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Abstract Hot flow anomalies (HFAs) and foreshock bubbles (FBs) are significant foreshock transients

that can accelerate particles and disturb the magnetosphere-ionosphere system. Yet, their early formation
mechanisms are still not fully understood. To investigate the formation of tangential discontinuity (TD)-driven
FBs and HFAs, we use 2-D local hybrid simulations where a reflected or an injected warm foreshock ion beam
can interact with a TD whose half-thickness is comparable to the ion inertial scale. We show that the foreshock
ions perform a partial gyration within, or across, the TD. Bulk motion differences between partially-gyrating
foreshock ions and fluid-electrons lead to the generation of currents. As the trigger, these foreshock-driven
currents change the magnetic field topology around the TD and force the frozen-in solar wind plasma to
redistribute along with the field lines, shaping the foreshock transient. This confirms a recently proposed kinetic
formation model. The extent of the magnetic field direction change across the TD within the foreshock ion
gyromotion determines the current profile and thus the type of foreshock transient that forms. For a thin TD, the
foreshock ions generate a current that is much stronger on the upstream side than the downstream side, forming
an FB with one upstream compressional boundary. For the same foreshock ion gyroradius and magnetic shear,

a thick TD yields comparable foreshock-driven currents on the upstream and downstream sides, forming an
HFA with two compressional boundaries. Our study suggests that the TD thickness is one of the factors that
determine the formation of FBs and HFAs.

1. Introduction

At the quasi-parallel bow shock, backstreaming ions populate the upstream region known as the foreshock
(e.g., Eastwood et al., 2005). In the ion foreshock, interactions between these backstreaming foreshock ions
with the solar wind ions (and discontinuities) lead to the observations of numerous transient kinetic phenomena
(see review by Zhang et al., 2022), such as hot flow anomalies (HFAs) (Chu et al., 2017; Lucek et al., 2004;
Paschmann et al., 1988; Schwartz, 1995; Schwartz et al., 1985, 2018; Thomsen et al., 1986; Wang et al., 2012;
Zhao et al., 2015), spontaneous hot flow anomalies (Omidi et al., 2013; Zhang et al., 2013), foreshock bubbles
(FBs) (Liu et al., 2015; Omidi et al., 2010, 2020; Turner et al., 2013, 2020), foreshock cavitons (Blanco-Cano
et al., 2009, 2011; Kajdic et al., 2011), foreshock cavities (Billingham et al., 2008; Sibeck et al., 2002), and Short
Large Amplitude Magnetic Structures (e.g., Schwartz et al., 1992). Two types of foreshock transients with very
significant observational signatures, FBs and HFAs, exhibit greatly deflected plasma bulk flows and increased
plasma temperatures within their low-density cores. HFAs usually expand slowly on two sides with spatial scales
of 1-3 R;; (e.g., Facsko et al., 2009), whereas FBs typically expand super-magnetosonically only in the upstream
direction, resulting in larger spatial scales (2-10 R;;) and a shock bounded only upstream of their cores (e.g.,
Liu, Turner et al., 2016; Turner et al., 2020). Because of the significant dynamic pressure disturbances within
foreshock transient cores and the ambient solar wind, FBs and HFAs can deform the local bow shock surface
and disturb the magnetosphere upon interaction (e.g., Archer et al., 2015, 2014; Hartinger et al., 2013; Jacobsen
et al., 2009; Sibeck et al., 1999; Wang et al., 2020; Wang, Zhang, et al., 2021). In addition, FBs and HFAs can
aid in the acceleration of particles at the bow shock (e.g., Liu, Angelopoulos, et al., 2017; Liu et al., 2018, 2019;
Liu, Hietala et al., 2016; Liu, Lu, et al., 2017, 2020; Omidi et al., 2021; Turner et al., 2018; Wilson et al., 2016).

The formation mechanisms of FBs and HFAs and their intrinsic differences are not entirely understood. In hybrid
simulations by Thomas et al. (1991), Lin (1997, 2002), and Omidi and Sibeck (2007), solar wind tangential
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discontinuities (TDs) can concentrate and thermalize backstreaming particles as they convect along the bow
shock surface. The backstreaming particles within this region of higher thermal pressure can expand outward
into the ambient cold plasma, resulting in a low-density core bounded by compressional boundaries or shocks.
In addition, hybrid simulations show that FBs can form with a rotational discontinuity (RD) (Omidi et al., 2010).
However, spacecraft observations show FBs can also be driven by TDs (Liu et al., 2015), which is later confirmed
by 3-D global hybrid simulations by Wang, Wang, et al. (2021). Archer et al. (2015) and Liu et al. (2015) explain
the process by which foreshock ions gain thermal energy as they encounter the magnetic field change across a
discontinuity; a portion of the foreshock ions' parallel speed becomes projected into the perpendicular direc-
tion, increasing the foreshock ions' thermal energy. The reduction in their parallel speeds also leads to the local
accumulation of foreshock ions due to mass flux conservation. The enhancement in thermal energy and density
together causes thermal pressure to increase, which leads to the formation and expansion of FBs and HFAs.
However, the concept of thermal pressure is not valid for foreshock ions as foreshock ion gyroperiods (10-20 s)
are comparable to the time scales of HFAs and FBs, and foreshock ion gyroradii (1000 s of km) are larger than or
comparable to solar wind discontinuities. Therefore, it is imperative to treat foreshock ions as kinetic particles. In
addition, this model does not explain the formation differences between TD-driven FBs and HFAs. As case stud-
ies by Liu, Turner, et al. (2016) show that, under almost the same solar wind conditions, a thin TD formed an FB,
and a thick TD formed an HFA, suggesting that TD thickness may play a critical role in the formation process.

Recently, particle-in-cell (PIC) simulations by An et al. (2020) and Magnetosphere Multiscale spacecraft (MMS)
observations by Liu, Lu, et al. (2020) demonstrate a physical formation model of FBs and HFAs involving the
kinetic effects of foreshock ions. In their model, foreshock ions become demagnetized at the driver discontinuity
as the electrons remain magnetized. This results in a Hall current that alters the magnetic fields around the discon-
tinuity. The magnetic field variations induce an electric field that drives cold plasma E X B outward, together
with the field lines, leading to an expansion of the structure. The foreshock ions performing a partial gyration
against the induced electric field provide the energy necessary for the expansion. However, their PIC simulations
only involved an RD and did not fully explore the formation differences between TD-driven FBs and HFAs.

