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leading to a faster expansion of the structure than for a Maxwellian distribution. A ring distribution 

also yields larger expansion speeds because of the larger projected velocity into the new 

perpendicular direction. For Maxwellian distributions, there are positive and linear correlations of 

the FB expansion speeds with the initial foreshock ion densities, thermal speeds, parallel speeds, 

and sine of the TD magnetic shear angles. These parameter dependencies grow in strength as the 

structures evolve with time. The foreshock ion distributions and properties that lead to stronger 

currents produce more significant magnetic field variations and larger expansion speeds. Our study 

helps quantify the formation and expansion of FBs to forecast their space weather effects and 

contribution to shock acceleration. 

1 Introduction 

 Shocks are the most important particle accelerators in the universe and form when a 

supersonic flow encounters an obstacle (e.g., Helder et al., 2012; Lee et al., 2012). At Earth, when 

the magnetic field of the supermagnetosonic solar wind encounters the magnetosphere, a bow 

shock forms. Where the interplanetary magnetic field (IMF) remains magnetically connected with 

the bow shock surface, the foreshock region is populated with backstreaming foreshock ions that, 

together with the earthward solar wind ions, can lead to the observations of transient kinetic 

phenomena called foreshock transients (see review by Zhang et al., 2022). Some types of foreshock 

transient events exhibit large plasma and field fluctuations such as foreshock bubbles (FBs) (Omidi 

et al., 2010, 2020; Turner et al., 2013, 2020; Liu et al., 2015; Wang C. P. et al., 2021a) and hot 

flow anomalies (HFAs) (Schwartz et al., 1985; Thomsen et al., 1986; Paschmann et al., 1988; 

Schwartz, 1995; Lucek et al., 2004; Facskó et al., 2008, 2009, 2010; Wang S. et al., 2012; Zhao et 

al., 2015; Chu et al., 2017; Schwartz et al., 2018). FBs typically exhibit a core of hot, tenuous cores 

of sunward-directed plasma and grow super-magnetosonically in the upstream direction, resulting 

in a shock connected upstream of their cores and large spatial sizes of 2-10 RE (e.g., Facskó et al., 

2009, 2010; Liu et al., 2016a; Turner et al., 2020). The significant dynamic pressure perturbations 

of FBs (and HFAs) can lead to deformations of the bow shock surface upon collision, which 

propagate through and disturb the magnetosphere (e.g., Sibeck et al., 1999; Jacobsen et al., 2009; 

Hartinger et al., 2013; Archer et al., 2014, 2015; Wang B. et al., 2020, 2021; Wang C. P. et al., 

2020, 2021b). Furthermore, FBs and HFAs have been observed to accelerate particles at the bow 
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shock (e.g., Kecskeméty et al., 2006; Wilson et al., 2016; Liu et al., 2016b, 2017a, 2017b, 2018, 

2019, 2020a; Omidi et al., 2021).  

 Early hybrid simulations show that FBs can be generated with a rotational discontinuity 

(RD) convecting towards the bow shock (Omidi et al., 2010). However, in-situ observations (Liu 

et al., 2015) and 3-D global hybrid simulations (Wang C. P. et al., 2021a) show that FBs can also 

be driven by tangential discontinuities (TD). Recently, particle-in-cell (PIC) simulations (An et 

al., 2020) and spacecraft observations from the Magnetospheric Multiscale (MMS) Mission (Liu 

et al., 2020b) demonstrate a kinetic formation model for FBs. In the model, foreshock ions interact 

with the driver discontinuity by performing a partial gyration and thereby becoming demagnetized. 

Electrons remain magnetized, and as a result, a Hall current is produced that changes the magnetic 

field topology of the discontinuity. These magnetic field variations induce an electric field that 

causes the structure to expand by driving the cold plasma to EB drift outward away from the 

core. And the motion of the foreshock ions against the induced electric field (in the solar wind rest 

frame) provides the energy for the expansion of the structure. In recent hybrid simulations 

confirming the kinetic formation model, Vu et al. (2022) find that the early formation differences 

between TD-driven FBs and HFAs are dependent on the relative scales of the foreshock ion 

gyroradii and the TD thicknesses. This paper, which is a continuation of previous simulation work 

by Vu et al. (2022), focuses on the effects of differing solar wind and foreshock ion parameters on 

the early formation of TD-driven FBs.  

In this paper, we will use 2-D local hybrid simulations to study the effects of different 

foreshock ion distributions and varying foreshock ion properties on the early formation of TD-

driven FBs. Testing different foreshock ion distributions, we will show how the shape of the 

foreshock ion distribution in the perpendicular plane affects the formation process. We will also 

show how the foreshock ion parameters, such as their densities, thermal speeds, and parallel 

speeds, determine the expansion speeds and compression ratios of the formed 

shocks/compressional boundaries. Based on these simulation results, a quantitative expansion 

model of FBs is justified and fitted in the accompanying paper (Liu et al., 2023). In Section 2, we 

will briefly introduce the hybrid code that was used in Vu et al. (2022). In Section 3.1, we will 

present the early formation of TD-driven FBs from different foreshock ion distributions. In Section 

3.2, we will show the effects of various foreshock ion and solar wind ion parameters on the growth 
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of TD-driven FBs in their early formations and show how their dependencies evolve with time. In 

Sections 4 and 5, we will discuss and summarize the findings. 

