
1.  Introduction
Collisionless shocks have significant roles in space and astrophysical plasmas, and their behaviors are mainly 
controlled by the angle (θBn) between the shock normal and the upstream magnetic field. In a quasi-perpendicular 
shock where θBn ≳ 45°, there is a well-defined magnetic field profile, and the ions reflected by the shock usually 
cannot travel far upstream (Bale et al., 2005; Lembege & Savoini, 1992; Lembege et al., 2004; Leroy et al., 1981; 
Yang et al., 2009, 2012). When θBn ≲ 45°, the shock is quasi-parallel. Ions reflected by quasi-parallel shocks can 
travel far upstream along the magnetic field and interact with the solar wind plasma, which generate ion beam 
instabilities and excite ultra-low-frequency (ULF) waves (Cao et  al.,  2009; Fu et  al.,  2009; Hao et  al.,  2021; 
Lembege et  al.,  2004; Q. Lu et  al.,  2020; Omidi,  2007; Quest,  1988; Su et  al.,  2012; Wu et  al.,  2015). The 
non-linear evolution of the ULF waves leads to various foreshock transient structures, such as short large-amplitude 
magnetic structures (SLAMS) (Schwartz & Burgess,  1991), foreshock cavitions (Blanco-Cano et  al.,  2009; 
Omidi, 2007), spontaneous hot flow anomalies (Omidi et al., 2013; Zhang et al., 2013), etc. The convection of 
these fore shock  structures to the downstream causes the magnetosheath to become turbulent.

One of the interesting phenomena in the turbulent magnetosheath downstream of a quasi-parallel shock is 
high-speed jets (HSJs). HSJs are plasma flows with enhanced dynamic pressure, and they were first observed 
in the Earth's magnetosheath by Němeček et al.  (1998), referred to as “transient flux enhancements.” Plasma 
flow inside HSJs is often super-Alfvénic, while the temperature is reduced (Archer & Horbury, 2013; Archer 
et al., 2012; Plaschke et al., 2013, 2018). The magnetic field inside HSJs can be either increasing or decreasing, 
and the increases of magnetic field are often associated with density enhancement (Archer & Horbury, 2013). 
Hietala et al. (2009) suggested that HSJs are formed locally by the rippled geometry of the shock front. According 
to the Rankine-Hugoniot jump condition, upstream plasma flow is deflected and suffers less deceleration when 
crossing through the inclined part of a rippled shock. As a result, the flow is concentrated onto the dented part 
and compressed to form an HSJ. This scenario is supported by hybrid simulations (Hao, Lembege, et al., 2016; 
Preisser et al., 2020), and Hao, Lu, et al. (2016) further concluded that ions are more easily transmitted through 
the ripple dents because of the interaction between the upstream waves and the shock front. Karlsson et al. (2015) 
proposed that HSJs are generated by SLAMSs, a kind of upstream compressive structures with enhanced field 
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magnitude and dynamic pressure. When the SLAMSs or other similar compressive structures penetrate through 
a dented part of the shock front, they maintain a higher dynamic pressure than the surrounding plasma and 
become HSJs (Palmroth et al., 2018; Suni et al., 2021). Other foreshock structures, for example, SHFAs (Omidi 
et al., 2016), and solar wind discontinuities (Archer et al., 2012; Savin et al., 2012), are also potential sources 
of HSJs. Recently, Raptis et al. (2022) reported an in-situ observation of the formation process of an HSJ. They 
conclude that the HSJ can be directly generated from the shock reforming process as the waves pile up between 
the old and the new shock fronts and are convected downstream.

The scale size of HSJs is usually around 1 RE or 70 di (under average solar wind conditions), where RE is the Earth 
radius and di is the ion inertial length (Plaschke et al., 2016, 2020), and their maximum size can be up to 5 RE 
(350 di) (Gunell et al., 2014). HSJs play an important role in the coupling of the solar wind, the magnetosheath, 
and the magnetosphere. HSJs can lead to the local electron heating (Liu et al., 2019), large-scale HSJs with scale 
sizes up to several RE can directly impact the magnetopause and subsequently cause the inward movement of the 
magnetopause (Archer et al., 2012; Hietala et al., 2009, 2012). The compression of the magnetopause can trigger 
ULF magnetopause waves (Hietala et al., 2012), and can be accompanied by localized aurora brightening (Han 
et al., 2016, 2017; Wang et al., 2018). Recently, by performing global hybrid simulations, Guo et al. (2022) found 
that large-scale HSJs with scale sizes over 2 RE are only formed downstream of the quasi-parallel shock with the 
shock angle θBn = 0°. However, how the shock angle θBn impacts the characteristics of HSJs remains unclear.