In this paper, we will use local hybrid simulations to confirm the kinetic formation model of foreshock tran-
sients involving a discontinuity. We will show the differences in the early formation processes of TD-driven FBs
and HFAs via two ways. First, by using a more realistic setup involving a moving TD interacting with a planar
shock, and second, by using a simpler setup of a stationary TD interacting with an injected foreshock ion beam.
Considering the kinetic effects of the foreshock ions, we will prove that when foreshock ions interact with a TD
of comparable scale size, they lead to the generation of currents that change the magnetic field of the TD. And
depending on the initial thickness of the TD, the resultant magnetic field changes dictate whether an FB or an
HFA will form at the early stage. A TD-driven FB forms from a thin TD, and an HFA forms from a thick TD. We
organize this paper as follows. We will first introduce the hybrid code, describe the initial simulation setups, and
define the simulation parameters in our FB and HFA runs in Section 2. In Section 3, we will present the simula-
tion results of both the planar shock and the injection of a foreshock ion beam, interacting with a thin (thick) TD
to form an early stage TD-driven FB (HFA). In Section 4, we will discuss the importance of the TD thickness as
one of the factors in determining whether an FB or HFA forms and describe the early formation process of the
FB and HFA in the simulations. In Section 5, we conclude and mention future work using hybrid simulations.

2. Method

To understand the interactions between a foreshock ion population with a TD, we build a local 2-D hybrid simu-
lation that uses kinetic ions and fluid electrons (Delamere, 2006, 2009; Delamere et al., 1999; Swift, 1995, 1996).
The code assumes quasi-neutrality, is non-radiative, and has electrons being a massless and charge-neutralizing
fluid. Ton particle motion for each cloud-in-cell macroparticle is determined by

dv

— =E+vXB-v(u—-u),

dt v( e)
where E is in units of ion acceleration, B is in units of gyrofrequency, v 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
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Figure 1. The setup of the simulation box in the 2-D local hybrid simulation
in 2-D (3-D) in panel a (panel b). Solar wind ions are injected at the left
boundary, and foreshock ions are either generated by the reflection of solar
wind ions at the planar shock or injected at the right boundary. The magnetic
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where a = quQ/mp and m,, is the proton mass. The a parameter is used to scale
the ion macro-particle densities to physical values. Faraday's law is used to
advance the magnetic fields. Particle and field equations include dissipation
terms for the ion-electron collisions to reduce numerical instabilities. Parti-
cle updates use a predictor-corrector scheme, and the fields are updated in
sub-cycles of fractional particle time steps using the leap-frog technique.

In the simulation setup sketched in Figure 1, we orient the magnetic field to
be in the +x direction (pointing to the right) in the bottom half and the +y
direction (pointing into the page) in the top half. Encompassing the region
where the field changes between the parallel shock (bottom) region and the
perpendicular shock (top) region is the TD that follows the Harris current
sheet model with a half-thickness that is comparable to the ion inertial length.
In addition, because of the field strength dip at the center of the TD, we place

= B additional ion macroparticles inside the TD to maintain a pressure balance.
\‘.\ \‘,.\ . For the simulation box in Figure 1, we implement open boundary conditions

S >, ions where the particles and fields exit at the left and z (top and bottom) bound-
------- R N aries and periodic boundary conditions in the y direction (in and out of the

page).

For the first test, we set the right-side boundary, opposite of the solar wind
injection boundary, to reflect incoming solar wind ions to form a planar
shock. With the formed shock, some of the solar wind particles are reflected
in the quasi-parallel region, forming the foreshock. Then we launch a TD
that propagates downward (—z) at a speed of 1.0 V, along the planar shock
surface. In these runs of a real planar shock, a thin TD and a thick TD formed
an early-stage FB and HFA, respectively.

field is directed to the right in the +x direction below (in front of) the

tangential discontinuity (TD) and directed in the +y direction above (behind)

To further examine how the foreshock ions interact with the TD during

the TD. The gray box represents the TD, with a normal along the +z direction, the early formation stage of FBs and HFAs, we then use a simple injection

where the magnetic field change occurs. In panel a, the motion of foreshock

model. In place of the planar shock, we continuously inject a constant warm

ions (orange arrows) across the TD and at the bottom edge of the TD, into the foreshock ion beam at the right boundary that acts as a “shock,” as seen in

+y and —x direction, leads to the generation of currents (magenta arrows). In
panel b, the motion of foreshock ions (dashed orange arrows) within the TD is

tilted.

Figure 1, where the magnetic field is exactly parallel and quasi-parallel to
the right boundary normal (i.e., we only inject foreshock ions on one side of
the TD). In addition, the foreshock ion bulk speed is twice the solar wind ion
bulk speed and directed against the solar wind and magnetic field direction
(—x direction). Within the narrow quasi-parallel region (bottom half of the
TD), the injected foreshock ions are initialized with an additional E X B component to remain field aligned. In
this simple injection model, the solar wind ions do not become reflected, but leave the simulation domain when
they encounter the right boundary.

To make sure that a substantial number of injected foreshock ions do not gyrate back out of the simulation
box, we ensure that the parallel speeds of the foreshock ions are greater than the peak thermal speed from the
Maxwellian distribution. The ratio of injected foreshock ions to solar wind ions is held constant throughout the
parallel/quasi-parallel side of the TD. We use a high density of the injected foreshock ions (relative to the typical
foreshock ion densities observed in the planar shock) to emphasize and study their kinetic effects (smaller fore-
shock ion densities do not affect the physical process but only make the resulting structure weaker).

For the solar wind ions in both the real planar shock model and the simple injection model, we initialize a back-
ground of and continuously inject, at the left (x = 0) boundary, a cold solar wind Maxwellian population with a
bulk flow speed along the +x direction. Because of the magnetic field configuration, the convection electric field
points toward the TD in the top half and ensures the formation of a TD-driven FB and HFA (e.g., Liu et al., 2015;
Schwartz et al., 2000) (In the Supporting Information S1, we also show the case of B, pointing in the opposite
direction, which leads to the convection electric field pointing away from the TD and no HFA or FB forms).
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Considering the kinetic effects of the foreshock ions, shown in the cartoon in Figure 1, the foreshock ions initially
move along the field in the —x direction and when they cross the discontinuity, because of the relative scale sizes,
they perform a partial gyration in the —y direction. This deviation in the bulk flow of the foreshock ions, with the
fluid electrons, leads to the generation of a current that then changes the magnetic field of the TD. We will present
evidence for the bulk motion of the foreshock ions and the generation of currents in this paper.

To examine whether the thickness of the discontinuity (relative to the foreshock ion gyroradius) determines the
type of foreshock transient that forms, we perform two simulation runs in each real shock model and injection
model, with different TD half-thicknesses, to compare their generated currents and structures. For the planar
shock simulation runs, we use TD half-thicknesses of 20 solar wind ion gyroradii and 50 solar wind ion gyroradii
for the thin and thick TDs, respectively. For the injection model, to highlight the role of the TD thickness, we use
amuch larger difference between the TD half-thicknesses. And so, we set the thin TD half-thickness to be 2 (0.25)
solar wind (foreshock) ion gyroradii, and the thick TD half-thickness to be 32 (4) solar wind (foreshock) ion gyro-
radii. We keep all other simulation parameters constant between the two runs. The background magnetic field
strength and solar wind density are set at 5.00 nT and 5.00 cm~3, resulting in an Alfvénic speed of 48.95 km/s.
The solar wind ion bulk flow speed is 10 M,, and the foreshock ion bulk flow speed is 20 M,, (against the solar
wind flow). The foreshock ion to solar wind ion density ratio is 0.12, and the foreshock ion gyroradii are 8 times
that of the background solar wind ions. We use a simulation domain that is initialized with an ion plasma beta of
1.0, a simulation box of 202 x 802 cells where the dimension of each cell is 0.5 ion inertial lengths (or solar wind
ion gyroradii, in this setup), 400 macroparticles per cell, and a macroparticle weighting of 1:50 between the solar
wind ion and foreshock ion macroparticles.

