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Abstract Foreshock compressive structures are often linked to the formation of magnetosheath
jets—high dynamic pressure structures frequently observed downstream of quasi-parallel shocks. Formation
of these structures is attributed to the nonlinear evolution of foreshock waves excited by ion-ion beam
instabilities. However, the conditions and underlying mechanisms forming these compressive structures
remain unclear. In this study, we investigate the evolution of ion-ion beam instabilities using two-
dimensional hybrid simulations with the continuous injection of ion beams. Our results demonstrate that
while quasi-parallel waves are initially excited, quasi-perpendicular, compressive, non-propagating
modes—Ilikely formed by nonlinear wave superposition—grow to large amplitudes when the beam ion
temperature is sufficiently high, eventually evolving into compressive structures. In contrast, these quasi-
perpendicular modes saturate at small amplitudes, and no significant compressive structures form when the
beam ion temperature is insufficient.

1. Introduction

The structure and dynamics of collisionless shocks and the downstream magnetosheaths are fundamentally
governed by the orientation of the interplanetary magnetic field (Burgess, 1989; Leroy et al., 1982; Tang
etal., 2025). At a quasi-parallel shock, where the angle between the shock normal and the upstream magnetic field
is less than 45°, the shock front and downstream magnetosheath are turbulent. A prominent feature observed
downstream of such shocks is the presence of magnetosheath jets—localized enhancements of dynamic pressure
(Hietala et al., 2009; Némecek et al., 1998; Plaschke et al., 2013). Magnetosheath jets are frequently observed
downstream of planetary bow shocks (Gunell et al., 2023; Guo et al., 2024; Karlsson et al., 2016; Plaschke
et al., 2016; Zhou et al., 2024) and interplanetary shocks (Hietala et al., 2024), and their occurrence is prominent
in the subsolar region behind the Earth's bow shock (Archer & Horbury, 2013; Guo et al., 2022; Plaschke
et al., 2013). These structures typically exhibit enhanced plasma density and velocity, alongside temperatures
lower than the surrounding plasma (Archer & Horbury, 2013; Fatemi et al., 2024). The magnetosheath jets can be
geo-effective; large-scale jets can impinge upon and distort the magnetopause (Archer et al., 2019; Guo
etal., 2026; Némecek et al., 2023; Plaschke et al., 2016; Ren et al., 2024; Yang et al., 2024), potentially triggering
complex responses in the magnetosphere and ionosphere (Han et al., 2016; Ma et al., 2024; Wang et al., 2018).
The origin of these structures is inextricably linked to kinetic processes in the upstream region. These include
processes associated with solar wind discontinuities (Archer et al., 2012; Dmitriev & Suvorova, 2012; Lin
etal., 1996; Zhou et al., 2024) and foreshock waves under quiet solar wind conditions (Hietala et al., 2009; Omidi
et al., 2013; Raptis et al., 2022), particularly the compressive structures formed during wave evolution (Palmroth
et al., 2018; Ren et al., 2023; Suni et al., 2021).

At quasi-parallel shocks, a fraction of incident solar wind ions is reflected at the shock front, streaming back
upstream to form ion beams (Gosling et al., 1989; Hao et al., 2016). These beams provide the free energy
necessary to drive three primary types of ion-ion beam instabilities. When the beam velocity is sufficiently high,
the system becomes susceptible to the right-hand resonant instability, which excites a quasi-parallel, right-hand
polarized magnetosonic mode wave (Hoppe & Russell, 1983; Gary, 1991; Lu et al., 2006). The maximum growth
rate of the right-hand resonant instability is primarily governed by the beam density (Gary, 1978). Conversely,
when the beam temperature is sufficiently high such that the thermal speed of the beam ions exceeds their drift
velocity, Alfvén mode waves can be excited via the left-hand resonant instability (Eastwood et al., 2003;
Gary, 1985). Alternatively, a cold, fast beam can trigger the non-resonant instability, exciting right-hand waves
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that propagate against the beam (Burgess & Scholer, 2015). Although waves excited by all three instabilities have
been observed in the Earth's foreshock, the right-hand resonant wave, typically exhibiting a period of approxi-
mately 30 s (“30-s waves”), is the most ubiquitous (Fairfield, 1969; Narita et al., 2006).