In this study, we perform local two-dimensional (2-D) hybrid simulations to investigate the formation of HSJs and 
ripples in quasi-parallel shocks with different shock angles θBn. Our results show that HSJs are formed through the 
interaction between compressive structures in the upstream and the shock front, and these compressive structures 
are inhomogeneous in the direction perpendicular to the upstream magnetic field, which makes the scale sizes of 
the HSJs largely dependent on the shock angle θBn. The simulation model is briefly described in Section 2, the 
simulation cases with different θBn, Alfvén Mach number MA, and plasma β are compared in Section 3, and the 
conclusions are summarized in Section 4.

2.  Simulation Model
In this study, a 2-D hybrid model is used to study the characteristic of HSJs downstream of quasi-parallel shocks 
with different shock angles θBn, Alfvén Mach number MA, and plasma β. In hybrid simulations, ions are treated 
as macro-particles so that their full kinetic properties are resolved, while electrons are treated as massless fluid. 
Because the downstream HSJs are ion scale structures (Hietala et al., 2009), their physics can be resolved by a 
hybrid simulation model. The developed code based on the model has been effectively utilized to study collision-
less shocks (Hao, Lembege, et al., 2016; Hao, Lu, et al., 2016) and low-frequency electromagnetic waves (Q. M. 
Lu et al., 2006). The simulations are carried out in the x-y plane, with the box size of Lx × Ly = 1,024 di × 384 di, 
using a grid number of 2,048 × 768, so that the grid size is Δx = Δy = 0.5 di. Initially, an average of 100 particles 
exist per grid cell. The left and right x boundaries are set to be reflective and open for particles, respectively, and 
the electromagnetic fields at both x boundaries are set to be fixed values based on the Rankine-Hugoniot condi-
tion. Meanwhile, the y boundaries for both fields and particles are periodic. At the initial state, a uniform magnetic 
field B0 is set to lie inside the simulation plane, with its angle to the x-axis set to θBx. Furthermore, the densities of 
ions and electrons are also initiated uniformly, that is, ni = ne = n0. The plasma is injected into the domain from 
the right boundary with a velocity Vin, and reflected by the left boundary. The interaction of  the  reflected plasma 
with the injected plasma leads to the formation of a shock wave that propagates along the +x direction. In general 
the shock normal is parallel to the x axis, so θBn = θBx. The chosen time step in the simulations is 𝐴𝐴 Δ𝑡𝑡 = 0.01 Ω

−1

𝑖𝑖
 , 

where Ωi represents the upstream angular ion cyclotron frequency.

3.  Simulation Results
At the Earth's orbit, the solar wind Mach number usually ranges from 1.5 to 15 while is about 7.7 under the 
average condition, and plasma β can range from 0.01 to 10 with a median value of 0.48 (Veselovsky et al., 2010). 
Within these ranges, we set up eight cases with different θBn, inject velocity Vin, and plasma β values. Once fully 
developed, the shock fronts propagate at an almost constant velocity Vsh, so the Mach number can be calculated 
as MA = (Vsh − Vin)/VA0, where VA0 is the upstream Alfvén speed. Table 1 shows the simulation configurations 
together with the calculated Mach numbers. In the simulations, the initial and injected plasma β is isotropic and is 
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adjusted by setting the plasma temperature. In the following sub-sections, we 
will first investigate the formation and evolution of large-scale HSJs in Case 
1, and compare it with the other cases to examine the effect of the upstream 
conditions.