3. Results
3.1. Foreshock Bubble Formation

To simulate a more realistic environment for the interaction between a TD and foreshock ions, we use a solar wind
TD (with its center initialized at z = 300 gyroradii) that is thin (20 gyroradii) and propagating in the —z direction
(=1.0 V,) interacting with a planar shock that is quasi-parallel below (cone angle of 5°) and quasi-perpendicular
above (cone angle of 95°) the TD. From Figures 2.1a and 2.2a, there is a compressional boundary that forms
slightly below the initialized TD position between z = 280 and 290 gyroradii. Below this z position is a core
region with decreasing ion density (comparing between the two moments in Figure 2a), increasing ion temper-
ature (Figure 2b), increasing foreshock ion density (Figure 2c), and increasing velocity deflection (Figures 2d
and 2f). Similar to the total ion density profile, there are enhancements of the magnetic field components, B, and
B,, followed by a core region of low field strengths (Figures 2.2g and 2.2h). Responsible for the change in the
magnetic field components B, and B,, respectively, are the enhanced signatures of bipolar J, and J, current
density components in Figures 2.2m and 2.2n. Downstream of the core region, there is no clear compressional
boundary that develops. Therefore, the characteristics of the early-stage structure (see line plots in Figure S4 of
the Supporting Information S1) are consistent with FB observations by Liu et al. (2015); Liu, Turner, et al. (2016)
and global hybrid simulations by Wang, Wang et al. (2021).

From Figures 2h and 2i, there are foreshock ultra-low frequency (ULF) waves growing in the downstream back-
ground foreshock, which propagate in the x direction with periodic magnetic field changes in the transverse yz
direction. Considering that there is a spatial separation between the FB and the ULF waves, our simulation results
show that the ULF waves do not appear to play a role in the early development of the FB. And so, to control the
properties of the foreshock ions interacting with the TD and to minimize the effects of the ambient fluctuations
on our diagnosis of their interaction with the TD, we performed a simplified simulation model to pinpoint the
origin of the currents (Figures 2m and 2n) that cause the significant magnetic field variations (Figures 2g and 2h).
We change the simulation setup so that we inject a foreshock ion beam with a fixed thermal speed at the right
boundary, in place of the reflecting boundary. We show the resulting simulation run below in Figure 3.

In this simpler injection model, the injected foreshock ions interact with a thin TD; the TD half-thickness is
one-fourth of the injected foreshock ion gyroradius. Thus, the foreshock ions can easily gyrate across the TD,
initiating the formation of an FB (see Movie S1 in the Supporting Information). Figure 3 shows the 2-D plasma
and field properties of the FB formation at the earlier time (Figure 3.1) at r = 3.00 gyroperiods and a later time
(Figure 3.2) at t = 10.00 gyroperiods. Between the earlier and later times of early formation, we see the continued
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Figure 2. Panels (a—0) show the total ion densities, total ion temperatures, foreshock ion densities, ion bulk flow components, magnetic field components, electric
field components, and current density components in the X-Z plane for a downward propagating thin tangential discontinuity (TD) interacting with a planar shock at
an earlier time, # = 18 gyroperiods, (1) and later time, ¢ = 22 gyroperiods, (2) of early formation. Panel (a) shows the total ion densities. Panel (d) shows the change in
the ion bulk flow in the x direction and panel (f) shows the —V, motion of the solar wind and TD. Panels (g) and (h) show the change in the B, and B, components,
respectively. Panels (m) and (n) show the change in the J, and J| components, respectively. The positions of the core, compressional boundary, and the ULF waves are
marked. The horizontal dashed black lines are the z positions of the downstream (bottom) and upstream (top) edges of the TD. In panel c, the dark red (color saturated)
region represents the ions that are moving in the —x direction but cannot escape the magnetosheath.

depletion of the ion density (Figure 3.2a) and magnetic field components (Figures 3.2d and 3.2e) at the core
around the center of the TD (z = 400 gyroradii) and an enhancement of these quantities at the compressional
boundary upside, or upstream, of the core. Accompanying the growth of the structure is the upward movement
of the compressional boundary, initially between z = 400 and 410 gyroradii at the earlier time and then between
z = 410 and 420 gyroradii at the later time. Quantitatively, by tracking the position of the peak density, the
expansion speed of the compressional boundary is roughly 0.5 times the Alfvén Mach number against the solar
wind in the simulation rest frame, resulting in a shock Alfvén Mach number of ~1.4 in the shock normal inci-
dence frame. The compressional boundary also increased its thickness along its normal direction. As there is
only one compressional boundary and the whole structure forms dominantly in the quasi-perpendicular region
(or the upstream side of the TD), the structure resembles that of a TD-driven FB consistent with Figure 2 and
previous studies (Liu et al., 2015; Liu, Turner et al., 2016; Wang, Wang, et al., 2021). The overall size of the
structure between z = 400 and 420 ion gyroradii corresponds to a physical distance of about 1,000 km, which
agrees with the 1,000-2,000 km sizes of foreshock transients in their early formation observed by MMS (Liu,
Lu, et al., 2020).

In Figure 3.2b, an increase in the foreshock ion density is responsible for the increase in the overall ion temper-
ature (in addition to the solar wind ion heating) within the same region in Figure 3.2c. Examining the electric
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Figure 3. Panels (a-1) show the normalized total ion densities, foreshock ion densities, total temperatures, magnetic field components, electric field components, and
current density components in the X-Z plane for an injected foreshock ion beam interacting with a thin tangential discontinuity at an earlier time, r = 3 gyroperiods,
(1) and later time, r = 10 gyroperiods, of early formation (2). Panel (a) shows the change in the total ion densities. Panels (d and e) show the change in the B, and B,
components, respectively. Panel (i) shows the change in the E, component compared to the initial value. Panels (j and k) show the change in the J, and J| components,

respectively.

fields, there is a positive E, region within the compressional boundary in Figure 3.2¢ and a negative E region
roughly corresponding to the FB core in Figure 3.2h. These are the induced electric fields that drive the cold
plasma to E x B drift (expand) in the upward (+z) direction (+E,B, and —E B,) together with the field line trans-
port. Figure 3.2i shows a negative AE, (note that this is the variation of E, compared to the initial value) above
a positive AE,, which is due to the B, increase at the boundary (—V,AB,) and the bulk velocity deflection in the
x direction (AV,B,), respectively (see Figures 4a and 4c). In the PIC simulations by An et al. (2020), the major
role of E, in the solar wind rest frame is to exchange energy between the ions and electrons, which is ignored in
the hybrid simulations.