As these waves propagate and are convected toward the shock front, the velocity distribution of the beam ions is
continually modified by the waves they generate. In the vicinity of the quasi-parallel shock front, the shock-
reflected ions are thermalized into a “diffuse” distribution, characterized by a flat energy spectrum and a
broad angular distribution (Bonifazi & Moreno, 1981). In regions further upstream, however, the beam ions tend
to exhibit a lower temperature (Kempf et al., 2015). When the waves encounter the diffuse ion population as they
are brought back to the shock front by the solar wind, they steepen to form shocklets or short, large-amplitude
magnetic structures (SLAMS) (Schwartz & Burgess, 1991; Scholer et al., 2003; Tsubouchi & Lem-
bege, 2004). Consequently, the wave normal is deflected to align parallel with the shock normal (Dubouloz &
Scholer, 1995; Scholer et al., 1993). These structures trap the thermalized diffuse ions in the vicinity of the shock
front (Su et al., 2012) and can steepen to an amplitude exceeding that of the shock front itself, thereby completing
cyclic shock reformation processes (Hao et al., 2017; Tsubouchi & Lembege, 2004).

The waves excited by the three primary instabilities all propagate either quasi-parallel or anti-parallel to the beam
direction. However, the structures relevant to large-scale magnetosheath jets possess a normal direction
perpendicular to the background magnetic field (Ren et al., 2023), requiring the excitation of a perpendicular
wave mode. Several candidate mechanisms have been proposed to explain their formation. First, linear theory
predicts a positive growth rate for a highly oblique wave mode if the beam is sufficiently dense (Hellinger &
Mangeney, 1999). Furthermore, wave-particle interactions in the foreshock region scatter the beam ions into
partial-shell or ring-beam distributions (Kempf et al., 2015), which are also unstable to oblique perturbations
(Blanco-Cano et al., 2009; Hao et al., 2021). Second, perpendicular fluctuations can be generated through
nonlinear processes. Two quasi-parallel modes can superpose to form a second-order mode whose wave number
and frequency correspond to the differences of the first-order modes (Vasquez & Hollweg, 1999). When the two
quasi-parallel modes possess identical parallel wave numbers and frequencies, a perpendicular, pressure-
balancing mode is generated. This mode is observed as filamentary structures in simulations of ion-ion beam
instabilities (Wang & Lin, 2003, 2006). A third mechanism leading to perpendicular inhomogeneity involves
feedback from the shock front. Quasi-parallel shocks intrinsically possess rippled shock fronts (Gingell
et al., 2017; Scholer et al., 1993). Ions are reflected differently across various parts of a rippled shock front:
specifically, ions are less likely to be reflected where the shock front dents downstream (Hao et al., 2016).
Because these ions travel along the magnetic field lines, the spatial differences in ion reflection can potentially
generate perpendicular foreshock inhomogeneities.

This study explores the conditions necessary for the formation of these jet-related, perpendicular compressive
structures. Specifically, we investigate whether these structures arise from a feedback loop between the shock
front and the foreshock, or if they are intrinsic to ion-ion beam unstable systems and thus dependent on beam
properties. To achieve this, we perform two-dimensional (2D) hybrid simulations with a continuously injected ion
beam to investigate the nonlinear evolution of ion-ion beam instabilities. By varying the temperature of the
injected ion beam, we elucidate the conditions and mechanisms governing the formation of compressive fore-
shock structures, providing insight into the genesis of magnetosheath jets.

2. Simulation Setups

In this study, we employ the Hybrid-VPIC code (Le et al., 2023) with a continuous beam injection setup to
investigate the formation of compressive structures driven by ion-ion beam instabilities. The simulation domain
comprises n, X n, = 1008 X 512 grid cells with a spatial resolution of Ax = Ay = 1 d; (ion inertial length)
and a temporal resolution of At = 0.01 Q' (inverse ion gyro-frequency). The system is initialized with a
uniform magnetic field, By, parallel to the x-axis, which is the favored condition for the formation of large-scale
magnetosheath jets (Guo et al., 2022; Ren et al., 2023). The background “solar wind” ions are initialized uni-
formly with density Ny, plasma § = 1, and a bulk velocity V, = (=7,0,0) V,,, where V4, = Bo/\/m
denotes the Alfvén speed. The simulation domain employs periodic boundaries in the y-direction.
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Table 1 The boundary conditions along the x-axis, which is parallel to the background

