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Abstract Solar wind directional discontinuities can generate transient mesoscale structures such as
foreshock bubbles and hot flow anomalies (HFAs) upstream of Earth's bow shock. These structures can have a
global impact on near‐Earth space, so understanding their formation conditions is essential. We investigate
foreshock transient generation at a rotational discontinuity using a global 2D hybrid‐Vlasov simulation. As
expected, a foreshock bubble forms on the sunward side of the discontinuity. Later, when the discontinuity
reaches the shock, new structures identified as HFAs develop, despite the initial discontinuity not being
favorable to HFA formation. We demonstrate that the foreshock bubble provides the necessary conditions for
their generation. We then investigate the evolution of the transient structures and the large‐scale bow shock
deformation they induce. Our results provide new insights on the formation and evolution of foreshock
transients and their impact on the shock.

Plain Language Summary Earth's magnetic field extends into space and forms a magnetic shield,
the magnetosphere, which protects our planet from particles originating from the Sun. This stream of particles,
the solar wind, carries with it the solar magnetic field and fills the entire solar system. Abrupt turns in the solar
magnetic field can lead to particles accumulating in a small region of space, creating transient structures which
rapidly grow, in a few minutes, to sizes comparable to Earth or even larger. When they impact Earth's
magnetosphere, these structures cause disturbances such as oscillations of the Earth's magnetic field lines or
brightening of the aurora. Here, we use a supercomputer model to better understand how these structures are
formed. We show that several of them can grow when a single solar wind magnetic field turning reaches near‐
Earth space because the first structure modifies its environment, enabling more particles to accumulate. As they
travel toward Earth, these structures reach the bow shock, which slows down the solar wind before it hits the
magnetosphere. The part of the shock impacted by the structures deforms and weakens.

1. Introduction
Foreshock transients are mesoscale structures, with sizes ranging from a few ion inertial lengths to over ten
planetary radii, generated by ion kinetic processes upstream of collisionless shocks (Zhang et al., 2022). They
have been observed at shocks throughout the solar system (Omidi, Collinson, & Sibeck, 2020; Valek et al., 2017;
Zhang et al., 2022), and play an important role in particle acceleration (Liu et al., 2019; Raptis et al., 2025; Turner
et al., 2018; Wilson et al., 2016). At Earth, foreshock transients also significantly disturb the magnetosphere
(Kajdič et al., 2024). Uncovering the formation mechanisms of foreshock transients is therefore crucial to un-
derstand both the dynamics of collisionless shocks and their impact on near‐Earth space.

Some foreshock transients are generated spontaneously in the ion foreshock, the region extending upstream of the
quasi‐parallel bow shock and populated with backstreaming suprathermal particles (Blanco‐Cano et al., 2009;
Eastwood et al., 2005; Wilson, 2016; Zhang et al., 2022). The largest structures, foreshock bubbles and hot flow
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anomalies (HFAs), are however due to suprathermal ion concentration at solar wind directional discontinuities
(Omidi et al., 2010; Schwartz et al., 1985; Zhang et al., 2022). Hot flow anomalies form when the discontinuity
intersects the bow shock and the convection electric field points toward the discontinuity on at least one side,
channeling suprathermal ions into the structure (Schwartz, 1995; Zhao et al., 2017). In contrast, foreshock bubbles
grow while the discontinuity travels through the foreshock, and there is no requirement on the motional electric
field orientation (Archer et al., 2015; Omidi et al., 2010; Turner et al., 2013). The change in magnetic field di-
rection across the discontinuity enables foreshock ions to accumulate on its sunward side. Both types of structures
are characterized by a low density core filled with hot plasma, where the solar wind is significantly deflected. The
expansion of this core results in the formation of a compression region, on the sunward side only for foreshock
bubbles, and on one or both sides for HFAs. If the expansion is faster than the fast‐magnetosonic speed, this
compressed edge becomes a shock (Zhang et al., 2022).