As for the current density components, there is a significant change in AJ, and AJ| in panels j and k. In Figure 3.2j,
there is a strong negative AJ_ bounded by two positive AJ. . This AJ_current configuration alters the magnetic field
profile in AB, to produce a bipolar signature, as seen in Figure 3.2e. Similarly, in Figure 3.2K, there is a strong
positive Al and negative AJ, region on two sides that create a bipolar magnetic profile for AB, in Figure 3.2d.
Overall, these currents alter the initial field configuration provided by the TD by lowering B, and B, within the
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Figure 4. Panels (a—f) show the normalized magnetic field components, ion densities, ion bulk velocity components, ion temperatures, electric field components, and
current density components along the z direction at x = 120 gyroradii for an injected foreshock ion beam interacting with a thin tangential discontinuity (TD) at an
earlier time, r = 3 gyroperiods, (1) and a later time, t = 10 gyroperiods, (2) of early formation. In Panel (b), the blue (red) line shows the solar wind (foreshock) ion
densities, and the dashed line shows the change in the total ion densities plus one. The vertical dotted lines show the initial extent of the TD thickness.

initial TD position and enhancing the field above the TD position. And because these currents grow in strength
over time (between Figures 3.1 and 3.2), the magnetic field change also increases with time. These generated
current density configurations from the injection method shown in Figures 3.2 and 3.2k are very similar to those
from the planar shock method, shown in Figures 2.2m and 2.2n; therefore, our simplified injection model can
indeed reproduce the appearances of the strong bipolar AJ, and positive AJ, current density components, which
are key to the physics of the early formation process. We will show later that these currents are initially driven by
the foreshock ion motions around the TD.

Taking a vertical slice of the 2-D panels at x = 120 gyroradii in Figure 3, we arrive at line plots of the magnetic
field components, densities, ion bulk flow components, temperatures, and current components at the earlier
(Figure 4.1) and later times of early formation (Figure 4.2). Note that, because of the dynamic growth of the struc-
ture, the scales between the two plots are different. These plasma and field properties resemble those of in-situ
observations of an early FB formation (e.g., Liu, Lu, et al., 2020). Compared to the earlier time, the later time has
an increased depletion of the magnetic field strength (panel a) from 0.75 B;—0.40 B, and of the solar wind ion
density (panel b) from 0.95 n, to 0.30 n,. At the later time of early formation, there are more foreshock ions (red
in panel b) that cross the center of the TD (z = 400 gyroradii). In addition, more foreshock ions penetrate further
into the quasi-perpendicular side, away from the TD (z > 400 gyroradii), because of the magnetic field strength
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Figure 5. The cone angles between the magnetic field directions and the x-axis, and the trajectories of foreshock ions in the
X-Z plane for an injected foreshock ion beam interacting with a thin tangential discontinuity (TD). The foreshock ions in this
case can freely cross the center of the TD at z = 400 gyroradii.

decrease at the TD. There is also an increase in the solar wind ion density within the compressional boundary,
whose peak position has shifted farther to the right, indicating that an expansion has taken place, from a 1.2 n,
peak at z = 402 gyroradii to a 2.1 n,, peak at z = 411 gyroradii. Panel ¢ of the total ion bulk velocity components
shows that the V, component has significantly decreased from the ambient speed of 10 V, to 3 V, and that the
V, component has increased to 2 V, within the core region of the FB. For the shock attached to the FB core, by
the conservation of mass flux, we calculate its Mach number to be 2.03, with a sheath speed of 1.05 V, (in the
solar wind rest frame) and a density compression ratio of 2.07. Panel d shows a significant increase in the total
ion temperature (dashed line) within the core region, because of the presence of foreshock ions within the core.
There is also an increase in the solar wind ion temperature (blue line) at the compressional boundary as they
become shocked and heated.

In Figure 4.1f, the current at the earlier time is dominated by the inherent current of the TD. At the later time of
early formation, the current densities in Figure 4.2f show a bipolar signature in the J, and J, components from the
core to the compressional boundary (between z = 400 and 425 gyroradii). Specifically, we see that the negative J,
increases in magnitude from —0.5 J, to —1.0 J,, and the initial negative J, becomes a positive J, within the inner
edge of the compressional boundary (between z = 405 to 410 gyroradii). These current variations are responsible
for the changes to the magnetic field between Figures 4.1a and 4.2a.

To understand the origin of the current density variations, Figure 5 shows the foreshock ion trajectories across the
center of the TD. The colors show the cone angles between the magnetic field and the x axis at a later time of early
FB formation. We inject foreshock ions as a Maxwellian distribution with a foreshock ion gyroradius of about 16
cells, which is larger than the TD half-thickness of 4 cells; therefore, the foreshock ions can cross the TD center
into the quasi-perpendicular or the ambient solar wind side. As the magnetic field rotates by 90° across the TD,
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Figure 6. Panels (a—f) show the normalized change in ion densities, magnetic field components, solar wind current density, foreshock current density, and the current
density from the curl of the magnetic field in the perpendicular x direction and perpendicular y direction relative to the magnetic field direction for an injected
foreshock ion beam interacting with a thin tangential discontinuity at x = 120 gyroradii at an earlier time, r = 3 gyroperiods, (1) and a later time, # = 10 gyroperiods, (2)
of early formation. In Panel (a), the blue line shows the total change in the solar wind ion densities, and the red line shows the foreshock ion densities. In Panels (c and
e), the blue lines show the solar wind current density calculated by the difference in the bulk motions of the solar wind ions and electrons, J , = qn  (u,—u,), and the
red lines show the foreshock current density calculated by the difference in the bulk motions of the foreshock ions and electrons, J, = qng(u,—u,). In Panels (d and f),
the purple lines show the total current density from the particle ions and fluid electrons, and the black lines show the current density from the curl of the magnetic field.
The vertical dashed lines show the positions of the ion velocity distributions in Figure 7.

the crossing foreshock ions cannot immediately change their motion; therefore, the foreshock ions' initial parallel
motion (—x direction) and gyromotion (+y direction on average) project to this new perpendicular field direction.
The foreshock ions thus perform a partial gyration as they cross the center of the TD. With electrons being a
magnetized fluid, the bulk motion differences between the crossing foreshock ions and fluid electrons result in
a current that is directed mainly in the —x and +y directions (shown by the magenta arrow above the center of
the TD in Figure 1a). In addition, as shown in Figure 5, the maximum extent of the foreshock ions that cross the
center of the TD is roughly 16 cells in distance (this corresponds to the gyroradius of the warmest foreshock ions
in the initialized Maxwellian distribution). This distance coincides with the farthest distance of the compressional
boundary at this stage of the FB. The reason for this will be discussed later.