Temperature of the Injected lon Beams

magnetic field, require careful consideration. Previous simulations of ion-ion

Case

1

5 3 4 beam instabilities often employed periodic boundary conditions in the x-di-

Tb/ (m,- V/ZXO)

1

rection, initializing the system with core and beam ion components (Hellinger
10 20 50 & Mangeney, 1999; Wang & Lin, 2003). However, in these models, the

resulting compressive structures either exhibit substantially lower amplitudes
than the parallel waves (Wang & Lin, 2003; Wang & Lin, 2006) or dissipate entirely during the late stages of the
simulation (Hellinger & Mangeney, 1999). This indicates that a periodic boundary setup fails to capture the
essential physics required to generate large-amplitude compressive structures. A primary distinction between this
classical setup and the realistic foreshock environment is that, in the latter, waves continuously encounter fresh,
dense beam populations as they are convected toward the shock by the upstream flow. Therefore, the simulation
setup must provide a sustained supply of beam ions to interact with the excited waves.

Another widely utilized approach implements a reflecting wall at one of the x-boundaries, allowing a shock to
form and reflect ions self-consistently (Hao et al., 2021; Ren et al., 2023). However, this configuration precludes
us from distinguishing whether the compressive structures are intrinsic to systems unstable to ion-ion beam
instabilities or if they originate from a feedback loop built upon inhomogeneous shock reflections (Hao
et al., 2016). Consequently, the shock front must be excluded from the simulation domain.

Our simulation resolves these problems by applying open/absorbing conditions to both of the x-boundaries. The
background ions and beam ions are continuously injected from the +x and —x boundaries, respectively. The
background ions are injected with a speed of V,, which is sufficiently high to prevent a shock from forming within
the simulation domain. The beam ions injected from the —x boundary have a density N, = 0.02 N, and bulk
velocity Vi, = (3,0,0) V,,, resulting in a total beam speed of V,, = [V, — V| = 10 V,,. The solar wind and
beam parameters are chosen according to typical values reported in observations (Bonifazi & Moreno, 1981) and
simulations (Kempf et al., 2015). There are 150 macro particles on average initialized per grid cell in the
simulation domain for the background ions, and the beam ions are injected with an equivalent number density
flux. The critical parameter in this study is the temperature of the beam ions, T},. We conduct four simulations
(Cases 1-4) with varying T}, as detailed in Table 1.

3. Simulation Results

We first focus on the temporal evolution of the amplitude of the excited waves. To separate the transverse and the
compressive components, we define the compressive (6B)) and transverse (6B,) wave amplitudes as the root-

mean-square of the magnetic field fluctuations integrated over the relevant wavenumbers:

By = [ 16B.P. 6B, = \/Z |6B,2 + > | 6B,
k k A

and the total fluctuation is calculated by 6B = , /5Bﬁ + 6B%. The integration domains are defined as

0 <k, < 0.03,k,| < 0.2 for the compressive fluctuations and 0.04 < k, < 0.2,]k,| < 0.2 for the transverse
fluctuations; most of the wave power of interest is concentrated in these regions, as will be shown in Figures 4 and

% (1)

6. Figure 1 shows the temporal evolution of the transverse and compressive amplitudes, as well as the ratio of the
compressive to the total amplitude. The evolution of the waves proceeds in three distinct stages. In the initial
phase (<150 Qi_l), the waves exhibit quasi-linear growth with simultaneous amplification of both transverse
and compressive components. Subsequently, the wave-particle interactions lead to the saturation of the transverse
component, whose amplitudes then decrease until 1 ~ 350-400 Qi_l. Finally, the amplitudes of the transverse
component stabilize after ¢+ = 400 Qi_l. A critical divergence occurs in the behavior of the compressive
component depending on the temperature of the beam ions. In Cases 1 and 2 with lower 7},, the compressive
component saturates concurrently with the transverse component, and the ratio of compressive to total amplitude
converges to approximately 0.2. In contrast, for Cases 3 and 4 with higher T},, the compressive amplitude con-
tinues to grow. Notably, in Case 4, the compressive fluctuation eventually becomes the dominant component,
with an amplitude ratio exceeding 0.5. This disparity suggests a fundamental difference introduced by the
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Figure 1. Temporal evolution of wave amplitudes: (a) transverse component 6B, (b) compressive component 5B, and
(c) the ratio of the compressive component to the total wave amplitude 5B)/5B. The dashed line in panel (c) shows
0B)/6B = 0.5, above which the compressive component takes dominance.