It was initially thought that foreshock bubbles were driven solely by rotational discontinuities (Turner
et al., 2013), while HFAs were associated with tangential discontinuities (Schwartz et al., 2000). Observations
have now revealed that foreshock bubbles can be formed by both types of discontinuities (Liu et al., 2015), and
this has been confirmed by simulations (Vu et al., 2022; Wang et al., 2021). As for HFAs, there is to our
knowledge only one observational report of such a structure associated with a rotational discontinuity (Liu
et al., 2016). Furthermore, numerical simulations by Omidi, Lee, et al. (2020) and Omidi, Collinson, and
Sibeck (2020) indicate that both a foreshock bubble and an HFA can be created along the same rotational
discontinuity as it interacts with the shock and the foreshock. These works did not however explore the physical
mechanisms responsible for HFA formation.

We use the Vlasiator model (Palmroth et al., 2018) to study the formation of foreshock transients. Vlasiator has
been extensively used to study foreshock processes, such as foreshock waves (Palmroth et al., 2015; Turc
et al., 2018, 2019, 2023) and spontaneous foreshock transients (Blanco‐Cano et al., 2018; Tarvus et al., 2021).
Here, an earthward‐propagating rotational discontinuity is injected into the two‐dimensional (2D) simulation
domain. As expected, the interaction of the discontinuity with foreshock ions creates a foreshock bubble. Still, we
show that the same discontinuity also generates an HFA as it sweeps along the quasi‐parallel bow shock. We
demonstrate that the HFA formation is made possible by the foreshock bubble, and we investigate the evolution of
both structures and their impact on the shock.

2. Simulation Model and Run Description
The Vlasiator model is based on a hybrid‐Vlasov approach, in which ions are described as velocity distribution
functions, while electrons are a massless, charge‐neutralizing fluid (Ganse et al., 2023; Palmroth et al., 2018).
Vlasov's equation, coupled with Maxwell's equations, is solved to determine the ion dynamics. Closure is pro-
vided by the generalized Ohm's law, including the Hall and the electron pressure gradient terms, assuming
adiabatic electrons with a polytropic index of 5/3.

Here, we analyze a run with 2D in ordinary space, covering the equatorial plane of near‐Earth space, and 3D in
velocity space. The simulation domain extends from − 10 RE to 30 RE along the Sun‐Earth line (x‐axis) and
±40 RE in the dawn‐dusk direction (y‐axis). All vector quantities are given in the Geocentric Solar Ecliptic
coordinate system. The spatial resolution is 300 km in ordinary space and 31 km/s in velocity space. The
simulation is initialized with steady solar wind parameters, density nSW = 1 cm− 3, velocity
VSW = [− 750,0,0] km/s, temperature TSW = 0.5 MK, and magnetic field B = [2.12,2.12,0] nT. This corre-
sponds to an upstream ion inertial length of 228 km and a thermal most probable proton energy of 43 eV, that is,
hot and fast solar wind conditions. As demonstrated by Pfau‐Kempf et al. (2018), the chosen resolution in both
ordinary and velocity space is sufficient for ion kinetic processes to emerge due to the employed hybrid‐Vlasov
scheme, resulting in realistic ion foreshock properties.

After 300 s, during which the near‐Earth system forms self‐consistently, we inject a rotational discontinuity at the
+x boundary of the simulation domain, changing the magnetic field orientation to B2 = [2.12, − 2.12,0] nT and
the velocity to V2 = [− 750, − 103,0] km/s. The changes in velocity and magnetic field across the discontinuity
are chosen so that they approximately satisfy the Walén relation, based on magnetohydrodynamic (MHD) theory
for rotational discontinuities (Lin, 1997). The discontinuity is planar with its normal along the Sun‐Earth line. The
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change in parameters initially takes place over one grid cell, but the discontinuity broadens to a couple RE
thickness as it travels earthward.

