nx × ny = 1000 × 300 and the grid sizes are Δx = 0.5c/ωpi and Δy = 1.0c/ωpi (where c is the speed of
light and ωpi is the ion plasma frequency under upstream parameters). And periodic boundary condition is
used in the y direction. The electron resistivity length is set to be Lη = ηc2/(4πVA) = 0.1, where η indicates
the interactions between particles and high-frequency waves. The time step is ΩiΔt = 0.02 (where
Ωi = eB0/m is the ion frequency). These parameters are the same as those used in Hao et al. [2015, 2016a].
HAO ET AL.
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Figure 1. The total magnetic ﬁelds and sketches of shock front at times Ωit= (a) 123, (b) 138, (c) 150, and (d) 163, in which
black bold lines indicate the sketches of the shock fronts.

However, Hao et al. [2015, 2016a] emphasized the formation of high-speed jets in the downstream, and in
this paper we will study the reformation process of a rippled quasi-parallel shock.

3. Simulation Results
Figure 1 illustrates an overview of total magnetic ﬁelds, and we also plot the proﬁles of the shock front with
black bold lines. In Figure 1a, ripples exist along the shock front, and we can see several ﬁlamentary magnetic
structures in the immediate downstream. Later, the rippled shock front transforms into a relatively plane
shock front whose ripples have a smaller amplitude as shown in Figure 1b, and then the plane shock front
changes back to a rippled shock front at Ωit = 150. As in Figure 1d, the shock front can be plane again after
a time period at Ωit = 163. Therefore, it seems that in 2-D space, the quasi-parallel shock exhibits a new
cyclic behavior, which is different from a cyclic reformation process in 1-D simulations performed by
Burgess [1989]. With 1-D hybrid simulations, Burgess [1989] pointed out that quasi-parallel shocks can present
a cyclic behavior, which shows periodical evolution of magnetic ﬁeld. And such a reformation process takes
place in 1-D space and just shows a periodical change of a simple 1-D magnetic structure of the shock. Here,
by using a 2-D hybrid simulation code, the quasi-parallel shock shows some magnetic structures that cannot
exist in 1-D simulations, such as upstream waves in 2-D space, ripples along the shock front, and ﬁlamentary
magnetic structures in the immediate downstream, so that we can clearly reveal the evolution of quasiparallel shocks.
In this paper, a ripple is deﬁned as an arched structure along the shock front as shown in Figure 2 (left), and its
scale is about 75c/ωpi in the direction of y. We divide the ripple into two parts: the upper and lower parts, as
described in Figure 2. At the same time, to further investigate the amplitude of the shock front and magnetic
structures, three cuts along x axis are selected at three different y values y = 186c/ωpi, 149c/ωpi, and 121c/ωpi,
indicated by black dashed lines. The corresponding magnetic ﬁeld proﬁles are presented in Figure 2 (right),
HAO ET AL.
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Figure 2. (left) Contour plot of magnetic ﬁeld zoomed at a large-scale ripple at time Ωit = 123 and three cuts along x axis at
y = 186c/ωpi, 149c/ωpi and 121c/ωpi. (right) Proﬁles of magnetic ﬁeld along the three cuts.