temperature of the beam ions. While the transverse component saturates similarly across all cases, the
compressive modes require a sufficiently high temperature of the beam ions to sustain growth. We now examine
the two extreme cases, Case 4 (Hot Beam) and Case 1 (Cool Beam), to investigate these processes in detail.

Figure 2 shows the spatial distribution of the magnetic field components (one of the transverse components 65,
column a, and the compressive component B, column b) and the dynamic pressure P; = ml-Nin (column c¢) in
Case 4, where the temperature of the beam ions is 7;, = 50 m; me. Parallel waves dominated by the transverse,
circle-polarized fluctuation component are excited first via the right-hand instability as beam particles fill the
simulation domain from the —x boundary (Figure 2al). Figure 3 plots the ion velocity distribution functions at the
corresponding times. As shown in the figure, prior to t = 100 Qi_l, these waves grow linearly, and the beam ions
maintain a well-defined free-streaming Maxwellian distribution (Figures 3al-3d1). These waves propagate in the
—x direction in the simulation frame, encountering denser, freshly injected beam ions.

As the wave amplitudes increase, significant scattering of beam ions occurs, generating a partial-shell ion dis-
tribution and scattering numerous ions back toward the —x direction. This process depletes the free energy
available for instability away from the injection boundary (x = 0), causing the amplitude of the parallel waves to

decrease around t = 200 Qi_l (Figure 2a3). Simultaneously, nonlinear evolution disrupts the wave fronts, which
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Figure 2. Spatial distribution of (a) fluctuations on magnetic field z-component 6B,, (b) fluctuations on magnetic field x-component 6B,, and (c) dynamic pressure P, in
Case 4 (T, =50 m,-ViO) at four distinct times.

become less coherent by 1 = 350 Qi_l. Beyond this time, properties of the transverse component remain stable
until the end of the simulation.

The compressive component evolves quite differently from the transverse component. Before r = 200 Qi_l,
compressive fluctuations correspond primarily to the x-component of the quasi-parallel propagating waves, with
wave fronts oriented quasi-parallel to the y-direction. These fluctuations evolve synchronously with the transverse
component. However, after t ~ 350 Qi_l, distinct perpendicular modes with wave fronts parallel to the x-di-
rection emerge. The amplitude of the perpendicular modes grows continuously, eventually becoming the
dominant compressive fluctuation (Figure 2b4). Wave fronts belonging to these modes lie quasi-parallel to the x
axis, while the propagating speed is close to zero. These fluctuations strongly modulate the plasma density and,
consequently, the dynamic pressure. In the late stage of the simulation (Figure 2c4), the dynamic pressure exhibits
ribbon-like structures resembling the compressive structures observed in the foreshock regions of hybrid simu-
lations of collisionless shocks (Omidi, 2007; Ren et al., 2023), and the other physical properties of the structures
in this simulation also agree with those of foreshock compressive structures.

Figure 4 shows the Fourier spectra of the transverse and compressive components for Case 4. For the transverse
component, the initial waves peak around k, ~0.08 d,-_1 and |k,| < 0.04 di_1 prior to t = 200 Qi'l (Figure 4a).
Subsequently, the waves with larger parallel wave numbers are excited (Figures 4a2 and 4a3), corresponding to
the slower beam particles arriving later in the +x part of the simulation domain. This creates a spatial stratification
where higher-energy beam ions are scattered first further into the background; consequently, the beam ion ve-
locity distribution develops a two-layered partial shell structure around ¢ = 350 Qi_l at x > 450 d;
(Figures 3b3-3d3). In the late stage of the simulation, the power of the transverse component is concentrated
within k, € (0.05,0.15) d;' (Figure 4a4).
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Figure 3. ITon velocity distribution function f in Case 4 (T}, = 50 m,-Vlzm). Distribution functions are sampled from ions within (a) x €[10,60) d;, (b) [200,300) d,,

(c) [450,500) d;, and (d) [700,800) d;.