3. Results
Figure 1 shows an overview of the simulation at four different times. At t = 425 s (top row), the discontinuity has
traveled to x ∼ 14 RE, as shown by the field lines (black lines), but has not yet reached the bow shock. On the

Figure 1. Close‐ups of the simulation domain illustrating four different stages of the evolution of the foreshock transients.
The left column shows the proton density, normalized to the solar wind value, the second column the proton temperature
normalized to the solar wind value, the third column the y− component of the proton bulk velocity and the fourth column the
magnetic field strength, normalized to the interplanetary magnetic field strength.
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dawn side ( y< 0) it has retained its narrow structure. On the dusk side, its interaction with foreshock ions has
generated a foreshock bubble, characterized by a core with low density, down to 10% of the solar wind values in
some places (pink region in Figure 1a), and high temperature, up to 100 TSW (Figure 1b). This is accompanied by
a flow deflection in the dawn‐dusk direction (positive Vy enhancement in Figure 1c). The magnetic field strength
is more variable, showing decreases down to 50% of the interplanetary magnetic field (IMF) strength (Figure 1d).
This agrees well with spacecraft observations (Turner et al., 2013; Liu et al., 2016). The foreshock bubble core is
bounded on its upstream side by a region of compressed plasma and magnetic field with lower temperature
(Figures 1a–1d). The structure is elongated, extending over ∼30 RE along the y− direction, spanning the entire
length of the foreshock inside the simulation domain, consistent with foreshock bubble topology described by
Omidi, Lee, et al. (2020).

As the rotational discontinuity travels anti‐sunward, both the core of the foreshock bubble and its compressed
edge expand (Figures 1e–1h), spanning about 10 RE along the Sun‐Earth line at t = 500 s. At this stage, the
highest temperatures are found where the discontinuity intersects the quasi‐parallel bow shock. These high
temperatures are accompanied by strong Vy enhancements (Figure 1g). This suggests that additional accumulation
of suprathermal ions occurs where the discontinuity intersects the bow shock, resulting in the formation of a hot
flow anomaly (HFA).

To understand the HFA formation mechanism, the top panels of Figure 2 show the electric field x‐component (a)
shortly before the discontinuity reaches the shock, (b) when two HFAs start forming (cyan contours) and (c) when
they have merged into a larger structure. A necessary condition for HFA generation is that the motional electric
field points toward the discontinuity on at least one side (e.g., Thomsen et al. (1993); Zhao et al. (2017); Zhang
et al. (2022)). In our simulation, the unperturbed solar wind motional electric field is directed in the out‐of‐plane
direction on either side of the discontinuity, which should prevent HFA formation. Foreshock waves cause small
in‐plane electric field oscillations with peak‐to‐peak amplitudes ∼0.2 mV/m (see Figure 2a), but their temporal
variations likely hamper efficient ion concentration. More importantly, Ex fluctuations reaching up to ∼1 mV/m
arise inside the foreshock bubble and intensify when approaching the bow shock (Figures 2a–2c).

Figures 2d–2e also show that the foreshock bubble modifies its driving discontinuity, which has evolved into a
complex structure with successive field rotations associated with multiple current sheets. The discontinuity's
initial current sheet bifurcates, forming one layer of negative current density Jz on the bubble's earthward side and
another at the transition between its core and its compressed sheath, with a positive Jz current sheet in‐between.
Similarly, layers of strong currents are visible in Jy (Figure 2d). As they cross the discontinuity, foreshock ions
become demagnetized, creating a Hall current (An et al., 2020; Vu et al., 2022). The emergence of multiple
current sheets is likely due to this Hall current and the current driven by solar wind ions as they respond to the field
changes caused by the Hall current (Vu et al., 2022).

We note that Ex converges where By changes sign within the two negative Jz current sheets (dashed lines in
Figures 2a and 2b). Upon reaching the bow shock, each of these two current sheets is associated with a region of
enhanced temperature and deflected flows: HFAs (cyan contours in Figure 2b, marking where Vy = 350 km s− 1

and T = 20 MK). These structures likely form due to foreshock suprathermal ions being channeled toward the
discontinuity by the electromagnetic fields (Liu, An, et al., 2020). We checked that the foreshock suprathermal
ions retain similar characteristics on the earthward side of the foreshock bubble as in the unperturbed foreshock
(not shown), therefore enabling typical HFA formation once favorable electric field orientations emerge. Later,
the two HFAs merge into a larger structure (Figure 2c). The current sheets have also further evolved, and only one
By rotation is visible at that stage (dashed line in Figure 2c).