respectively. From Figure 2 (right), we can ﬁnd that their proﬁles and amplitude of the shock front are not
exactly the same: at y = 186c/ωpi and 121c/ωpi, the shock front is a sharp jump, while at y = 49c/ωpi there
is a slope in the shock front and its spatial scale in x direction is large, and the amplitude of peak in the
shock front ranges from 5B0 to 2.7B0 from the top to the bottom panels.
In previous studies with 1-D hybrid simulations [Scholer, 1993; Su et al., 2012a], the major role of the reﬂected
particles in quasi-parallel shocks had been conﬁrmed in the formation of the new shock front. Therefore,
given the close relationship between the new shock front and reﬂected particles at quasi-parallel shocks,
we follow a group of particles restricted in the upstream area to study the ion dynamics in the shock.
Their positions in the simulation plane are plotted in Figure 3 with total magnetic ﬁeld at times
Ωit = 100, Ωit = 121.5, and Ωit = 188.5, respectively. We select all the injected particles located in an area
(250c/ωpi < x < 270c/ωpi, 0c/ωpi < y < 300c/ωpi) at Ωit = 100, which is illustrated in Figure 3a. They will
confront the shock front at time Ωit = 121.5 and begin to interact with it. During their interaction for a time
period from Ωit = 121.5 to Ωit = 188.5, some particles can be reﬂected by the shock front and the others are
directly transmitted into downstream, and ﬁnally a part of particles move back to upstream and become
backstreaming particles that are located before the red dashed line, which is at x = 290c/ωpi and roughly
denotes the shock front. Then, to clearly understand the evolution of these backstreaming particles, they
are selected and traced as they interact with the shock front, and results are presented in Figure 4, where
their positions are displayed at the same times as in Figure 3. At the time Ωit = 100, these backstreaming
particles are located together in the upstream in Figure 4a and then separate into several groups when they
move close to the shock front. At time Ωit = 121.5, each group of them reaches the shock front, and almost
all groups encounter a lower part of a ripple. At last, these particles naturally go back upstream and form ion

Figure 3. The time evolution of particles at times Ωit= 100.0, 121.5, and 188.5. The particles are restricted in the area
(250c/ωpi < x < 270c/ωpi, 0c/ωpi < y < 300c/ωpi) at time (a) Ωit = 100, and backstreaming particles are that located in
upstream at time (c) Ωit = 188.5, where the red dashed line is set to be the position of the shock front. (b) The yellow box
denotes the area (310c/ωpi < x < 370c/ωpi, 114c/ωpi < y < 141c/ωpi).

HAO ET AL.
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Figure 4. The time evolution of backstreaming particles from Figure 2c at times Ωit= (a) 100, (b) 121.5, and (c) 188.5 with
total magnetic ﬁelds for reference. The red bold lines indicate the shock front in Figures 4a–4c.

beams moving to the further upstream along background magnetic ﬁeld as shown in Figure 4c. That is
consistent to the results of the previous investigation where incident particles are easier to be reﬂected back
to upstream at lower part of a ripple due to a large amplitude electric ﬁeld in the shock normal direction
[Hao et al., 2016b]. In other words, the scenario is that incident particles can be easily reﬂected at the lower
portion of each ripple along the shock front, and the reﬂected particles may interact with upstream waves
locally in immediate upstream, which means new shock fronts may be formed locally in front of the shock.
Then, in order to investigate the local interaction of reﬂected particles with upstream waves, a part of particles is selected in the area indicated in Figure 3b by a yellow box (310c/ωpi < x < 370c/ωpi,114c/ω
pi < y < 141c/ωpi) around the lower part of a ripple at the shock front. Detailed analysis of these particles is
displayed in Figure 5, where their average velocity is plotted in top panels with white arrows in the simulation
plane, as well as the evolution of sketches of the shock front in the bottom panels at times Ωit= (a) 121.5, (b)
130.0, (c) 142.0, and (d) 150.0. At the beginning of the evolution of the selected particles, in Figure 5 top
panels, they are located around the lower part of the ripple and begin to interact with the shock at time
Ωit = 121.5, we can see a wave crest at about x = 335c/ωpi. After a time period as shown at Ωit = 130, these
particles are separated into two parts including reﬂected and transmitted particles, and at the same time the
wave crest locally forms a new shock front indicated by a yellow line labeled N1 in the immediate upstream
accompanied with deﬂection of the reﬂected beam along the new shock front. Then, a part of these reﬂected

Figure 5. The time evolution of average velocity of selected particles and the shock front at times Ωit= (a) 121.5, (b) 130.0,
(c) 142.0, and (d) 150.0. These particles are located in the yellow box in Figure 2b, and their average velocity is shown with
white arrows in the top panels. The evolution of sketches of shock fronts is indicated in the bottom panels, where N1
and N2 with yellow solid lines denote new shock fronts and O1–O3 with black solid lines represent the shock front. The red
dashed lines in the bottom panels are used to indicate the location of joints denoted by J between ripples, and d is deﬁned
as the distance ripples shifting for.