3.1.  The Formation of Large-Scale HSJs in Case 1

We first focus on Case 1, in which large-scale HSJs are observed. Figure 1 
plots the dynamic pressure 𝐴𝐴 𝐴𝐴𝑑𝑑 = 𝑛𝑛(𝑉𝑉sh − 𝑉𝑉𝑖𝑖)

2 (Figures  1a–1d), the total 
magnetic field B (Figures 1e–1h), and the ion temperature Ti (Figures 1i–1l) 

of Case 1 at t = 250, 300, 350, and 𝐴𝐴 400 Ω
−1

𝑖𝑖
 . In Figure 1, the shock front (denoted by the white lines) is identi-

fied as the position with the maximum gradient of the ion bulk velocity in the x direction Vix along the same y 
coordinate. The boundaries of HSJs are defined at where the dynamic pressure is equal to half of the upstream 
value, 𝐴𝐴 𝐴𝐴𝑑𝑑0 = 𝑛𝑛0(𝑉𝑉sh − 𝑉𝑉in)

2 (Palmroth et al., 2018; Plaschke et al., 2013), and they are denoted by the pink lines. 
HSJs begin to form just downstream at about 𝐴𝐴 𝐴𝐴 = 250 Ω

−1

𝑖𝑖
 and their sizes are approximately 50 di. In the upstream 

region, there are plasma waves that propagate parallel to the background magnetic field, which have been exten-
sively investigated by previous studies (e.g., Hao et  al.,  2021; Quest,  1988; Wu et  al.,  2015). The waves are 
excited through ion-beam instabilities triggered by shock-reflected ions, and they are amplified and become 

Case 1 2 3 4 5 6 7 8

θBn 0° 10° 20° 30° 0° 30° 0° 30°

−Vin/VA0 6 6 6 6 6 6 4 4

β 0.3 0.3 0.3 0.3 0.03 0.03 0.3 0.3

MA 7.3 7.3 7.4 7.4 7.3 7.4 4.9 5.0

Table 1 
Simulation Cases Setups and the Calculated Mach Numbers

Figure 1.  Evolution of the shock in Case 1: (a–d) dynamic pressure 𝐴𝐴 𝐴𝐴𝑑𝑑 = 𝑛𝑛(𝑉𝑉sh − 𝑉𝑉𝑖𝑖)
2 normalized by the upstream value 

𝐴𝐴 𝐴𝐴𝑑𝑑0 = 𝑛𝑛0(𝑉𝑉in − 𝑉𝑉sh)
2 , (e–h) total magnetic field B normalized by upstream magnetic field B0, and (i–l) ion temperature Ti 

normalized by 𝐴𝐴 𝐴𝐴𝑖𝑖

(

𝑉𝑉
2

𝐴𝐴0

)

 . The black lines in the figure represent the magnetic field lines, and the white and pink lines denote 
the shock front and the boundaries of high-speed jets respectively.



Journal of Geophysical Research: Space Physics

REN ET AL.

10.1029/2023JA031699

4 of 13

compressional as they are brought back to the shock by the upstream flow 
(Scholer, 2003; Tsubouchi & Lembège, 2004). The waves finally evolve into 
compressive structures with a localized enhancement of density and magnetic 
field, such as shocklets, SLAMS, long pulsations, etc (Schwartz, 1991). For 
simplicity, these structures are collectively referred to as “compressive struc-
tures” in this study. Interaction of these structures with the shock front results 
in evident ripple-dents on the shock front, leading to the development of 
downstream HSJs. At 𝐴𝐴 𝐴𝐴 = 400 Ω

−1

𝑖𝑖
 , the scale size of HSJ A1 (around y = 130 

di) has grown to over 200 di. Figure 2 provides an enlarged view of HSJ A1 
at 𝐴𝐴 𝐴𝐴 = 320 Ω

−1

𝑖𝑖
 . At the inclined part of the rippled shock front, the plasma 

flow is deflected toward the HSJ (Figure 2a), consistent with the scenario 
described by Hietala et  al.  (2009). Inside the HSJs, the ion bulk speed is 
super-magnetosonic and greater than those in the surrounding regions, 
accompanied by enhancement of magnetic field and density, in agreement 
with satellite observations (e.g., Karlsson et al., 2015).