2 Method 

The 2-D local hybrid simulation used in this paper is a continuation of the hybrid code used 

by Vu et al. (2022) that uses kinetic ions and fluid electrons, assumes quasi-neutrality, and is non-

radiative (Swift, 1995, 1996; Delamere et al., 1999; Delamere, 2006, 2009). The electrons are 

treated as a massless and charge-neutralizing fluid. The motions of the ion macroparticles are 

governed by  d𝐯dt = 𝐄 + 𝐯𝐁 − ν(𝐮i − 𝐮e), 

where E is in units of ion acceleration, B is in units of gyrofrequency, and  is the collision 

frequency between ions and electrons. The electric field is calculated through a combination of the 

electron momentum equation and Ampere’s law  𝐄 =  −𝐮e𝐁 − ν(𝐮e − 𝐮𝐢) =  − (𝐮i −  𝛁𝐁αn ) × 𝐁 − ν 𝛁𝐁αn , 

where α = μ0q2 mp⁄  and mp is the proton mass. The  parameter is used to scale the ion macro-

particle densities to physical values. The magnetic fields are advanced using Faraday’s law. 

Dissipation terms for the ion-electron collisions are included in the particle and field equations to 

reduce numerical instabilities. 

The simulation runs are initialized with an ion plasma beta of 1.0, a simulation box size of 

202x402 cells where the dimension of each cell is 0.5 ion gyroradii or solar wind ion inertial 

lengths, and 400 macroparticles per cell. For the TD in the simulation box with its normal in the 

z-direction (pointing upwards/downwards), the magnetic field is oriented in the +x direction 

(pointing to the right) in the bottom half and the +y direction (pointing into the page) in the top 

half. For cases of different cone angles, the magnetic field configuration includes a By component 

while maintaining the magnetic shear across the TD. For cases of varying TD magnetic shear 

angles, the magnetic field configuration in the bottom half (foreshock side) of the simulation is 

maintained. In contrast, the top half is adjusted for the desired magnetic shear across the TD. Open 

boundary conditions are given at the x and z boundary edges (left and right; top and bottom) and 

periodic boundary conditions are imposed in the y-direction (in and out of the page). A Maxwellian 
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beam of solar wind ions is initialized everywhere and continuously injected at the left boundary 

with a bulk flow speed along the +x direction. At the right boundary, from the center of the TD 

and below, foreshock ions are injected continuously and travel against the solar wind flow 

antiparallel to the magnetic field. The local magnetic field directions and total ion bulk flows are 

considered at each time step to ensure that the newly injected foreshock ions remain field-aligned 

Based on spacecraft observations of foreshock ions upstream of the bow shock (e.g., 

Meziane et al., 2004, Tjulin et al., 2009; Burgess et al., 2012), foreshock ions associated with 

foreshock transients can behave as gyrophase-bunched and ring beam foreshock ion distributions.  

Therefore, to test the effects of different foreshock ion distributions on the early formation of TD-

driven FBs, we initialize the foreshock ions as a Maxwellian beam distribution, a gyrophase-

bunched distribution, and a ring beam distribution. We achieve a gyrophase-bunched distribution 

by adding a perpendicular component at different phases to a Maxwellian beam distribution and a 

ring beam distribution by adding a ring speed to a Maxwellian beam distribution. Next, to study 

the effects of differing foreshock and solar wind ion properties on the early formation of TD-driven 

FBs in their early stages, we keep a Maxwellian beam distribution and vary the parameters of the 

foreshock ion density ratios, parallel speeds, and thermal speeds one at a time. We also modify the 

solar wind bulk flow speeds, the solar wind and foreshock ion bulk flow speeds in proportion, and 

the TD magnetic shear angles. 

  

3 Results 

3.1 Effects of Foreshock Ion Distributions 

In this section, we study the effects of different injected foreshock ion distributions in the 

perpendicular plane on the early formation of TD-driven foreshock bubbles. Because the magnetic 

field variations at the TD are due to the foreshock ion generated currents, then different foreshock 

ion distributions should affect the strength of the currents that develop, and subsequently, how 

significant the magnetic field variations become.  
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Figure 1 The top figure shows the results from a case where the foreshock ions are injected as a 