In Figure 6, we examine the drivers of the current density variations that produce the field variations associated
with the FB. Here, we only focus on the perpendicular component and do not discuss the field-aligned currents
for simplicity. In Figure 6.1a, we observe the An profile of the FB of a depleted core and a single compressional
boundary. In Figure 6.1b, we already see the early development of a bipolar B, variation and a positive B vari-
ation. Later in Figure 6.2b, the magnetic field variations grow 10-fold from 0.02 B, to over 0.2 B, in magnitude.
We also see the bipolar AB, signature shifts to the right from z = 397 to z = 402 gyroradii. In addition, the posi-
tive AB, peak from before is now accompanied by a negative AB, trough, forming a bipolar AB, signature, and
shifts to the right as well. Such evolution of field variations is caused by the growths of current density variations
in the components AJ,, and AJ,  shown in panels d and f.
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To pinpoint which of the ion populations is responsible for the generation of the current density variations, we
plot the contribution to AJ,, (panel ¢) and AJ 1y (panel e) from the motion differences between the solar wind ions
and electrons (blue) and between the foreshock ions and electrons (red). In Figure 6.2c, the red line shows that the
current variation, produced by the foreshock ions and electrons, is negative in the x direction between z = 390 and
410 gyroradii. This is the current produced by the foreshock ions' initial parallel motion (—x direction) projected
to the perpendicular direction as they cross the TD (shown in Figure 5 and sketched in Figure 1). Conversely,
the blue line shows that the current variation produced by the solar wind ions and electrons is positive in the x
direction around the same positions. This is the response of the solar wind plasma to the field variations, which
tends to resist such variation that is, this current variation (load) reduces the current from foreshock ions (driver)
to revert the magnetic field variations back to their background values. Together, they result in a negative AJ | in
Figure 6.2d at the inner edge of the compressional boundary (within z = 400 to z = 410 gyroradii). This negative
Al decreases B, in the core and increases B, at the compressional boundary. The positive AJ, at the outer edge
of the compressional boundary (around z = 420 gyroradii), on the other hand, is driven by the solar wind plasma
(blue in Figure 6.2¢), which corresponds to the current at the shock surface and closes the current loop with the
negative AJ | ..

In the y direction, Figure 6.2e shows that the current variation produced by the foreshock ions and electrons (red
line) is positive between z = 390 and 410 gyroradii. This is because when foreshock ions cross the TD, their initial
gyromotion, which becomes a partial gyration, is in the +y direction on average (magenta arrow above the center
of the TD in Figure 1a). Furthermore, the current variation by the solar wind ions and electrons (blue) is again
opposite to the foreshock ion-driven current. Together, they result in a peak of positive AJ, between z = 400 and
415 gyroradii (Figure 6.2f) that decreases B, in the core and increases B, at the compressional boundary. There
is another negative AJ, , which closes the current loop with the positive AJ, , that reverts the magnetic field to
the background value. Overall, the foreshock ions and electrons are the drivers of the generated currents, which
decrease the field strength within the core and increase the field strength at the compressional boundary. The
response of solar wind ions to such field variations tends to weaken the current driven by the foreshock ions and
change the field back to the background value.

To further elaborate on the generation of currents by the foreshock ions, ion velocity distributions in Figure 7
show the behavior of the foreshock ions around the TD. Each column of the velocity distributions (columns 1-6)
represents a z position corresponding to a vertical dashed line in Figure 6.2. The arrows in each of the panels
show the projections of the +x (blue) and +y (red) directions in the panels' respective planes. In the first three
columns of Figure 7, we see the solar wind ion distributions and the much warmer foreshock ion distributions.
At position 1, panel a of the B versus E X B plane shows foreshock ions moving in the negative B direction, and
panel f of the perp-perp (B X (E X B) versus E x B) shows foreshock ions as gyrotropic. This represents the typi-
cal foreshock ion distributions in the background foreshock. At position two inside the TD, we see the foreshock
ion distributions become less gyrotropic in panel g, and at position three on the other side of the TD, a portion
of foreshock ions cross the TD and gyrate partially (panel h). This is consistent with the above explanation that a
portion of the initial motion of foreshock ions is projected to the new perpendicular direction as they cross the TD
and enter the upstream region. Likewise, a portion of their initial motion also becomes the new parallel speeds.
(As aresult, 3-D global hybrid simulations by Wang, Wang, et al. (2021) show the entire FB being shifted along
the magnetic field direction with time.) The bulk flow differences between the electron fluid and foreshock ion
particles in the perpendicular plane projected to the —x and +y direction (panel h) create the currents shown in
Figures 6¢ and 6e, consistent with Figure 5 and the sketch in Figure 1. At position 4, there are almost no foreshock
ions, and the current in Figure 6 is driven by the solar wind ion particles and electron fluid. But because of the
high density, the motion differences between the solar wind ions and electrons are not discernible in Figures 7d
and 7i.

3.2. Hot Flow Anomaly Formation

This time, we study the interaction between a thick TD and a planar shock. Same as before in Figures 2 and 8
shows a solar wind TD, initialized at z = 300 gyroradii, that moves at a speed of —1.0 V, downward, but now,
the TD has a thickness of 50 gyroradii. At the earlier time in Figure 8.1a, there is a compressional boundary that
forms below the initialized TD position at z = 270 gyroradii and another compressional boundary that appears
near z = 240 gyroradii right above the bottom edge of the TD. Between these two compressional boundaries is a
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Figure 7. Panels (a—j) show the ion velocity distributions at x = 120 gyroradii and from the z positions indicated by the vertical dotted lines in Figure 6.2 for an
injected foreshock ion beam interacting with a thin tangential discontinuity at a later time of early formation. The axes of Panels (a—e) are B versus E X B, and the
axes of Panels (f—j) are B X (E x B) versus E x B. The blue arrow in each panel represents the projection +x direction in each plane, and the red arrow in each panel
represents the projection of the +y direction (in-the-plane direction for the 2-D panels in Figure 3) in each plane. The black star represents the electron bulk flow, and
the magenta star represents the foreshock ion bulk flow in the coordinate plane.

low-density core with enhanced ion temperature, foreshock ion density, and velocity deflection (Figures 8a—8f).
The magnetic field variation is similar to the density variation in that there is a depletion and enhancements
on two sides (Figures 8¢ and 8h). In addition, there is the development of two sets of bipolar J, and J; current
density components that cause the magnetic field variations in B, and B, respectively. Overall, these signatures
(see line plots in Figure S5 of the Supporting Information S1) resemble those of an HFA with two compressional
boundaries.