Figures 2a–2c display the x− component of the full electric field. Panels f and i show the contributions of the Hall
and convection electric fields separately. The Hall electric field EHall = J×B

nee
(with the electron density

ne = nproton in our simulation and e the elementary charge) is slightly enhanced at the current sheets mentioned
above, and at the foreshock bubble's shock, consistent with the presence of strong currents. EHallx converges at the
same two current sheets as the total Ex and in some places, it amounts to ∼30% of the total Ex. The largest part of
Ex is however due to the convection electric field Econv = − V × B (Figure 2i), which arises due to a positive Vy

throughout the foreshock bubble and variations in Bz (Figures 2g and 2h). The former is caused by the accu-
mulated suprathermal ions, which have a residual positive Vy from their backstreaming along the initial IMF even
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after crossing the discontinuity. The bipolar Bz signatures are in turn caused by the Jy currents associated with
these ions. This indicates that the foreshock bubble enables HFA generation at the shock.

Once the HFAs form, the strongest deviations in the plasma parameters are observed there, while the foreshock
bubble keeps expanding and its signatures become weaker (see Figure 1). The HFA signatures are reinforced as
the discontinuity tracks along the bow shock, until about the terminator where they start weakening as well. At
t = 560 s (bottom row of Figure 1), the temperature in the core is only ∼10 TSW, down from ∼100 TSW at earlier

Figure 2. (a–c) Color maps of the x− component of the total electric field Ex in a close‐up on the shock and foreshock bubble,
at t = 425 (before the discontinuity reaches the shock), 445 and 485 s. The dashed lines in panels a–c are drawn where By

turns from positive to negative within the foreshock bubble. The cyan contours depict where Vy = 350 kms− 1 and T = 20MK.
The rest of the panels are shown at t = 425 s. (d) and (e) y− and z− components of the current density; (f) x− component of the
Hall electric field; (g) Plasma velocity Vy; (h) magnetic field Bz and (i) x− component of the convection
electric Econv = − V × B.
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times, and the minimum density has re‐increased to 25% of the solar wind value. Despite this weakening, the
plasma parameters within the transient still strongly deviate from the ambient solar wind.

Finally, we investigate the impact of the foreshock transients on the bow shock. We use two proxies for the shock
position, based on local plasma properties, similarly as in Battarbee et al. (2020): (a) shock compression, with a
threshold set where the proton density reaches twice the solar wind density, and (b) heating of the solar wind core
to three times its initial value (Wilson et al., 2014). These thresholds are depicted with light gray and orange lines
in Figure 3. The criterion on the magnetosonic Mach number in Battarbee et al. (2020) is not employed because it
requires determining the shock normal direction. Here, the irregular shock shape after the transient's impact, as
well as the presence of the foreshock bubble's own shock, prevent us from applying a polynomial fit to calculate
the shock normal direction (Battarbee et al., 2020). Before the discontinuity reaches the bow shock (Figure 3a),
the two contours are in reasonable agreement with each other, although deviations by up to a couple of Earth radii
are visible in some places, consistent with Battarbee et al. (2020). The compressed region sunward of the fore-
shock bubble is also clearly delineated by a light gray contour in Figures 3a and 3b, but at later times only parts of
it reach twice the solar wind density (Figures 3c and 3d), indicating again the structure's weakening.