Maxwellian beam distribution with a thermal speed of 8 VA (where VA = 48.95 km/s). Panels a) 

to o) show the change from the initial time, the 2-D total ion densities, foreshock ion densities, ion 

temperatures, magnetic field components, ion bulk flow components, electric field components, 

and current density components. Panels q) to v) show the 1-D magnetic field components and 

magnitude; solar wind, foreshock, and total ion densities; solar wind, foreshock, and total ion 

temperatures; total ion bulk flow components; foreshock ion perpendicular speeds and gyroradii; 

and current density components. The vertical dotted black lines in the 1-D plots mark the positions 

corresponding to the minimum Jx and the maximum Jy current density components. Panel w) shows 

the initial ion velocity distribution in the Y-Z plane. The bottom figure shows the simulation setup 

with an injected foreshock ion beam interacting with a TD of finite thickness. The current direction 

of the foreshock ion-driven currents is colored as magenta and refers to panels j and k of the 2-D 

plots. The induced electric field component important for the E×B drift (colored as black) of ions, 

i.e., expansion of the structure, is colored as green and refers to panel h of the 2-D plots.  The 

magnetic field variations due to the foreshock ion-driven currents are labeled in blue and refers to 

panels d and e of the 2-D plots. 
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As a point of reference, we begin with Figure 1 with the injection of foreshock ions as a 

Maxwellian beam with a thermal speed of 8 VA. Figure 1 shows the early formation of a TD-driven 

FB (consistent with Vu et al. (2022)) at t=6 inverse solar wind ion gyrofrequencies, ci
-1, with the 

density depletion and compression in Figure 1a. Figure 1b shows the concentration of foreshock 

ions within the TD where their initial parallel and perpendicular thermal motion in the –x and +y 

direction, respectively, projects to a new perpendicular direction as they cross the center of the TD 

and perform a partial gyration. This thereby leads to the production of foreshock ion-driven 

currents directed mainly in the –x and +y directions, which tend to decrease the field strength in 

the core and increase the field strength at the boundary. The solar wind ions, on the other hand, 

always tend to resist such field variation but cannot overcome it. Thus, the total current in the 

middle of the FB is determined by the foreshock ion-driven currents, shown by the blue Jx in Figure 

1m and by the red Jy in Figure 1n. On two sides of such a current, the red Jx current density regions 

in Figure 1m and the blue Jy current density regions in Figure 1n are caused by the solar wind ion 

responses to the field variations; the solar wind ions try to revert the magnetic field variations to 

their background values and close the current loop. Furthermore, shown in panel k, there is an 

induced electric field in the –y direction that, together with the –ΔBx in panel d, is responsible for 

driving the cold solar wind ions to E×B drift upwards in the +z direction, i.e., causing the 

expansion of the structure.  

Figure 1q shows the variation of the TD magnetic field profile that matches the total density 

profile in Figure 1r with a tenuous core and a compression boundary. There is an increase in the 

total ion temperature (dashed black line) within the core due to the presence of foreshock ions. 

Figure 1t shows a velocity deflection within the core where the foreshock ions are accumulated, 

and Figure 1v shows the current density component profiles that are driven by the foreshock ions. 

Figure 1u shows the foreshock ion perpendicular speeds and gyroradii; because the magnetic field 

within the TD changes in direction and decreases in magnitude, the foreshock ions gain 

perpendicular bulk speed through velocity projections and larger gyroradii within the TD (because 

the foreshock ions with larger perpendicular speeds can travel farther upstream away from the TD, 

there is a dispersion of the perpendicular speeds). Figure 1w shows the initial ion velocity 

distribution in the Y-Z plane, which is nearly perpendicular to B where there is a cold beam solar 
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wind distribution at the center and a warm foreshock Maxwellian beam distribution at higher 

thermal velocities. 
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Figure 2 Results from a case where the foreshock ions are injected as a gyrophase-bunched 

distribution with a guiding center on the other side of TD and with a thermal speed of 4 VA and an 

additional perpendicular bulk speed of 6 VA. The panels follow the format as those in Figure 1. 

 

Deviating from the Maxwellian beam distribution, Figure 2 shows the early formation of 

the TD-driven FB with the injection of foreshock ions as a gyrophase-bunched distribution with 

an initial thermal speed of 4 VA and an additional perpendicular bulk speed of 6 VA in the −Y 

direction. Therefore, the total perpendicular energy for the gyrophase-bunched distribution is less 

than for the Maxwellian beam distribution in Figure 1. In this case (shown in Figure 2w), the 

gyrophase of the distribution is such that the guiding centers of foreshock ions are on the other 

side of the TD, therefore, they can gyrate across the center of the TD. The foreshock ions are 

injected at the same gyrophase at the right boundary in the sketch in Figure 1 and gyrate towards 

the TD (so when they encounter the TD, they can have a range of gyrophases depending on their 

initial distance to the TD). Although the gyrophase-bunched distribution is unstable, it has not 

evolved much during the early stage of formation. Compared to the same time in Figure 1 at t=6 

ci
-1, the TD-directed gyrophase-bunched foreshock ions generate stronger currents (Figures 2m 

and 2n) than the Maxwellian beam of foreshock ions. This explains the much more significant 

magnetic field variations in Figures 2d and 2e or Figure 2q, ion depletion and compression in 