In the downstream background foreshock, there is the growth of ULF waves (Figures 8h and 8i). At the earlier
time of ¢ = 16 gyroperiods, there is a spatial separation between the formed HFA and the ULF waves (although
at the later time of # = 23 gyroperiods, the ULF waves appear inside the HFA). In addition, the field strength
enhancement of the HFA's downstream boundary is largely due to an increase of B, (Figures 8.1g and 8.2g)
because the downstream background magnetic field is mainly in the x direction. The field fluctuations by the
ULF waves, on the other hand, are mostly in the transverse yz direction, and thus do not contribute to the field
strength enhancement at the HFA's downstream boundary. Therefore, we believe that the early formation of the
HFA boundaries is not related to the ULF waves (but later, as the ULF waves grow to be much stronger, they
begin to play a role in shaping the downstream boundary). As before with the thin TD case, we proceed by using
another simulation setup where there is an injection of a foreshock ion beam with a fixed thermal speed that
interacts with a thick TD. In doing so, we hope to understand the reason for the current density configurations
that cause the appearance of the second compressional boundary of the early stage HFA. We show the results of
the simulation setup in Figure 9.

We now present the simulation results for the injection of foreshock ions that interact with a thick TD; the TD
half-thickness is now four times the foreshock ion gyroradius. This presents a case where the foreshock ions
cannot cross the entirety of the TD and reach the quasi-perpendicular region. In this setup, a structure forms
that resembles an HFA with two compressional boundaries bounding a core (see Movie S2 in the Supporting
Information). Figure 9 shows the 2-D plasma and field properties during the early formation at an earlier time
(Figure 9.1), t = 9.50 gyroperiods, and later time (Figure 9.2), t = 16.00 gyroperiods. Between the earlier and
later times of early formation, we see the growth of an additional compressional boundary at the downward side
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Figure 8. Panels (a—o) follow the same format as Figure 2 except for a downward propagating thick tangential discontinuity (TD) interacting with a planar shock at an
earlier time, # = 16 gyroperiods, (1) and a later time, 7 = 23 gyroperiods, (2) of early formation. The horizontal dashed black line is the z position of the downstream
(bottom) edge of the TD, and the upstream (top) edge of the TD is outside of the panel box at z = 339 gyroradii.

of the core near z = 350 gyroradii by the ion density enhancement in Figure 9.2a and the magnetic field enhance-
ments in Figures 9.2d and 9.2e. There is also a further depletion of these quantities in the core region between
z =380 and 410 gyroradii. We also see that the size of the core region increases in the z direction on two sides,
indicating that an expansion has taken place. In Figures 9.2j and 9.2k, the profile of AJ, and AJ, resembles the FB
case (Figure 3), but there is one critical difference: in addition to —AJ, (+AJy) bounded by +AJ, (—AJy) on two
sides, there is an additional —AJ (+AJ)) farther downward at z = 300 to 350 gyroradii. This additional current
variation is responsible for the appearance of the additional compressional boundary compared to the FB case.
Qualitatively, the appearances during the early formation of the two compressional boundaries in the densities
and field components and the generated current density profiles responsible for the magnetic field variations at
the TD are similar between the simulation setups of an injection of foreshock ions (Figure 9.2) and of a planar
shock (Figure 8.1). Therefore, the simple model using the injection of foreshock ions is appropriate and captures
the major physics in the early formation of the HFA.

The vertical slice at x = 120 gyroradii of Figure 9 provides line plots of the plasma and field properties for the
HFA at the earlier (Figure 10.1) and later times (Figure 10.2) of early formation. Between the earlier and later
times, there is an increased depletion within the core (z = 385 gyroradii) with the total magnetic field strength
(panel a) from 0.75 B 0.6 B,, and the solar wind ion densities (panel b) from 1.0 n, to 0.8 n;. Around z = 350
and z = 420 gyroradii, there are the developments of two compressional boundaries on both sides of a core that
show a slight ion flow deflection (panel c) and a slight ion temperature increase (dashed line panel d). The whole
structure forms in the quasi-parallel side or the foreshock side of the TD. Thus, this structure, in contrast to the
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Figure 9. Panels (a-1) follow the same format as Figure 3 except for an injected foreshock ion beam interacting with a thick tangential discontinuity at an earlier time,
t = 9.5 gyroperiods, (1) and a later time, = 16 gyroperiods, (2) of early formation.

first run, resembles an HFA. There is also a TD directed electric field (E,) on the upstream side of the TD (panel
f) that is typically observed in HFA observations. Lastly, the plasma and field signatures within the HFA core,
namely the magnetic field strength, ion density, ion flow deflection, and ion temperature, are much less signifi-
cant than those from the FB core.

We show the trajectories of the foreshock ions within the TD in Figure 11. In this simulation case, the foreshock
ions cannot fully cross the TD. For foreshock ions that cross the center of the TD, they produce currents similar to
those in the FB case (magenta arrow above the center of the TD in Figure 1a). But because of the large TD thick-
ness, the magnetic field change that the foreshock ions feel during their gyration is insubstantial. Therefore, there
is a smaller portion of the foreshock ions' velocity projection that becomes a partial gyration when compared to
the FB case, resulting in a weaker current. The weaker foreshock ion-driven currents then bring about weaker
magnetic field variations within the TD and subsequently less significant signatures within the core of the HFA,
compared to those within the core of the FB. In addition, the foreshock ions that do not cross the center of the TD
can also generate currents because foreshock ions from different guiding centers, at different z positions, provide
different gyrations and velocity projections because of the spatial variations in the field along the z direction
within the TD (magenta arrow below the center of the TD in Figure 1a).
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Figure 10. Panels (a—e) follow the same format as Figure 4 except for an injected foreshock ion beam interacting with a thick tangential discontinuity at an earlier time,
t = 9.5 gyroperiods, (1) and a later time, ¢ = 16 gyroperiods, (2) of early formation.

As expected, in Figures 12c and 12e, we see that the current density from the foreshock ions that cross the TD
center (z positions roughly above 400 gyroradii) is only about 1/10 of the FB case (Figure 6). At the leading edge
of the HFA (at z = 315 gyroradii in Figure 12f) there is a +AJ,  which is the net effect of foreshock ions with
different gyrations inside and outside of the TD (we do not see a —AlJ, at this position because AJ, is in the
parallel direction). This +AJ, is comparable to the +AJ, | caused by foreshock ions that cross the TD center (at
z =410 gyroradii in Figure 12f). As aresult, these two +AJ,  together with the —AJ,  at z = 360 gyroradii (from
the response of the solar wind plasma) lead to the two B, enhancements on both sides of the B, depletion. The
B, variations on the two sides induce electric fields of —E, and +E, (Figure 9h) that drive the solar wind plasma
to E x B drift outward in both the +z and —z directions, leading to the density enhancements on the two sides
(Figure 12a).