To give a clearer view of the development of the HSJs, Figure 3 plots the 
evolution of the upstream dynamic pressure Pd,up, the downstream dynamic 
pressure Pd,down, and the shock front offset Δs. Here, the upstream dynamic 
pressure Pd,up and the downstream dynamic pressure Pd,down are defined as the 
dynamic pressure averaged in a 30 di × 30 di box with the center 50 di away 
from the shock front in the upstream and 20 di downstream, respectively. 
Such a kind of averaging process filters out the small-size HSJs, leaving only 
the large and strong ones. The shock front offset Δs is calculated as s − sav, 
where s is the position of the shock front and sav is the averaged position of 
the shock front along the y direction. Therefore, the shock front is convex 

Figure 2.  Enlarged view of A1 𝐴𝐴 𝐴𝐴 = 320 Ω
−1

𝑖𝑖
 in Case 1. In the panels, we plot (a) x component of the ion bulk velocity in 

the shock's frame Vsh − Vix, (b) dynamic pressure Pd, (c) ion density N, and (d) total magnetic field B. The quantities are 
normalized in the same way as in Figure 1 and N is normalized by upstream value N0. The black lines represent the magnetic 
field lines, and the shock front and the boundaries of high-speed jets are denoted by the white and pink lines respectively.

Figure 3.  Time evolution in Case 1 of the dynamic pressure Pd averaged in a 
30 di × 30 di box with the center (a) 50 di upstream (Pd,up, normalized by Pd0) 
from and (b) 20 di downstream (Pd,down, normalized by Pd0) from the identified 
shock front, and the offset (Δs, in di) of the shock front, which is calculated 
by the distance between the shock front and its average x position. The dashed 
lines denote the position of high-speed jets A1 in Figure 1.
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when Δs is positive, and it is dented when Δs is negative. Obviously, the dynamic pressure in the upstream and 
downstream have a good correlation, and the HSJs with the enhanced dynamic pressure appear downstream 
of the dented parts of the rippled shock front. Therefore, the interactions between the compressive structures 
inhomogeneous along the y direction in the upstream and the shock front lead to the rippled shock front and 
HSJs in the downstream with the enhanced dynamic pressure. This can be clearly demonstrated by following the 
time evolution of HSJ A1 (denoted by the dashed line). Here, the y position of the compressive structures in the 
upstream, the dented part of the rippled shock front, and HSJs in the downstream almost don't change with time.

Raptis et al. (2022) suggested that HSJs can be generated through the shock reformation process, in which the 
upstream waves pile up between the old and new shock fronts and are convected downstream. However, the 
large-scale HSJs in this simulation can sustain multiple reformation cycles. Figure 4 plots the total magnetic field 
as y = 130 di, where HSJ A1 is present, and y = 150 di, where no large-scale HSJs are visible. At both positions, 
the reformation cycle period is around 𝐴𝐴 20 Ω

−1

𝑖𝑖
 , while HSJ A1 persists for over 𝐴𝐴 150 Ω

−1

𝑖𝑖
 throughout the exhibited 

time interval, and no significant HSJ forms during the reformation cycles at y = 170 di. Therefore, the large-scale 
HSJs in this simulation are not direct results of the shock reformation process.

3.2.  The Movement of Compressive Structures With Non-Zero θBn

Then we examine the evolution of HSJs in shocks with different θBn. In Cases 2–4, θBn are set to 10°, 20°, and 
30°, respectively, while the other parameters are kept the same as Case 1. Figure  5 plots the dynamic pres-
sure 𝐴𝐴 𝐴𝐴𝑑𝑑 = 𝑛𝑛(𝑉𝑉sh − 𝑉𝑉𝑖𝑖)

2 (Figures 5a–5d), the total magnetic field B (Figures 5e–5h), and the ion temperature Ti 
(Figures 5i–5l) of Case 4 at t = 270, 300, 330, and 𝐴𝐴 360 Ω

−1

𝑖𝑖
 . The position of the shock front and the boundaries 

of HSJs are plotted using the same method as in Figure 1. Compared to Case 1, both the scale size and strength 
of the HSJs are smaller, and the shock ripples are also less obvious. There are also compressive structures in the 
upstream region of the shock front, characterized by enhanced dynamic pressure Pd and magnetic field B, which 
extend along the upstream background magnetic field. Similar to Case 1, when these upstream compressive struc-
tures interact with the shock front, the shock front becomes dented, and HSJs are formed just downstream of the 
dented part of the shock front, extending almost along the downstream magnetic field.