Figure 2a or Figure 2r, and ion flow deflections in Figures 2g and 2i or Figure 2t. This is due to 

the foreshock ions being initially in the same phase that allows them to gyrate towards the TD 

together, leading to a higher density of foreshock ions at and across the TD center, which is very 

apparent in 2-D by Figure 2b or in 1-D by the red line in Figure 2r. The higher density of foreshock 

ions also corresponds to the total ion temperature’s larger increase across the TD in Figure 2c and 

the black dashed line in Figure 2s. From Figure 2u, the foreshock ions’ projected perpendicular 

speeds are 14 and 13 VA at the minimum Jx and maximum Jy, respectively, which are close to or 

slightly higher than those in the Maxwellian beam case (15 and 11 VA) in Figure 1u (even though 

the total perpendicular energy is smaller). Thus, it is the much higher density of foreshock ions 

that cross the TD that dominates the generation of the larger current and the corresponding stronger 

structures in this case.  Therefore, the distribution shape that determines how many foreshock ions 

cross the TD is very crucial for the strength of the generated currents.  
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4 VA and an additional perpendicular bulk speed of 6 VA. The panels follow the format as those in 

Figure 1. 

 

 In Figure 3, gyrophase-bunched foreshock ions are injected together in a phase where the 

guiding centers are on the same side away from the TD (shown in Figure 3w). In this scenario, the 

foreshock ions can hardly cross the center of the TD (as seen in Figure 3b and the red line in Figure 

3r). Thus, there is only a weak current (Figures 3m and 3n or Figure 3v) that is produced to slightly 

change the magnetic field profile of the TD (Figures 3d and 3e or Figure 3q) and a slight density 

depletion and compression (Figure 3a or Figure 3r). This further proves the notion that the shape 

of the distribution is critical to the density of foreshock ions that cross the center of the TD and 

thus how strong the generated currents are and how strong the magnetic field variations become. 

We include the results of an intermediate gyrophase in Figure S1 in the Supporting Information. 
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Figure 4 Results from a case where the foreshock ions are injected as a ring beam distribution 

with a thermal speed of 4 VA and a ring speed of √48 VA. The panels follow the format as those 

in Figure 1. 

 

Foreshock ions initially injected as a ring beam, which is common in the Earth’s foreshock 

region, can also lead to faster and more significant growth of the structure. Figure 4 shows the 

injected foreshock ions as a ring beam distribution with an initial thermal speed of 4 VA and an 

additional ring speed of √48 VA (Figure 4w). Although the total perpendicular energy of the 

foreshock ions in the ring beam distribution is equal to that in the Maxwellian beam distribution, 

the ring beam case has a more significant density depletion in the core and compression at the 

boundary in Figure 4a or 4r and magnetic field variations in Figure 4d and 4e or Figure 4q, caused 

by the stronger generated currents in Figure 4m and 4n or Figure 4v. The stronger foreshock ion-

driven currents are due to the higher perpendicular speeds (blue line in Figure 4u) of 24 VA at the 

position of minimum Jx and 23 VA at the position of maximum Jy than the Maxwellian case of 15 

and 11 VA in Figure 1, respectively. With higher perpendicular speeds, foreshock ions possess 

larger gyroradii (red line in Figure 4u) and can more easily cross the center of the TD and penetrate 

deeper into the other side of the TD (red line up to z=211 i in Figure 4r whereas up to z=208 i 

in Figure 1r). As a result, even though the density of foreshock ions that cross the TD is comparable 

to that of the Maxwellian beam case (Figure 1r), the larger gyroradii cause a higher total foreshock 

ion current. We also run a case with a higher ring speed (8 VA), and the foreshock ion perpendicular 

speeds are even higher, causing stronger currents and more significant structures (Figure S2 in the 

Supporting Information). 

In summary, the shape of the foreshock ion distribution in the perpendicular plane is crucial 

for the strength of the generated currents because it determines whether and how easily the 

foreshock ions can cross the TD, and how many of their perpendicular speeds get projected. It is 

necessary to quantify this in the future to obtain a more general description of arbitrary distribution 

shapes.  

 

3.2 Parameter Dependencies of the Expansion Speed 
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effects on the growth of the structures. Although we have not performed the same parameter tests 

for the other two types of distributions, as their physical processes are essentially the same (e.g., 

similar current density configurations), the parameter dependencies should be similar and indictive 

to the other types of distributions.    

In the observations, the boundary surface speed or shock speed is commonly used as the 

expansion speed (e.g., Turner et al., 2020). However, because the simulation output has low time-

resolution and because the edge of the weak boundary is very difficult to define during the early 

formation stage, there are very large uncertainties when we trace the boundary edge to measure its 

speed. As a proxy, we use the cold solar wind ion bulk flow speed at the compressional boundary 

in the solar wind rest frame (the E×B outward speed) to be the expansion speed of the structure, 

which is mainly in the +z direction. This speed is slightly slower than the FB shock speed 

determined by the conservation of mass flux, and we use the ion density compression ratio as a 

proxy for the FB shock Mach number. Therefore, the FB shock speed of the boundary can be 

estimated as 𝑣𝑠ℎ𝑜𝑐𝑘~ 𝛼𝛼−1 𝑣𝑠ℎ𝑒𝑎𝑡ℎ, where 𝛼 and 𝑣𝑠ℎ𝑒𝑎𝑡ℎ are the ion density compression ratio and 

the ion bulk flow within the boundary, respectively. We show the estimated shock speeds of some 

FBs in Table 1 of the Discussion. 