The impact of the foreshock bubble induces large‐scale bow shock deformation (Figures 3b–3d). We identify two
main features: a region of low plasma density which penetrates deep into the magnetosheath, and a stripe of hot
and compressed plasma protruding outwards into the foreshock. The region with low plasma density is the part of
the foreshock bubble's core which has crossed into the magnetosheath. The exact bow shock position is however
hard to pinpoint in this area: the density and core heating contours largely deviate from each other, and there is no
clear jump in the plasma parameters. This is due to the low Mach number in the bubble's core, where
Mms ∼ 1 − 2 (Figure 3e), resulting in a localized weakening, or erosion, of the shock. The density contour
suggests that this portion of the shock has moved several RE earthward. This is however an artifact of its definition
using the solar wind density: the plasma in the bubble's core is so tenuous that it does not meet our criterion for
plasma compression even after being processed through the shock. Compression is also lower due to the lower
Mms. The orange contour (solar wind heating), on the other hand, suggests that the bow shock is locally bulging
out. In panel b, it captures a large part of the foreshock transient core, indicating significant heating of the solar
wind core in this region. At later times, the orange contour may be closer to the actual shock position. However,
the ion velocity distribution functions just inwards of the orange contour at t = 550 s (not shown) reveal that the
plasma is not slowed down, suggesting that part of this area is still upstream of the shock. The shock transition lies
somewhere in‐between these two contours. Just sunward of its eroded portion, the bow shock expands outwards
into the foreshock bubble's compressed edge (Figures 3b and 3c). This expansion could be due to the change in
Mms, which is∼3 − 4 in the bubble's sheath, higher than in its core but still significantly lower than in the pristine
solar wind (Figures 3e and 3f).

4. Discussion and Conclusions
This study shows that both a foreshock bubble and an HFA, or rather multiple HFAs which later merge, can form
along the same rotational discontinuity. The emergence of multiple transients at a single discontinuity has been
previously reported in simulations by Omidi, Collinson, and Sibeck (2020) and Omidi, Lee, et al. (2020).
Similarly as in our run, there is no electric field component pointing toward the discontinuity in the initial
conditions used in these works. The mechanismwe propose here likely also applies in these simulations. Different
IMF orientations before and after the discontinuity, as well as different discontinuity normal directions, were used
in each case, indicating that this is not due to a very specific geometry, but could be a common occurrence.
Furthermore, the work by Omidi, Collinson, and Sibeck (2020) was based on a 3D simulation, thus ruling out that
the HFA formation could be an artifact of our 2D geometry.

We found that the HFA generation is enabled by the foreshock bubble itself. As in Omidi, Collinson, and
Sibeck (2020), we noted that the discontinuity broadens into a more complex structure and that two HFAs form
where two field rotations reach the bow shock. We showed that the electric field converges in these two current
sheets due to foreshock ion‐driven currents, creating a positive feedback loop allowing further suprathermal ion
concentration. The converging electric fields are dominated by the convection electric field, but the Hall field is
non‐negligible and likely contributes to the HFA growth also. It is however possible that for other discontinuity
orientations, HFA formation may instead be suppressed, as shown in Vu et al. (2024).
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Figure 3. Close‐up of the impact of the foreshock transient on the bow shock. (a–d) Proton density at four different times in
the simulation. The colored contours are proxies of the shock position: proton density reaching twice the solar wind density
(light gray) and core temperature reaching three times the solar wind temperature (orange). (e) and (f) magnetosonic Mach
number at t = 475 and 550 s.
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Once the discontinuity reaches the bow shock and the HFAs start growing, the strongest deviations of the plasma
parameters are found within the HFAs, consistent with Omidi, Lee, et al. (2020). This is not only due to the HFAs
forming, but also to the foreshock bubble signatures weakening from that time onwards in the simulation. This
evolution corresponds to the remission stage in the two‐phase scenario proposed by Liu et al. (2016) based on
multi‐point observations. After the initial growth stage, the expansion of the foreshock bubble continues, but the
concentrated foreshock ions do not provide enough energy anymore to sustain the acceleration of all the solar
wind plasma to the foreshock bubble's sheath flow speed (in the solar wind frame) (Liu et al., 2016). The
expansion energy is provided by the kinetic energy of the foreshock ions. The kinetic energy density is largest at
the sunward edge of the foreshock, because of the larger Mach number closer to the bow shock nose and because
the field‐aligned beams are faster closer to the foreshock edge (Kempf et al., 2015). When the discontinuity has
reached the bow shock, the suprathermal ions which then sustain the foreshock bubble have a lower kinetic energy
density. Also, part of the energy is then transferred to HFA growth. This likely explains why the structure
transitions to its remission stage at this point.