To investigate why HSJs do not evolve into large-scale sizes in Case 4, we first study the evolution of HSJ B2 
in detail. Figure 6 shows the x component of the ion bulk velocity in the shock's frame Vsh − Vix and dynamic 
pressure Pd at t = 315, 325, 335, and 𝐴𝐴 345 Ω

−1

𝑖𝑖
 . At 𝐴𝐴 𝐴𝐴 = 315 Ω

−1

𝑖𝑖
 , HSJ B2 is small, with a size about 10 di, located 

around y = 250 di. As time progresses, the shock front at y = 250 di starts to dent downstream, and HSJ B2 
becomes more apparent. In the upstream region corresponding to HSJ B2, there is a compressive structure with 
enhanced dynamic pressure denoted as “CS1,” aligned almost parallel to the magnetic field. HSJs result from the 
interaction between the compressive structure and the shock front. Structure CS1 propagates along the magnetic 

Figure 4.  Evolution of total magnetic field B at (a) y = 130 di, where high-speed jet (HSJ) A1 is located at, and (b) y = 170 
di, where no large-scale HSJ presents, in Case 1. The black arrows denote the reformation events.
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Figure 6.  Evolution of high-speed jet B2 in Figure 5, Case 4. (a–d) The x component of the ion bulk velocity in the shock's 
frame Vsh − Vix, (e–h) the dynamic pressure Pd. The red lines encircle the compressive structure CS1.

Figure 5.  Evolution of the shock in Case 4 shown by (a–d) the dynamic pressure Pd, (e–h) the total magnetic field B, and 
(i–l) the ion temperature Ti. The quantities are in the same way as in Figure 1. The black lines in the figure represent the 
magnetic field lines, and the white and pink lines denote the shock front and the boundaries of high-speed jets respectively.
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field away from the shock front at a velocity of about VA0, while the upstream 
plasma flow brings it back toward the shock front along the x direction at 
a velocity of about 6 VA0. In the presence of a non-zero shock angle θBn, as 
shown in the figure, the upstream structure CS1 moves toward the lower-left 
direction. As a result, the interaction region of the structure CS1 and shock 
front moves downwards along the shock front. Simultaneously, HSJ B2 in the 
downstream also moves downwards. At t = 335, the dented part of the shock 
front corresponding to the HSJ B2 is about 20 di to the left of the convex 
part, and the size of B2 is about 100 di. When the interaction region of the 
compressive structure leaves the root of HSJ B2, the HSJ starts to dissipate 
and its size decreases accordingly. Other HSJs exhibit similar evolutions.

To show the movement of the compressive structures, the shock ripples, 
and downstream HSJs more clearly, Figure 7 illustrates the evolution of the 
upstream dynamic pressure Pd,up, the downstream dynamic pressure Pd,down, 
and the shock front offset Δs. The upstream and downstream dynamic pressure 
Pd,up and Pd,down are defined as the average dynamic pressure in a 30 di × 30 
di box centered at 50 di and 20 di away from the shock front in the upstream 
and downstream, respectively, consistent with Figure 3. From Figure 7, it is 
observed that the upstream compressive structures, shock ripples, and down-
stream HSJs move obviously toward the bottom. The upstream compressive 
structures move faster with a velocity of about 4.29 VA0, while the velocity 
of the shock ripples and downstream HSJs is about 2.1 VA0. This difference 
indicates that the formation of shock ripples is delayed after the upstream 
compressive structures interact with the shock front. Additionally, the down-
stream bulk velocity, averaged in t = 300-𝐴𝐴 400 Ω

−1

𝑖𝑖
 between 200 and 50 di 

downstream of the shock front, is about 0.20 VA0 in the +y direction. This 
result agrees with the prediction value of 0.24 VA0 by Rankine-Hugoniot 

conditions. Apparently, the downstream bulk velocity is much smaller than the speeds along the shock front of 
both the upstream compressive structures and the downstream HSJs, and its effect on the evolution of HSJs can 
therefore be neglected.

Figure 8 shows the dynamic pressure in both Cases 2 and 3. Compared with Case 1 and Case 4, it is clear that 
with the increase of the shock angle θBn, the sizes and strengths of downstream HSJs become smaller and smaller. 