In Figure 13, we present the ion velocity distributions within the thick TD. Within the TD, because of their
non-gyrotropy, the foreshock ion bulk motion shows a slight deviation from the electron bulk motion (E X B
motion) at positions 1-3 that is projected mainly in the +y and slightly in the —x direction, consistent with
Figures 12c and 12e. The motions of foreshock ions that cross the TD center (positions 4 and 5) exhibit a larger
deviation from the motions of electrons than positions 1-3, but smaller compared to the FB case because of
the smaller magnetic field direction change per gyroradius. In all, the smaller differences between the foreshock
ion and electron bulk motions at the upstream boundary (positions 4 and 5), relative to in the FB case, account
for the weaker foreshock ion-driven current and compressional boundary upstream. However, in doing so, the
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Figure 11. The cone angles between the magnetic field directions and the x-axis, and the trajectories of foreshock ions

in the X-Z plane for an injected foreshock ion beam interacting with a thick tangential discontinuity (TD). The foreshock
ions cannot fully cross the thick TD return to the quasi-parallel region when they encounter the initial TD center at z = 400
gyroradii.

upstream boundary then becomes comparable to the boundary formed at the downstream side, thus a structure
resembling an HFA forms.

4. Discussion

Considering the kinetic effects of the foreshock ions at the TD that lead to the generation of currents that change
the magnetic field of the TD, the goal is to show that for the same TD magnetic shear and foreshock ion gyrora-
dius, the thickness of the TD determines whether the foreshock ion-driven currents will trigger the formation of
an FB or an HFA. From the simulation runs involving a moving TD interacting with a planar shock, we find that,
at the early stage, when the TD is thin, an FB forms, and when the TD is thick, an HFA forms. We also reach the
same conclusion when we use an injection of a foreshock ion beam instead of a planar shock, judging by the ion
density profiles, magnetic field variations, and current density configurations. Therefore, it is safe to replace the
planar shock with an injection of a foreshock ion beam so that we can control the foreshock ion properties and
minimize the growth of background ULF fluctuations. This allows us to more clearly diagnose the current density
configurations that result in the observed magnetic field variations.

From the simulation runs using an injection of foreshock ions with a thin and thick TD, it is clear that the
partial-gyrating motion of foreshock ions around a TD can act as the trigger and drive the early formation of an
FB or HFA. One main difference in the observational characteristics between TD-driven FBs and HFAs is that
FBs only expand in the upstream direction and do not form a compressional boundary on their downstream side.
Our simulations provide an explanation for this distinction. In the FB case, the driver current is dominated by the
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Figure 12. Panels (a—f) follow the same format as Figure 6 except for an injected foreshock ion beam interacting with a thick tangential discontinuity at an earlier time,
t =9.5 gyroperiods, (1) and a later time, # = 16 gyroperiods, (2) of early formation. The vertical dashed lines show the positions of the ion velocity distributions in
Figure 13.
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Figure 13. Panels (a—1) show the ion velocity distributions at x = 120 gyroradii and from the z positions indicated by the vertical dotted lines in Figure 12.2 for an
injected foreshock ion beam interacting with a thick tangential discontinuity at a later time of early formation. The axes of Panels (a—f) are B versus E X B, and the
axes of Panels (g-1) are B X (E x B) versus E X B. The blue arrow in each panel represents the projection +x direction in each plane, and the red arrow in each panel

represents the projection of the +y direction (in-the-plane direction for the 2-D panels in Figure 9) in each plane. The black star represents the electron bulk flow, and
the magenta star represents the foreshock ion bulk flow in the coordinate plane.
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current from foreshock ions that cross the TD on the upstream side, and the net current around the downstream
edge of the TD is relatively negligible (we can only observe it during the earlier time in Figure 6f at z = 370
gyroradii when the upstream current has not grown very strong). Thus, the field variation largely occurs on the
upstream side and the corresponding induced electric field drives solar wind plasma to E x B drift (expand)
mainly in the upstream direction. In the HFA case, on the other hand, the net upstream current, because of the
foreshock ions partially gyrating near the center of the TD, is weak compared to the FB case. Even after the
growth, the upstream current is still comparable to the current at the downstream edge of the TD. As a result,
both sides have comparable field variations, and the corresponding induced electric fields can drive expansion
in both directions.

From previous models, it is commonly believed that the enhancement of foreshock ion thermal energies causes
the expansions of these structures. However, the projection of the perpendicular speeds does not increase the
temperature, but rather, causes a partial gyration or bulk flow of the foreshock ions. In our simulations using an
injection of foreshock ions, the foreshock ion temperatures relative to the bulk flow show little change. Therefore,
it is not the thermal pressure, but the process described above that causes the early formation and expansion.

In addition, the expansion speed of the structure depends on the strength of the induced electric field, which is
determined by how fast the magnetic field variations occur and how strong the foreshock ion-driven currents
become. The strong foreshock ion-driven current in the FB case can also explain why FBs typically expand faster
than HFAs to form a shock (e.g., Liu, Turner et al., 2016). Another point to consider is that a larger current from
foreshock ions also means a greater energy conversion from the foreshock ions to the solar wind plasma (through
the foreshock and solar wind current against and along the induced electric field, respectively) for expansion. In
our simulation, the peak energy output, J-E of the foreshock ions in the FB case is roughly —0.8 J,E; whereas in
the HFA case is roughly —0.2 J E,, a 4-fold difference.

In our simulations, where the magnetic shears across the TD and foreshock ion gyroradii are held constant, the
different thicknesses of the TD are the only reason for the observed differences in the current strengths. To reit-
erate the process, as the foreshock ions gyrate within the field change of a TD, a portion of their parallel speed
and gyrospeed is projected into the new upstream (above the TD) perpendicular direction. The foreshock ions,
therefore, cannot complete their full gyromotion and can only perform a partial gyration around the TD. The
velocity projection across the TD determines the strength of the current, which is controlled by the magnetic
field direction change within one foreshock ion gyroradius. For the same magnetic shear angle, a thinner TD
can cause a larger field direction change within one foreshock ion gyroradius. In general, with a thinner TD or a
larger magnetic shear angle, the foreshock ions can perform more drastic partial gyrations and generate a stronger
current. This could explain why in Liu, Turner, et al. (2016), a thick TD forms an HFA, and a thin TD forms an
FB during the same time interval, and why a larger magnetic shear angle favors the formation of HFAs (e.g., Liu
et al., 2021; Schwartz et al., 2000; Zhao et al., 2017).

In addition, we initially choose the simulation setup with a positive y directed magnetic field in the top half region
to ensure the formation of the TD-driven FB and HFA (in this case, the convection electric field points toward the
TD). This configuration allows for the foreshock ion-driven current to decrease the magnetic field strength within
the TD, therefore initiating the positive feedback loop or instability introduced above. In the reverse scenario
where the magnetic field is in the negative y direction in the top half region (the convection electric field points
away from the TD), the foreshock ion-driven current reinforces the magnetic field strength within the TD (as
shown in Figures S1, S2, and S3 of Supporting Information S1). This would not result in the formation of an FB
or HFA, but rather a structure that has increased magnetic field strength and solar wind density within the TD.