Previous works have shown that foreshock transients can survive far into the nightside (Wang et al., 2018; Wang
et al., 2020; T. Z. Liu, Wang, et al., 2020; Liu et al., 2021). While our simulation box does not include the
magnetotail, we note that the foreshock bubble properties at the downstream edge of the domain still depart
strongly from those in the ambient solar wind and foreshock. A similar evolution is observed in the 3D simulation
by Wang et al. (2020) including the magnetotail: the foreshock bubble keeps expanding as it travels downtail,
while the temperature in its core decreases after an initial enhancement (see Figure 2 in Wang et al. (2020)). This
supports the fact that foreshock transient properties keep evolving as they travel antisunward, and even though
their signatures may start decaying early on, they retain their distinguishable features.

Omidi, Lee, et al. (2020) have suggested that the bow shock and the foreshock bubble compressed edge can
combine into a single structure at large IMF cone angles. Here, a similar phenomenon takes place at first when the
foreshock bubble edge interacts with the subsolar bow shock, but rapidly, the actual shock is found in‐between the
nominal bow shock position and the foreshock bubble's shock. This difference with the study by Omidi, Lee,
et al. (2020) is likely due to the lower cone angle in our simulation (45° compared to 60°). Identifying the exact
shock position is challenging, as plasma heating and density depletion associated with the foreshock transients
lead to the shock position proxies disagreeing to a significant degree, suggesting that additional criteria or more
detailed cross‐evaluation of those suggested in Battarbee et al. (2020) is required in these circumstances.

MHD simulations show that the impact of a low density solar wind slab causes the shock to bulge out locally,
creating HFA‐like signatures at/downstream of the shock (Lu et al., 2024; Sibeck et al., 2025). The same MHD
mechanisms are likely operating in our simulation, contributing to the Vy and temperature enhancements
downstream of the shock (Figures 1j and 1k and 1n‐1o). However, the formation of multiple HFAs in our
simulation, associated with upstream current sheets, indicates that kinetic processes are at play. Disentangling the
relative contributions of these mechanisms is left for future work.

Since the foreshock transients develop on the flank in our simulation, their geoeffectiveness is limited. If they
formed in the subsolar region, the foreshock bubble‐driven HFAs could reinforce the impact of the foreshock
bubble, in creating stronger dynamic pressure variations. In some geometries, the HFAs and the foreshock bubble
may also separate, as foreshock bubbles move at the solar wind speed while HFAs propagate with their driving
discontinuity (Turner et al., 2013). This could result in more global geo‐effects, to be investigated in other
simulations.

Finally, our results regarding the formation of different types of transients at a single discontinuity imply that
depending on the position of an observing spacecraft, one may reach different conclusions on its nature. Multi‐
point observations of foreshock transients with large enough spacecraft separation would provide crucial in-
formation on the formation and interplay between these multiple transients. Our simulation suggests that
spacecraft separations of a few RE are required to probe simultaneously the foreshock bubble and the HFA.
Observations by THEMIS in 2008–2009 and Cluster in 2018–2019 provide suitable separations and could be
revisited to search for candidate events. Measurements near the shock should be complemented with upstream
solar wind data to assess whether the electric field was pointing toward the discontinuity prior to the foreshock
bubble formation, as otherwise the HFA properties will be similar regardless of their formation mechanism.
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Data Availability Statement
Vlasiator (Pfau‐Kempf et al., 2021) is distributed under the GPL‐2 open‐source license. Vlasiator uses a data
structure developed in‐house. The Analysator software (Battarbee et al., 2021) was used to produce the presented
figures. The run described here can be either run with the above‐mentioned code using the boundary conditions
reported in this paper, or the data sets can be downloaded from the University of Helsinki servers where they are
stored (Suni & Pfau‐Kempf, 2025).
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