Figure 7.  Time evolution of the dynamic pressure averaged in a 30 di × 30 di 
box with the center (a) 50 di upstream (Pd,up) and (b) 20 di downstream (Pd,down) 
from the identified shock front, and the offset (Δs) of the shock front of Case 
4. The quantities are normalized the same as in Figure 3. The black reference 
line in panel (a) shows the movement of the compressive structure CS1, and 
the slope of the line is k = −4.29 VA0. In panels (b) and (c) the black reference 
lines show the movement of high-speed jets and shock ripples, and the slope of 
the lines is k = −2.1 VA0.

Figure 8.  Dynamic pressure Pd of (a–d) Case 3 and (e–h) Case 4 at t = 90, 320, 350, and 𝐴𝐴 380 Ω
−1

𝑖𝑖
 . The black lines represent 

the magnetic field lines, and the white and pink lines denote the shock front and the boundaries of the high-speed jets, 
respectively.
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When θBn = 10° in Case 2, the sizes of the HSJs are about 100 di, while the sizes of the HSJs are about 50 di at 
θBn = 20° in Case 3.

Figure 9 shows the evolution in Case 2 and 3 of the upstream dynamic pressure Pd,up, the downstream dynamic 
pressure Pd,down, and the shock front offset Δs, which are calculated with the method in Figure 3. Similar to Case 
4, the upstream compressive structures, shock ripples, and downstream HSJs propagate toward the bottom, and 
the propagation speed of the upstream compressive structures is larger than that of both shock ripples and down-
stream HSJs. Also, with the increase of the shock angle θBn, the corresponding propagation speed becomes larger. 
When θBn = 10°, the propagation speed of the upstream compressive structures is about 1.12VA0, while that of the 
shock ripples and downstream HSJs is about 0.56VA0. When θBn = 20°, the corresponding speed values are 2.32 
VA0 and 1.16 VA0, respectively.

3.3.  The Effect of Plasma β and Mach Number MA

Figure 10 shows the time evolution of the upstream/downstream dynamic pressure and the shock front offset for 
Cases 5 and 6 following in the same format as the previous figures. The plasma β for both cases is reduced to 
0.03, and the other parameters remain identical to Cases 1 and 4. As shown in Figures 10a–10c, in Case 5, the y 
position of the upstream compressive structures and the shock ripples barely change. Although the downstream 
HSJs exhibit slow movement over time, they still appear within specific y ranges, with the maximum scale size 
exceeding 200 di. Furthermore, the depth of the shock ripples and the strength of the HSJs are higher than those 
in Case 1 due to the slower dissipation with a lower temperature. In Case 6 (Figures 10d–10f), where θBn = 30°, 
the upstream compressive structures move along the shock front with almost the same speed as the HSJs, while 
no clear movement pattern is evident in the shock front ripples. Similar to Case 2, the maximum scale size of the 
HSJs in Case 6 is within 100 di.

Figure 9.  Time evolution of the dynamic pressure averaged in a 30 di × 30 di box with the center (a, d) 50 di upstream (Pd,up) 
and (b, e) 20 di downstream (Pd,down) from the shock front, and (c, f) the offset (Δs) of the shock front, obtained from (a–c) 
Case 3 and (d–f) Case 4. The quantities are normalized the same as in Figure 3. The black reference lines show the movement 
of the compressive structures (a, d).
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The time evolution of the upstream/downstream dynamic pressure and the shock front offset, as defined in 
Section 3.1 for Cases 7 and 8, is shown in Figure 11. In both cases, the velocity of injected plasma is reduced 
to 4 VA0, and the Mach number is decreased to around 5, while other parameters are kept identical to Cases 1 
and 4. The upstream compressive structures, the HSJs, and the shock front ripples move in a similar manner 
to Cases 1 and 2; however, their magnitude and depth are lower than those in the corresponding cases with 
higher Mach numbers. As a result, the scale sizes of HSJs are smaller, with a maximum of around 80 di in 
Case 7 and 30 di in Case 8. Note that the scale sizes of the HSJs when θBn = 30° are still smaller than those 
when θBn = 0° due to the movement of the interaction regions of the compressive structures and the shock 
front.