The results in Figure 5 show the dependencies of the expansion speeds on the foreshock 

ion density ratios in Figure 5a, the foreshock ion thermal speeds in Figure 5b, and the foreshock 

ion parallel speeds in Figure 5c. In all three cases, there is a positive and linear correlation of the 

foreshock ion properties with the expansion speeds (blue) and with the density compression ratios 

(orange) of the trailing boundaries of TD-driven FBs. The correlation of the density compression 

ratios is less linear because of the nonlinear relationship between the Mach numbers and 

compression ratios. To elaborate, higher initial foreshock ion density ratios mean that there will 

be more foreshock ions that enter the TD to produce stronger currents that will then cause more 

significant magnetic field variations at the TD. More significant magnetic field variations induce 

larger electric fields and thus drive cold solar wind ions EB drifts (expand) faster. In other words, 

stronger foreshock ion currents and larger electric fields mean that there will be a larger energy 

transfer from the foreshock ions to the solar wind ions’ expansion energy.  

As foreshock ions cross the discontinuity, part of their initial parallel and perpendicular 

speeds project to the new perpendicular direction, which leads to the generation of the current. 

Therefore, higher initial thermal speeds and parallel speeds can directly increase the partial 
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gyration speeds and current strengths, which lead to faster expansions. Additionally, the higher 

thermal speeds give larger gyroradii, which allows the foreshock ions to cross the TD more easily 

and penetrate farther into the upstream region. This results in a higher total number of partially-

gyrating foreshock ions, a stronger current, and therefore more energy transfer to the solar wind 

ions.  

Furthermore, judging by the fitted slopes, m, of the thermal and parallel speeds with the 

expansion speeds (blue values at the top left of Figures 5b and 5c), the foreshock ion thermal 

speeds have a stronger influence on the expansion speeds than the foreshock ion parallel speeds. 

Because the foreshock ion parallel speeds can also affect when the foreshock ions arrive at a fixed 

position and thus when the structures start to form, we rule out this effect by measuring the 

expansion speeds at fixed times, relative to their arrival times. We discover that there is also a 

positive and linear correlation between the foreshock ion parallel speeds and the expansion speeds 

(Figure S3 in the Supporting Information). In addition, we test the effect of temperature 

anisotropies and find that increasing the perpendicular temperatures lead to increases in the 

expansion speeds whereas varying parallel temperatures do not lead to any noticeable differences 

in the expansion speeds.  

Lastly, there are intercepts in Figure 5, i.e., simulation cases with foreshock ion density 

ratios less than 2%, foreshock ion thermal speeds less than 2 VA, and foreshock ion parallel speeds 

less than 6 VA show little formation. This suggests that there are minimum requirements for the 

foreshock ion parameters to form an FB, i.e., formation criteria. In the accompanying paper (Liu 

et al., 2023), we fit our simulations with a model equation to further quantify these requirements.  
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compared to that of the foreshock ions case, effect on the growth of the structures. This anti-

correlation is because as the structures expand, they are also swept, or convected by the solar wind 

towards the shock (right side of the simulation box). In observations, a foreshock transient 

typically exhibits weaker structures farther away from the bow shock; therefore, in simulations, at 

a fixed position, faster convection causes the measurement of weaker structures. To circumvent 

this issue, Figure 6b shows the relationship between the initial solar wind speeds with the 

expansion speeds measured at a position convecting with the solar wind. In the solar wind rest 

frame, the measured expansion speeds positively correlate with the solar wind speeds, as higher 

solar wind speeds result in larger speed differences between foreshock ion partial gyrations and 

electrons (thereby generating a stronger current).  

To further test the effects of varying solar wind ion parallel speeds, we add a By component 

to the magnetic field that reduces the solar wind ion parallel speeds (foreshock ions remain field-

aligned). Because the solar wind ions are always moving in the +x direction, we define the cone 

angle of 0° to be the instance where the magnetic field is exactly parallel with the solar wind ion 

bulk flow, in the +x direction. Cone angles above 0° yields lower solar wind ion parallel speeds. 

Marked as triangles, Figure 6a shows the cases with magnetic field cone angles of 7.5°,15.0°, 

22.5°, and 30.0° in the downstream region while keeping the total solar wind speed (10 VA) and 

TD magnetic shear angle (90°) constant. There is a positive correlation between the higher 

expansion speeds and smaller cone angles, or larger solar wind ion parallel speeds. This can be 

explained as follows. For the same total solar wind speed, the convection effect is the same, 

regardless of the cone angles or the projections of the total solar wind speeds in the parallel 

direction. But as the cone angles increase, the relative parallel speeds between the solar wind ions 

and the field-aligned foreshock ions decrease. As a result, for the same total solar wind ion speed, 

increasing the cone angles will yield smaller expansion speeds.  