The compressive component spectrum reveals two distinct types. The first occupies a spectral range similar to the
transverse component, corresponding to the quasi-parallel propagating waves. The quasi-perpendicular modes
with k, < 0.03 and |k,| < 0.08, emerge starting at t~200 Qi_l (Figure 4b2). Following the saturation of the
quasi-parallel modes (¢t > 350 Qi_l), the quasi-perpendicular modes gradually become dominant. The wave
normal angle is approximately 80° relative to the x axis, with power distributed within |k,| < 0.1 di_l, peaking at
k,~ + 0.05 d;' (Figure 4b4).

We compare these results with Case 1, where the temperature of the beam ions is low (T, = 1 m;V3). Figure 5
shows the distribution of transverse and compressive components and the dynamic pressure. Similar to the hot
beam case, quasi-parallel waves are excited first; however, these waves are more oblique with shorter wave-
lengths. As shown in Figure 6al, the wave amplitude peaks near k, = 0.1 d,-_1 and k, = £0.05 dl-_1 , with power
extending to perpendicular wave numbers of k, = +0.15 di’]. Saturation occurs when a sufficient number of
particles are scattered by the waves. Concurrently, waves with shorter wavelength are excited by the scattered,
slower beam ions, though their perpendicular wave number extent is narrower than that of the primary waves. In
the late simulation stage, transverse fluctuation power concentrates in the perpendicular wave number domain
while extending in the parallel domain (k, €(0.1,0.25) dl._l, |k,| < 0.05 di_l, Figures 6a3-6a4). At
t = 1000 Qi_l, there are small compressive structures formed near the —x boundary. These structures may
originate from the hot ions that are thermalized and trapped by the waves (Su et al., 2012), which in turn steepen
the waves into shocklets or SLAMS (Schwartz & Burgess, 1991). Notably, the total saturation amplitude is
approximately five times lower than in Case 4, and there are no obvious large-scale compressive structures
observed during the simulation (Figures 5c1-5c4).

Due to the higher obliquity of the quasi-parallel waves in this case, the compressive fluctuations are initially
dominated by these modes (r < 200 di_l). As the quasi-parallel waves saturate and their propagation vector
becomes less oblique, the associated compressive power decreases. Unlike Case 4, the amplitude of the
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Figure 4. Fourier power spectra of the transverse (6B,) and compressive (6B,) wave components in Case 4 at different times.

perpendicular modes remains comparable to the noise levels throughout the simulation. The Fourier spectra in

Figures 6b3-6b4 show only slight power increases within k, < 0.03 di_l.

Figure 7 shows the ion velocity distribution for Case 1. The beam ions are significantly more concentrated than in
Case 4 due to the lower temperature. Upon interaction with the waves, they scatter to form a partial-shell dis-
tribution (Figures 7a2—7d2). The sequential excitation of waves with varying wavenumbers leads to the formation
of a two-layered partial-shell distribution in the later stages (Figures 7b3—7d4).

4. Conclusions and Discussion

This study investigates the formation of compressive structures associated with ion-ion beam instabilities using
2D hybrid simulations with continuously injected ion beams. Quasi-parallel propagating waves are excited first
by the instabilities and saturate in amplitude during the subsequent wave-particle interactions. However, when the
ion beam is sufficiently hot—a typical condition in the vicinity of a quasi-parallel shock front (Bonifazi &
Moreno, 1981; Fuselier, 2013; Kempf et al., 2015)—perpendicular, nearly non-propagating wave modes can
grow to a significant amplitude and form compressive structures, whereas these modes saturate at very low
amplitudes when the temperature of the beam ions is low.