4.  Conclusions and Discussion
In this paper, we study the formation of HSJs in parallel and quasi-parallel shocks by performing 2-D hybrid 
simulations. The conclusions are summarized as follows:

1.	 �The interaction between the upstream compressive structures and the shock front leads to the shock ripples 
and HSJs just downstream of the dented parts of the shock front.

2.	 �At a parallel shock (θBn = 0°), the interaction regions between the upstream compressive structures and the 
shock front remain unchanged, and the downstream HSJs can grow into large scales. The scale sizes of HSJs 
can become larger with the decreasing plasma β.

3.	 �At a quasi-parallel shock with a finite shock angle θBn, the interaction regions between the upstream compres-
sive structures and the shock front move along the shock front, and the downstream HSJs also propagate along 
the y direction.

Figure 10.  Time evolution of the dynamic pressure averaged in a 30 di × 30 di box with the center (a, d) 50 di upstream 
(Pd,up) and (b, e) 20 di downstream (Pd,down) from the shock front, and (c, f) the offset (Δs) of the shock front, obtained from 
(a–c) Case 5 and (d-f) Case 6. The quantities are normalized the same as in Figure 3. The black reference lines show the 
movement of the compressive structures (a, d).
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4.	 �With the increase of the shock angle θBn, the sizes of downstream HSJs become smaller and their propagation 
speeds along the y direction become larger. Moreover, the dependency of the HSJ's scale size over plasma β 
becomes weaker.

5.	 �The scale size of HSJs increases with increasing Mach number when other parameters are the same.

Hietala et al. (2009) proposed that HSJs downstream of a quasi-parallel shock are formed when the upstream 
plasma flow is deflected and suffers less deceleration when crossing through the inclined part of a rippled shock. 
Hao, Lembege, et al. (2016) attributed the formation of downstream HSJs to the interaction between the upstream 
plasma waves and the shock front. In this paper, we find that both the shock ripples and the downstream HSJs 
are the consequences of the compressive structures formed by upstream low-frequency waves. The interaction 
between the compressive structures and the shock front can generate the ripples at the shock front, and their 
enhanced densities can contribute to the increase of the downstream dynamic pressure. Meanwhile, the plasma 
flows have larger velocity in the downstream region of the dented parts of the shock front, which at last make the 
compressive structures evolve into HSJs.

Simultaneously, large-scale HSJs are usually observed in the magnetosheath, and they may trigger magnetic 
reconnection in the magnetopause (Karimabadi et  al.,  2014) and form throat aurora in the ionosphere 
(Han et al., 2016, 2017). With a 2-D global hybrid simulation, Guo et al.  (2022) identified such kinds of 
large-scale HSJs downstream of a parallel shock. In this paper, we find that in a parallel shock, the inter-
acting regions between the upstream compressive structures and the shock front remain unchanged, and the 
downstream HSJs can grow into large scales (Figure 12a). With the increase of the shock angle, the ripples 
and downstream HSJs propagate along the shock front, and the downstream HSJs can not grow into large 
sizes (Figure 12b).

This study utilizes a 2-D hybrid model to investigate the formation and evolution of HSJs. Although HSJs are 
3-D structures and their evolution may involve physics along the z axis, the present 2-D simulations adequately 
elucidate the mechanism of the movement of the upstream compressive structure and HSJ along the y axis. To 
comprehensively investigate the 3-D structure and evolution of HSJs, further 3-D simulations are necessary.

Figure 11.  Time evolution of the dynamic pressure averaged in a 30 di × 30 di box with the center (a, d) 50 di upstream 
(Pd,up) and (b, e) 20 di downstream (Pd,down) from the shock front, and (c, f) the offset (Δs) of the shock front, obtained from 
(a–c) Case 7 and (d–f) Case 8. The quantities are normalized the same as in Figure 3. The black reference lines show the 
movement of the compressive structures (a, d).
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Data Availability Statement
The authors gratefully acknowledge the data resources from the “National Space Science Data Center, National 
Science & Technology Infrastructure of China (www.nssdc.ac.cn).” The simulation data (Ren, 2023) used to plot 
the figures in this paper can be downloaded from https://doi.org/10.57760/sciencedb.07076.
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