To exclude the convection effect, Figure 6b shows the expansion speeds with measurement 

position following the solar wind. As expected, the expansion speeds are now positively correlated 

with the solar wind speeds. For the cone angle cases, however, the slope is steeper. One possible 

reason is the time-of-flight effect where faster (and colder) foreshock ions travel farther away, 

resulting in a dispersion. When the cone angle is larger, the distance along the field line to the 

same x-position is longer, which causes a stronger time-of-flight effect; we do see that the local 

background foreshock ions are faster and colder for the larger cone angle cases (not shown). 
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magnetic shear angles until angles between 120° to 135°, after which the expansion speeds begin 

to decrease. However, the density compressions do not follow the same trend and continue to 

increase beyond this range of critical shear angles (possibly related to other FB shock parameters, 

such as θBn). This critical shear angle range alludes to previous observational statistical studies 

done by, e.g., Schwartz et al. (2000), Facskó et al. (2008, 2009, 2010), Zhao et al. (2017), Liu et 

al. (2021), and Vu et al. (2022), where increasing magnetic shear angles up until a cutoff shear 

angle of around 120° favor the occurrence for both FBs and HFAs. In Figure 7b, we find that 

sin(125/180) best fits the magnetic shear angles, , to a function that allows it to be more linearly 

correlated with the expansion speeds. With this function, the expansion speeds increase linearly 

up to  = 125°, after which the expansion speeds decrease linearly. A possible reason is that as the 

FB forms, the magnetic field profile is modified around the TD; therefore, the foreshock ions can 

only experience a fraction of the initial magnetic shear angle of the TD. And the sine may come 

from the projection of the initial parallel velocity of foreshock ions into the new perpendicular 

direction. From our results, this fraction of the initial magnetic shear that the foreshock ions 

experience appears to be a constant, regardless of the initial shear angle. Therefore, we suspect 

this fraction could be a function of other parameters. Another possibility is that a higher shear 

angle may cause a stronger projection into the perpendicular direction from the initial 

perpendicular speed. Although the foreshock ions are initially gyrotropic, as only a certain 

gyrophase range of foreshock ions can cross the TD, the perpendicular speed can still contribute. 

Higher shear angles favor a smaller gyrophase range and thus a larger gyrophase-averaged 

perpendicular bulk velocity. The role of the shear angle needs further tests in the future. 
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Figure 8 The fitted slopes (blue) and the correlation coefficients (orange) for the parameter 

dependencies over time. Panels a) to g) show the parameters of foreshock ion densities, foreshock 

ion thermal speeds, foreshock ion parallel speeds, solar wind parallel speeds, solar wind parallel 

speeds in the solar wind rest frame, solar wind and foreshock ion bulk flows, and sin(125/180), 

where  is the magnetic shear angles of the TDs. 

 

 During the early stages of formation, the effects of foreshock ion parameter dependencies 

of the expansion speeds vary with time. Figure 8 shows how the slopes and the correlation 

coefficients for each parameter evolve with time. For all quantities, the magnitudes of the fitted 

slopes increase over time and the correlation coefficients are maintained near 1.0 (or -1.0 for the 

solar wind ion parallel speeds) during the early formation. In other words, increasing the foreshock 

ion densities, foreshock ion thermal speeds, foreshock ion parallel speeds, solar wind ion parallel 

speeds in the solar wind rest frame, solar wind and foreshock ion bulk flows, and the TD magnetic 

shear angles in sin(125/180) have a positive influence on the early formation of structures 

throughout the formation time scale, and their effects on the expansion speeds grow in strength 

over time. The reason for the growing effects is discussed by the model in the accompanying paper 

(Liu et al., 2023). In Figure 8d of the solar wind ion parallel speeds, the negative correlation with 

the measured expansion speeds is consistent for all times, and the negative contribution to the 

measured expansion speeds is also intensified over time (partly due to the FB shock normal 

pointing more sunward over time). At early times, the slopes are flat, and the correlation 

coefficients fluctuate. This is because, for very fast solar wind speeds, the formed structures are 

easily convected towards the “bow shock” and hardly reach the fixed measurement position at 

early times, thus the measured expansion speeds are rather noisy and do not fit the trend set by 

those for slow solar wind speeds. 