Lastly, we discuss the role of the shock itself. Early in these simulation runs, the planar shock provides foreshock
ions of sufficient density that go on to interact with the moving TD to generate the FB and HFA. We find that
the initial gyrophase of the reflected solar wind ions is also important, as there was a delayed start for the FB
formation as the foreshock ions initially gyrated away from the thin TD. In addition, increasing the speed of the
moving TD along the planar shock did not yield any noticeable differences (because there is always a TD rest
frame for a planar shock); however, we expect the TD speed to be more important when the shock is curved.
At later times beyond the early formation stage (e.g., after r = 23 gyroperiods in Figure 8.2), as the HFA grows
stronger, its low-density core deforms the local shock significantly. The subsequently generated foreshock ions
behave differently than those generated at the background shock. The gyromotion differences between these two
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different foreshock ion populations can also generate a current that contributes to the formation of the down-
stream boundary of the HFA. This causes a gap to appear in the downstream boundary near the shock, seen in ion
density and magnetic field changes near x = 880 gyroradii in Figures 8.2a and 8.2g. At a later time (not shown),
another boundary starts to form, originating at the shock, and connects to the previous downstream boundary
(positioned further upstream from the shock). Thus, the local shock surface is constantly changing the properties
of newly reflected foreshock ions, which then go on to affect the evolution of the HFA and FB (especially when
the FB forms with the ion foreshock region on both sides). This occurs in the later evolution stage, though, when
the FB or HFA becomes significant enough to strongly affect the local shock. A more careful examination of this
process is needed for future studies.

5. Conclusions

This paper aims to show the kinetic effects of foreshock ions interacting with a TD, that generate currents that
change the magnetic field of the TD, and to understand the early formation differences between TD-driven
FBs and HFAs. Using a 2-D local hybrid simulation with kinetic ions and fluid electrons, we model the early
formation process of a TD-driven FB and an HFA via a moving ion-scale, finite-thickness TD interacting with a
planar shock, to qualitatively examine the physics, for which we then use the injection of a foreshock ion beam to
pinpoint the major physics behind the early formation processes. The injection of a foreshock ion beam provides
for minimization of ULF wave growth, a way to fine-tune the properties of the foreshock ions that interact with
the TD, and the ability for us to compare the early formation mechanisms of TD-driven FBs and HFAs. Our
results confirm the kinetic formation model by An et al. (2020) and Liu, An, et al. (2020) and provide further
details about the early formation of TD-driven FBs in comparison with the early formation of HFAs. In short,
usage of a planar shock and an injection of a foreshock ion beam yield the same conclusion at the early stage,
that a thin TD forms an FB and that a thick TD formed an HFA. Here we summarize their formation processes.

e The foreshock ions perform a partial gyration upon crossing the ion-scale TD, and the bulk motion differences
between the foreshock ions and electron fluid lead to the generation of currents.

e The foreshock-driven currents change the magnetic field topology of the TD. The resulting magnetic field
depletion within the core allows for more foreshock ions to cross the TD center and perform more drastic
partial gyrations, producing stronger currents in response. This triggers the growth of the structure.

e The subsequent magnetic field changes induce electric fields that drive solar wind plasma to E x B drift
outward, leading to an expansion of the structure. This causes the depletion of solar wind ions within the core
and the pile-up of solar wind ions at the compressional boundary or boundaries.

e In the case of a thinner TD, the foreshock ions, that cross the TD, drive a stronger current, and the whole
expansion process is dominated by the upstream side (an FB forms).

¢ For the same magnetic shear, a thicker TD causes such current to be weaker and thus comparable to the one
within and downstream of the TD, resulting in two compressional boundaries and expansions in two directions
(an HFA forms).

e In addition, the TD thickness also affects how much energy can be transferred from the foreshock ions. In the
case of a thinner TD (FB), the foreshock ion J-E is roughly four times greater than in the case of a 16 times
thicker TD (HFA).

However, the TD thickness is not the only determining factor of whether an HFA or FB forms, because in
this study we only consider a situation where a TD changes the local bow shock from quasi-parallel to
quasi-perpendicular. A TD with the quasi-perpendicular bow shock on both sides can still form an HFA (e.g.,
Giacalone & Burgess, 2010; Thomas et al., 1991), but whether it can form an FB is unknown. When the bow
shock is quasi-parallel on both sides of a TD with similar 6 , it is natural to expect that a nearly symmetric struc-
ture with two boundaries, that is, an HFA, will form regardless of TD thickness. And, unlike a TD, an RD does
not have to intersect the bow shock to form an FB (e.g., Omidi et al., 2010, 2020) and an RD can also form both
an HFA and an FB simultaneously when it intersects the bow shock (Omidi et al., 2020). More studies are still
needed to reveal the formation differences between HFAs and FBs.

Further work remains to be tested on the early formation model using hybrid simulations. Scenarios where fore-
shock ions experience different TD thicknesses and magnetic shears across discontinuities (not just 90°) may
reveal the early formation of ambiguous structures between FBs and HFAs. Additional factors that could affect

VUET AL.

18 of 21



A~
MM\I
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2021JA029973

Acknowledgments

This work is supported by NSF
AGS-1352669 and NASA

grant ONSSC18K1376. This material is
also based in part upon work supported
by NASA through the Alaska Space
Grant Program (80NSSC20MO0070).

T. Z. L. is partially supported by NSF
award AGS-1941012 and NASA grant
80NSSC21K1437. T. Z. L. acknowledges
the NASA Living With a Star Jack Eddy
Postdoctoral Fellowship Program, admin-
istered by the Cooperative Programs

for the Advancement of Earth System
Science (CPAESS). This work was
supported in part by the high-performance
computing and data storage resources
operated by the Research Computing
Systems Group at the University of
Alaska Fairbanks Geophysical Institute.

the formation of these structures include the initial injected parallel speeds, densities, pitch angles, and thermal
speeds of foreshock ions. For example, we expect larger parallel speeds, higher densities, and larger pitch angles
(thus the gyroradius is also contributed by the bulk velocity in addition to the thermal velocity) to result in
stronger foreshock-driven currents, which leads to a faster growth and expansion of the structure. A future study
would include a parameter scan for the preferable field and plasma conditions, like those discovered by statistical
studies based on in-situ observations. Also prevalent in some of our runs involving foreshock ions with much
larger parallel speeds than perpendicular speeds is the abundance of waves that originate from beam instabilities
that quickly dwarf the formation of the transients. This suggests that there may be some foreshock ion param-
eter thresholds for the onset of formation for foreshock transients. It is also worth investigating the resulting
structures that arise from a TD bounded by two quasi-parallel regions on both sides, which may easily result in
two compressional boundaries. Lastly, different TD properties, such as magnetic shear angles and orientations,
can also be tested in a planar shock environment to understand their effects on the early formation of TD-driven
FBs and HFAs. In all, the presented simulation results pinpoint the role of foreshock ions in driving the forma-
tions of these structures within TDs; however, there is still much to discover regarding the effects of different
foreshock ion and TD properties on the formation of foreshock transients.

Data Availability Statement

The simulation data used for the figures and analysis in the study are available at https://doi.org/10.6084/
m9.figshare.17189438.
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