HAO ET AL.

RIPPLED SHOCK REFORMATION: 2-D SIMULATION

6389

Journal of Geophysical Research: Space Physics

10.1002/2017JA024234

Figure 6. Zoomed in view of the total magnetic ﬁelds in simulation plane at four times Ωit= (a) 150.0, (b) 154.5, (c) 162.5,
and (d) 174.5. Red dashed lines are used to indicate the location of the upper part of a ripple as a reference.

particles escape to the further upstream when the new shock N1 merges with the shock front and interacts
again with the upstream waves. The interaction, to some extent, makes contribution to the formation of
another new shock front N2 at time Ωit = 142.0. At last, the N2 also merges with the shock front and become
a visible ripple at the time Ωit = 152.0. The process takes a time period ~28Ω1
i , which can be treated as a selfreformation time of the 2-D quasi-parallel shock. From Figure 5 bottom panels, where new shock fronts are
indicated by N1 and N2 and old shock front denoted with O1, O2, and O3, we ﬁnd that the new shock front
N1 merges with the rippled shock front O1 at a joint denoted by J between two ripples, and then the rippled
shock front O1 becomes a relatively plane shock front O2. On the contrary, that the new shock front N2
merges with the plane shock front O2 leads to the formation of a rippled shock front O3, and the new shock
front N2 forms a large-scale ripple along the shock front O3. Finally, according to the positions of two joints
between ripples denoted with two red dashed lines at times Ωit = 121.5 and Ωit = 150, we can know that
the ripples shifted to the y direction along the shock front for a distance of d, which is roughly equal to
the scale of a ripple ~75c/ωpi. And, considering the process takes about 28Ω1
i , the shifting speed of the
ripples along the shock front can be estimated as about 2.6VA. As to the new shock front N2, the contribution
of the particles, which are escaped from N1 and shown with white arrows before the shock front in Figure 5c,
is not enough to its formation; instead, other reﬂected particles generated at the shock front O2 might be
necessary to facilitate the formation of the new shock front N2, and these particles should be mainly located
in the area without white arrows between N2 and the shock front in the Figure 5 top panels when the time is
around Ωit = 142.
Particles can be easily reﬂected at the lower portion of a ripple but tend to directly transmit the shock front at
the upper portion of a ripple [Hao et al., 2016b]. Therefore, the evolution of the upper part of a ripple along
the shock front should be different from that of the lower part. We also studied the evolution of the upper
portion of the ripple, and the result is illustrated in Figure 6, where the total magnetic ﬁelds are plotted in
the simulation domain at four times Ωit= (a) 150.0, (b) 154.5, (c) 162.5, and (d) 174.5. Each panel in this ﬁgure
plots the total magnetic ﬁeld zoomed around the large-scale ripple at the shock, and the red dashed lines are
used to focus on the upper part of the ripple. At the beginning of the generation of the ripple in Figure 6a, its
amplitude is not so large until the ripple becomes mature at time Ωit = 154.5. Then, in Figure 6c, the shock
front becomes a nearly plane shock front, and at the same time the upper part of the original ripple evolves
into downstream and becomes a downstream ﬁlamentary magnetic structure. As shown in Figure 6d, this
HAO ET AL.
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portion of the original ripple persists for
an extended time period till farther
downstream with a large amplitude
after the ripple became mature. As presented by previous paper [Hao et al.,
2016b], at the upper part of a ripple, particles can directly transmit into the
downstream and form a high-speed
jet. In other words, reﬂection and particle acceleration, which are directly