 

4 Discussion 

The study presented in this paper reconfirms the kinetic formation model of TD-driven FBs 

through the interactions of foreshock ions at the TD. Foreshock ions perform partial gyrations at 

the TD to generate currents that change the magnetic field of the TD. By varying the distributions 

of the injected foreshock ions, we find that the profile of the foreshock ion distribution in the 
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perpendicular plane decides whether and how easily the foreshock ions can cross the TD and 

determines the extent of their perpendicular speeds that get projected. This, in turn, dictates the 

strength of the foreshock ion-driven current that decides the extent of the density variation of the 

structure. Our results show that the initial gyrophase of the gyrophase-bunched distribution is 

critical to the early formation of foreshock transients, agreeing with the global hybrid simulations 

in Lin et al. (2022). From Table 1, when the foreshock ions are injected as a gyrophase bunched 

distribution with gyrocenters upstream of the TD or injected as a ring beam (both cases with 

comparable initial perpendicular energies), their resultant density profiles (consisting of the core 

and the compressional boundary) show more significant variations than those when the foreshock 

ions are injected as a Maxwellian beam. We also see that these non-Maxwellian distributions also 

have faster boundary speeds, or expansion speeds, of the structures. 

 

Table 1. Initial injected foreshock ion distributions and their TD-driven FB properties at t=6 ci
-1 

Foreshock ion 

distribution 

Initial 

foreshock 

ion E⊥ 

(E⊥,Maxw) 

Core 

density 

(n0) 

Boundary 

density (n0) 

Boundary 

Vz (VA) 

FB 

Shock 

Speed 

(VA) 

Maxwellian beam 1.0 0.57 1.71 1.1 2.6 

Gyrophase-bunched 

(gyrocenter above TD) 
0.8 0.18 3.35 2.8 4.0 

Gyrophase-bunched 

(gyrocenter below TD) 
0.8 0.85 1.23 0.1 0.5 

Ring beam 

(ring speed √𝟒𝟖 VA) 
1.0 0.30 2.45 2.2 3.7 

Ring beam 

(ring speed 8 VA) 
2.0 0.28 2.65 2.5 4.0 

 

 As for the differences among the same foreshock ion distributions, the phase which has 

the guiding center on the other (upstream) side of the TD (Figure 2) provided for the strongest 

growth by causing most of the foreshock ions to gyrate across the TD. On the contrary, the phase 

which has the guiding center on the same side away (downstream) from the TD (Figure 3) provided 
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for the weakest growth. When all the injected foreshock ions have an initial gyrophase that is 

directed away from the TD (shown in Figure S1 in the Supporting Information), then the resultant 

signatures lie somewhere in between the two gyrophases. This intermediate gyrophase also yields 

more significant signatures than those of the Maxwellian beam. As for the case of the ring 

distribution, the ring beam (Figure 4), with the same perpendicular energy as the Maxwellian beam 

case, can project more of its speed into the new perpendicular direction, and acquire larger 

gyroradii, resulting in a stronger current. Thus, there is a lower depletion within the core and a 

higher compression at the boundary, as well as a faster expansion speed. With a higher ring speed 

and perpendicular energy, the effect is amplified, as shown in Figure S2 in the Supporting 

Information.  

Therefore, in future studies, we plan to continue our study of gyrophase-bunched and ring 

beam distributions by varying the initial parameters of the distribution. Specifically, it would 

reveal the relative influences of the parameters, such as the initial thermal speeds, initial 

gyrophases, or additional perpendicular bulk flow speeds, on the early formation of the TD-driven 

FBs.  

 

Table 2. Varied initial simulation parameters and fitted slopes with expansion speeds at t=6 ci
-1 

Varied initial simulation parameters 
Fitted slopes of expansion 

speeds vs. parameter values 

Foreshock ion density 18.5 VA/n0 

Foreshock ion thermal speed 0.28 VA/VA 

Foreshock ion parallel speed 0.18 VA/VA 

Solar wind ion parallel speed (shock frame) -0.50 VA/VA 

Solar wind ion parallel speed (solar wind frame) 0.14 VA/VA 

Solar wind and foreshock ion parallel speed (shock frame) 0.27 VA/VA 

sin(125/180 TD magnetic shear angle) 0.97 VA/# 

 

By varying the parameters of the injected Maxwellian beam of foreshock ions, we also 

discover that parameters that increase how many foreshock ions cross the TD, such as the 

foreshock ion densities, thermal speeds, and parallel speeds, cause faster expansions of the 

structures. In addition, higher solar wind ion parallel speeds and TD magnetic shear angles (up to 
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120º) lead to faster expansion speeds of the structures. From Table 2 of the fitted slopes of the 

expansion speeds vs. the parameter values, most of the studied parameters positively and linearly 

correlate with the expansion speeds and the density compression ratios of the formed structures. 

The reason is that these parameters either allow more foreshock ions to cross the TD or allow 

foreshock ions to project higher perpendicular speeds across the TD, which results in larger 

currents and ultimately higher expansion speeds for the TD-driven FBs. Moreover, we also find 

that increasing the thermal speeds of foreshock ions has a much stronger effect on increasing the 

expansion speeds than increasing the parallel speeds of foreshock ions. Keeping track of the 

relationship between the expansion speeds and these parameters throughout the simulation times, 

we find that the studied foreshock ion parameters’ effect on the expansion speeds of the structures 

grows in magnitude as the simulation proceeds during the early formation stages. As for modeling 

the expansion speed of foreshock bubbles, there is also a multi-variable fitting on a physics-based 

equation demonstrated in the accompanying paper by Liu et al., (2023). 