Compressive filamentary structures have been observed in prior hybrid simulations of ion-ion beam instabilities
without continuous beam injection (Hellinger & Mangeney, 1999; Wang & Lin, 2006). These structures share
significant similarities with the compressive structures presented in this work, including their non-propagating
nature and the correlation between the magnetic field and plasma density. The primary difference is that these
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Figure 5. Spatial distribution of (a) fluctuations on magnetic field z-component 6B,, (b) fluctuations on magnetic field x-component 6B,, and (c) dynamic pressure P, in
Case 1 (T, =1 m; VZ;O) at four distinct times.

previously reported filamentary structures exhibit much lower amplitudes and fade out during the late stages of
the simulation (Hellinger & Mangeney, 1999). The setup of Case 4 in this study, which yields large-amplitude
compressive structures, differs from the configurations used by Hellinger and Mangeney (1999) and Wang
and Lin (2006) in two major aspects. First, the beam temperature is substantially higher in Case 4 (50 m; Vi Vs.
0.25 m,-Vf, or 0.005 m,«Vf,); second, the beam ions are continuously supplied throughout our simulations. To
confirm that the beam temperature is not the sole decisive parameter governing the formation of these
compressive structures, we conducted an additional simulation. This run utilized the same plasma parameters as
Case 4 within an n, X n, = 512 x 1008 domain, employing periodic boundaries in the x-direction and omitting
beam injection. As shown in Figure 8, the compressive 6B, component exhibits only non-coherent fluctuations at
t =100 Qi'l , and its amplitude decreases over time during subsequent evolution. Therefore, the sustained supply
of beam ions and a sufficiently high beam temperature are both indispensable conditions for the formation of
large-amplitude compressive structures.

Quasi-perpendicular modes have been investigated in prior hybrid simulations of quasi-parallel shocks.
Omidi (2007) observed these waves in a global hybrid simulation, naming them fast linearly polarized oblique
waves based on their polarization properties. Subsequent work (Blanco-Cano et al., 2009) suggests that these
waves are associated with field-aligned ion beams, specifically the ring-beam or diffused beam ions. Linear
theory analysis based on a local hybrid simulation (Hao et al., 2021) demonstrates that shell-like distributed ions
can contribute a positive growth rate to a quasi-perpendicular, compressive, and nearly non-propagating mode.
This discrepancy may arise because the fitting function employed by the authors cannot accurately model the
shell-like distribution (Hao et al., 2021), or it may indicate the involvement of a nonlinear mechanism.

The nonlinear superposition of two quasi-parallel waves with similar parallel wavevectors and frequencies can
induce a second-order quasi-perpendicular perturbation in the magnetic pressure term, which subsequently
evolves into pressure-balanced structures (Vasquez & Hollweg, 1999). In our simulations, the magnetic field
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Figure 6. Fourier power spectra of the transverse (6B,) and compressive (6B,) wave components in Case 1 at different times.
Note that the color limit is several times smaller than that of Figure 4 to keep the fluctuation visible.

strength is positively correlated and in-phase with the plasma density. Pressure balance is achieved through the
thermal pressure of the beam ions (Figure 9), similar to the findings reported by Wang and Lin (2006) in sim-
ulations without continuous beam injection. Therefore, to maintain a stable, large-amplitude compressive
structure, the beam ions must possess sufficient thermal energy to balance both the magnetic pressure and the
thermal pressure of the background ions. This requirement likely explains why these structures are exclusively
observed in simulations with a high beam temperature. Furthermore, to sustain the growth of the second-order
fluctuations, the fundamental quasi-parallel waves must remain stable and continuously provide the necessary
perturbation. In a system lacking sustained beam injection, the quasi-parallel waves are excited by the initial beam
ions and rapidly exhaust their free energy. Although these waves can persist for a long period, the perpendicular
perturbation they are able to provide remains limited. In our simulations, the quasi-parallel waves are continually
excited by the continuously injected beam ions, thereby constantly amplifying the compressive structures to the
maximum amplitude that the thermal energy of the beam ions can sustain.

The simulations in this study employ uniform beam injection from the boundary and high background species
speeds to prevent shock formation within the simulation domain. The observation of compressive structures under
these conditions implies that their formation is a primary foreshock process, independent of shock-front in-
homogeneity (e.g., Hao et al., 2016). The conditions necessary for the formation of these structures, including
sufficient beam temperatures and a sustained supply of beam ions, are commonly satisfied in the vicinity of quasi-
parallel shocks. Consequently, magnetosheath jets generated by these compressive structures can be considered
the result of the downstream convection of upstream inhomogeneities.
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