relevant to the supercritical shock dissipation process, almost cannot occur at
the upper part of the ripples, and ﬁnally,
the parts of the ripples can last till
downstream and become downstream
ﬁlamentary magnetic structures.
As described above, ion dynamics and
evolution of shock front on the two
sides of the ripples are different, and
that is attributed to the different electric
ﬁelds along the shock front [Su and Lu,
2012; Hao et al., 2016b]. Especially, Su
and Lu [2012] pointed out that electric
ﬁeld in the normal direction at the shock
front plays a critical role in partially
reﬂecting incident particles back to
Figure 7. (a) The total magnetic ﬁeld and (b) the x component of electric upstream. Therefore, in Figure 7, we plot
ﬁeld in the simulation plane at time Ωit = 121.5. “1,” “2,” and “3” with
the x component electric ﬁeld at time
arrows denote the lower parts of three ripples.
Ωit = 121.5 when the ripples along the
shock front are visible and also plot the
total magnetic ﬁeld as a reference in the simulation plane. We can see that at the lower parts of ripples indicated by black arrows with numbers 1–3, where particles are easier to be reﬂected, large-amplitude x component electric structures exist and point to upstream, and it can be clearly seen that upstream waves
make great contributions to the formation of the large-scale electric ﬁelds along the shock front. And, to
further analyze electric ﬁelds, we also plot a zoomed view of Ex around a large-scale ripple and electric ﬁeld
proﬁles of three cuts along x axis at different y values in Figure 8. In Figure 8 (left), these cuts are selected at
three ﬁxed location y = 186c/ωpi, 156c/ωpi, and 121c/ωpi, which are denoted by black dashed lines. The proﬁles of electric ﬁelds along the three cuts are illustrated in Figure 8 (right), respectively. As shown in these
panels, there always have a negative spiky Ex denoted by a  c with arrows in the shock front, while in
Figure 8 (right middle) another negative spiky Ex indicated by d exists at x ~ 338c/ωpi in the upstream and
is thought to be the electric ﬁeld brought by upstream waves. Further, in Figure 8 (right bottom), a large-scale
electric structure labeled e convected back by the upstream waves connects the negative spiky Ex in the
shock front, which facilitates the reﬂection of incident particles. The combination of the electric ﬁeld brought
back by the upstream waves and the electric ﬁeld in the shock front will inﬂuence the ion dynamic when the
upstream waves interact with the quasi-parallel shock front [Hao et al., 2016b]. Thus, it is reasonable that ion
dynamics along the shock front behave differently, and that incident particles can be easily reﬂected just at
some speciﬁc locations, which also means that reﬂected beams can also be formed at a plane shock front.
Moreover, to try to eliminate the restriction of the scale of the simulation plane in y direction and conﬁrm the
existence of the ripples along quasi-parallel shocks, a new run is performed with the same parameters as the
above simulation but with a larger y scale Ly = ny × Δy = 450 × 1.0c/ωpi = 450c/ωpi. The results are displayed
in Figure 9, which plots the total magnetic ﬁeld in the simulation domain at two times Ωit = 153.0 and 170.0.
In Figure 9a, we can see that ripples exist along the shock front and have an estimated scale in y direction,
which is around 75c/ωpi and in good agreement with the scale in Figure 1. Then, at Ωit = 170, the rippled
HAO ET AL.
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Figure 8. (left) Contour plot of electric ﬁeld zoomed at a large-scale ripple at time Ωit = 121.5 and three cuts along the x axis
at y = 186c/ωpi, 156c/ωpi, and 121c/ωpi. (right) Proﬁles of electric ﬁeld along the three cuts. a  c indicate the negative spiky
Ex in the shock front and d  e denote the electric structures brought back by the upstream waves.