In this paper, we have shown that increasing the magnetic shear angles up to 120° of the 

driver TD produces more significant structures, but we have not explored the effects of different 

thicknesses and orientations of the driver discontinuity. From earlier work, Vu et al. (2022) have 

shown the differences between a thin and a thick TD in forming TD-driven FBs and HFAs; 

therefore, it is necessary to perform a parameter scan of the intermediate TD thicknesses to 

quantitatively study how they alter the strengths of the foreshock-driven currents, compression 

ratios of the compressional boundaries, and expansion speeds of TD-driven FBs. Furthermore, 

from previous statistical studies (e.g., Schwartz et al., 2000; Facskó et al., 2008, 2009, 2010; Liu 

et al., 2021), the orientation of the TD relative to the shock normal also plays a role in the early 

formation of the structures. Thus, to better understand their impacts on the early formation of 

foreshock transients, additional parameter scans of varying TD properties will be investigated in 

future simulation work. 

In addition, a recent statistical study by Liu et al. (2022) shows that larger density ratios 

and higher kinetic energies of the foreshock ions favor the formation of FBs and HFAs, consistent 

with our simulation results. As for the thermal speed, however, Liu et al. (2022) show that a larger 

gyroradius calculated from the perpendicular thermal speed is a favorable condition, instead of the 

thermal speed. It is more likely the foreshock ion gyroradius relative to the discontinuity 

parameters that determines the early formation; but this requires further tests in the future.   
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For the simplicity of understanding the underlying mechanisms, we use local hybrid 

simulations with fine-tuned parameters to demonstrate the kinetic formation model involving 

foreshock ions interacting with a discontinuity. By injecting constant foreshock ion distributions 

at all space and times, we can pinpoint the exact processes that lead to the early formation of the 

structures. However, in nature, the foreshock ion distributions and properties are far more complex 

in the environments around a real bow shock (e.g., curvature, ripples, and reformation). Foreshock 

ions generated at the bow shock, either from adiabatic reflection, specular reflection, or pickup, 

can all possess complicated ion distributions and properties that vary spatially and temporally. 

Therefore, global hybrid simulations can be used to understand the early formation and evolution 

of foreshock transients in more realistic curved shock environments. 

Lastly, our hybrid simulations only showcase the different foreshock ion distributions and 

varying foreshock ion properties’ influence on the early formation of TD-driven FBs. For future 

studies, it would also be important to understand how these parameters affect the early formation 

of HFAs with two compressional boundaries. Namely, how the foreshock ion properties affect the 

relative compression ratios and the expansion speeds of each of the two boundaries in HFAs. In 

addition, our simulations only inject the foreshock ions on one side of the TD. In many situations, 

as seen in spacecraft observations of HFAs, for example, foreshock ions are observed on both sides 

of the TD, i.e., a TD embedded within the ion foreshock. Additionally, similar studies for rotational 

discontinuity cases are also needed. 

5 Conclusions 

Using 2-D local hybrid simulations of different foreshock ion distributions and different 

foreshock ion, solar wind ion, and TD properties, we study their effects on the early formation and 

expansion of TD-driven FBs. The study reconfirms the kinetic formation model for the early 

formation of discontinuity-driven foreshock transients where foreshock ions at the TD perform 

partial gyrations to generate currents that change the magnetic field of the TD. The study 

uncovered the following: 

• The shape of the foreshock ion distribution in the perpendicular plane determines how 

easily the foreshock ions can cross the TD and then subsequently generate currents.  
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• Foreshock ion parameters, such as the initial densities, thermal speeds, and parallel speeds 

all positively and linearly correlate with the expansion speeds and density compression 

ratios of the upstream compressional boundaries of FBs. 

• The TD magnetic shears positively correlate with the expansion speeds and density 

compression ratios up to 120 degrees, and the dependence can be fitted into a function, 

sin(125/180). 

• These parameter dependencies on the expansion speeds of the structures grow with time. 

• When there is a higher density of foreshock ions across the TD or when the foreshock ions 

have higher perpendicular speeds, or larger gyroradii, at the TD, then they can generate 

stronger currents, cause more significant field variations, and yield faster expansion speeds 

for the TD-driven FBs.  

 

In all, the study does elucidate more on the kinetic formation model by revealing the impact 

of different injected foreshock ion properties on the expansion of TD-driven FBs in their early 

formation stages. This work also helps quantify the role of these parameters as shown in the 

accompanying paper (Liu et al., 2023); however, there is still much to uncover about the formation 

of these structures at later stages and in real shock environments. Furthermore, foreshock transients 

are known to cause many space weather effects and increase shock acceleration efficiency. This 

work improves our understanding of the formation process and provides a dataset to establish a 

predictive model of foreshock transients to forecast their space weather effects and to determine 

their role in shock physics in general.   
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Open Research 

The simulation data used for the figures and analysis in the study are available at 

https://doi.org/10.6084/m9.figshare.20208899.v1.  
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