shock evolves into a relatively plane shock front that has relatively small amplitude ripples. Therefore, ripples
should be inherent structures at quasi-parallel shocks, and a rippled shock front can indeed transform into a
plane shock.
To conﬁrm that reﬂected particles can move back upstream along the background magnetic ﬁeld as shown in

Figure 5, we changed the direction of the upstream background magnetic ﬁeld from B ¼ Bx^i; By^j; 0 to

B ¼ Bx^i; By^j; 0 in the simulation model. The result of this new run is illustrated in Figure 10, which
shows the evolution of a group of particles selected as that in Figure 5. It can be seen that after interaction
of these particles with the shock, a part of them is reﬂected and moves back to upstream along the background magnetic ﬁeld, which is reverse in y direction compared to the original case. Therefore, reﬂected
particles can indeed move back upstream along the background magnetic ﬁeld.
As a summary, we present a sketch of the reformation process in Figure 11. In Figure 11a, new shock fronts N1
are locally generated before a rippled shock. Then, the new shock fronts merge with the rippled shock,

Figure 9. The total magnetic ﬁeld in simulation plane at 2 times (a) Ωit = 153.0 and (b) Ωit = 170.0 from a new run with an
increased y scale Ly = ny × Δy = 450 × 1.0c/ωpi = 450c/ωpi based on parameters in simulation model. Black bold lines denote
the proﬁle of the shock front in each panel.
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Figure 10. Positions of a group of particles located at the upper part of a ripple at times Ωit= (a) 121.5, (b) 138.0, (c) 158.0,
and (d) 188.5 from a new run, which has a reversed magnetic ﬁeld in y direction compared to the case in the simulation
model. The red arrow indicates the upstream background magnetic ﬁeld.

resulting in a plane shock front in Figure 11b. Meanwhile, before the plane shock, new shock fronts N2 are
also locally formed due to the interaction of upstream waves with the reﬂected ion beams from the plane
shock. Finally, the new shock fronts N2 merge with the plane shock front, resulting in a rippled shock in turn
as shown in Figure 11c. And we can see that the ripples shift along the shock front for a distance.

Figure 11. The sketch for evolution of shock front. (a) A rippled shock front, (b) a plane shock front, and (c) a rippled shock
front. Solid lines and red arrows denote shock front and reﬂected beams, and N1 and N2 indicate new shock fronts.

HAO ET AL.
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4. Conclusions and Discussion
In this paper, with a 2-D hybrid simulation mode, we have studied the reformation process of ripped quasiparallel shocks. Our simulations show that reﬂected beams can be generated at the lower part of ripples due
to the existence of large-scale electric ﬁelds pointing to the upstream, and they will move to the upstream
along the background magnetic ﬁeld. Then, these beams interact with the approaching upstream waves
and facilitate the formation of local new shock fronts that will merge with the old shock at each joints
between ripples. Such a process results in a plane shock front. Afterward, at the plane shock, reﬂected beams
may also be formed, and the beams can locally interact with upstream waves, producing local new shock
fronts. Ultimately, the new shock fronts merge with the plane shock, and a new rippled shock is generated
in turn. During the quasiperiodic reformation of the shock, the ripples are found to shift along the shock front
to a considerable distance.
Also, one thing that should be noted is that the cross-shock electrostatic potential along a quasi-parallel
shock front consists of electric ﬁelds generated in shock front and that convected into the shock by the
upstream waves. The waves are excited by the interaction of backstreaming particles and incident particles
and convected by incident ﬂow toward the shock. Their propagation direction is found oblique to the
upstream background magnetic ﬁeld [Eastwood et al., 2005a, 2005b; Blanco-Cano et al., 2006, 2009].
Therefore, the upstream waves will bring electric ﬁelds into the shock, resulting in different electric structures
and ion dynamics along the shock front no matter it is rippled or relatively plane. Further, it is reasonable that
the cyclic reformation processes resulted from local reﬂection of incident particles are not coherent along the
quasi-parallel shocks, and the spatial scale of ripples depends on the wavelength of upstream waves.
Scholer et al. [1993] suggested that reformation process is synchronous along shock front in 2-D hybrid simulations, where the spatial scale is limited under previous computational power, so that the effect of ripples
has not been taken into account. Here we performed 2-D hybrid simulations with larger spatial and temporal
scale to investigate the evolution of a rippled quasi-parallel shock and ﬁnd that reformation processes are
spatial and temporal cyclic behavior, as well as temporal evolution as shown at 1-D shock. With 2-D hybrid
simulations, Hao et al. [2016a] found that the upstream waves can interact with the shock front and form
downstream ﬁlamentary magnetic structures when they get downstream immediately. As described in our
results, incident particles tend to be reﬂected at the lower part of the ripples, which means energy dissipation
of shock front mainly occurs at these positions. Therefore, we can imagine that parts of the shock front
around the upper part of the ripples, where incident particles can be directly transmitted into downstream,
will last till downstream and form ﬁlamentary magnetic structures.
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