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Abstract Magnetosheath jets, plasma structures with enhanced dynamic pressure, are frequently observed
in the terrestrial magnetosheath. However, their mass, momentum, and energy content are still unknown. We
utilize Amitis, a 3D hybrid-kinetic plasma simulation, to study the mass, momentum, and energy content of jets
in the subsolar magnetosheath. We also analyze the kinetic, thermal, and electromagnetic energy flux associated
with jets. Jets comprise up to 21% of the quasi-parallel magnetosheath and can carry up to half of the kinetic
energy. Furthermore, jets convert kinetic energy to thermal energy. Our hybrid simulations also suggest that
while jets can form downstream of the quasi-perpendicular shock, their volume and energy content are much
small compared to jets downstream of the quasi-parallel bow shock. We conclude that magnetosheath jets play a
vital role in heating up the magnetosheath and significantly influence the dynamics of the quasi-parallel
magnetosheath.

Plain Language Summary The solar wind is a supersonic plasma flow, continuously ejected from
the Sun. It interacts with the Earth's magnetic field, leading to the formation of a collisionless shock front called
the bow shock, where the solar wind is heated and compressed. The region downstream of the bow shock, the
magnetosheath, contains decelerated, heated, and compressed solar wind plasma. Within the magnetosheath,
plasma structures with significantly higher kinetic energy density occasionally form, known as magnetosheath
jets. Using a three-dimensional hybrid plasma model (kinetic ions, fluid electrons), we quantify the mass,
momentum, and energy carried by the jets in the subsolar magnetosheath. Our analysis focuses on the flux of
kinetic energy associated with theses structures as they move into and out of the magnetosheath. The results
show that, under conditions where the interplanetary magnetic field is closely aligned with the solar wind flow,
jets play a dominant role in transporting plasma and driving dynamic processes in the quasi-parallel
magnetosheath.

1. Introduction

Bow shocks around planetary bodies heat, compress, and slow down the incoming solar wind plasma. At the
Earth's bow shock, close to the subsolar point, the kinetic energy density is on average reduced by a factor of
four according to the Rankine—Hugoniot jump conditions (e.g., Hietala et al., 2024). However, sometimes the
kinetic energy density is less reduced, resulting in plasma structures with enhanced dynamic pressure (or
equivalently, an enhancement in the dynamic pressure), known as magnetosheath jets (Plaschke et al., 2018;
Kriamer et al., 2024, and references therein). While jets are frequently observed in the terrestrial magneto-
sheath (e.g.., Archer & Horbury, 2013; Plaschke et al., 2013; Raptis et al., 2020), how much mass, mo-
mentum, and energy jets carry is still unknown. Using a 3D, hybrid-kinetic simulation of the solar wind
interaction with Earth's magnetosphere at realistic scales (Fatemi et al., 2024) we aim to quantify this
contribution.

The majority of magnetosheath jets are thought to form close to the bow shock (Plaschke et al., 2013) and
propagate through the magnetosheath (Kriamer et al., 2024; Plaschke et al., 2018, and references therein), with
some fraction reaching the magnetopause (Plaschke et al., 2016). Jets are mostly observed downstream of the
quasi-parallel shock (Archer & Horbury, 2013; Plaschke et al., 2013; Raptis et al., 2020; Vuorinen et al., 2019),
the region of the shock where the angle between the bow shock normal and interplanetary magnetic field (IMF) is
<45° (e.g., Balogh et al., 2005, and references therein). In contrast, the quasi-perpendicular bow shock occurs
where this angle exceeds 45° (Balogh et al., 2005). Correspondingly, the quasi-parallel (quasi-perpendicular)
magnetosheath is the region magnetically connected to the quasi-parallel (quasi-perpendicular) bow shock (e.g.,
Karlsson et al., 2021).
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Jet formation at the bow shock is an active field of research. For example, jet ripples (Hietala & Plaschke, 2013),
foreshock compressive structures (Suni et al., 2021), and bow shock reformation (Raptis et al., 2022) are sug-
gested to contribute to jet formation. Nevertheless, jets have also been observed downstream of the quasi-
perpendicular shock (Goncharov et al., 2020) where they are suggested to be magnetic flux tubes connecting
to the quasi-parallel bow shock, nonreconnecting current sheets, reconnection outflows, and/or mirror mode
waves (Kajdi¢ et al., 2021). Gyrating ion populations close to the bow shock might also lead to jet-like structures
(Vuorinen et al., 2023).

Jets propagate through the magnetosheath, interacting with the surrounding plasma in various ways and trans-
ferring energy. One of those interaction mechanism is wave-particle interactions, which is known to transfer
energy (Gunell et al., 2014; Karlsson et al., 2018; Kramer et al., 2023). Jets can also form bow waves ahead of
them (Karimabadi et al., 2014) which accelerate electrons (Liu et al., 2019). Jets have been found to occur more
often close to the bow shock (Plaschke et al., 2013) and have been suggested to dissipate energy as they move
through the magnetosheath (Savin et al., 2008) and thermalize the plasma associated with jets (Karlsson
et al., 2018). However, some jets can reach the magnetopause, and if they have large scale sizes, they can be
geoeffective by, e.g., exciting ultra low frequency waves observable on the ground or causing auroral brightening
(e.g., Norenius et al., 2021; Wang et al., 2018; Wang et al., 2022).

While these different interaction mechanisms of jets with the surrounding plasma are known, the amount of
energy jets transfer through the magnetosheath remains uncertain. Instead of investigating single interaction
mechanisms, such as wave-particle interaction, we take a different approach, and we explore a spatially confined
region of the magnetosheath using the Amitis simulation (Fatemi et al., 2017). First, we explain our model and
methods in Section 2. After that, in Section 3.1 we quantify the amount of the kinetic mass, momentum, and
energy is stored in jets. Then, in Section 3.2, we calculate the energy flux through the boundaries of a confined
magnetosheath region to determine the amount of energy converted into other forms. Finally, in Section 4 we
summarize our results and discussion.

2. Methods
2.1. Simulation

To model the near-Earth plasma environment, we use Amitis, a time-dependent, 3D in velocity and configuration
space, and grid-based plasma model that treats ions as super-particles and electrons as a massless, charged-
neutralizing fluid. It has been recently upgraded to run on multi-GPU platforms (Fatemi et al., 2022) and has
been successfully applied to study plasma interaction with Earth at realistic scales (Fatemi et al., 2024). We refer
the reader to Fatemi et al. (2017) for a detailed description of the model principles and the involved equations.

The presented simulation results in this study use the following coordinate system: x is directed toward the sun, z
is aligned with the magnetic pole pointing to the geographic north, and y completes the right-handed coordinate
system. The solar wind flow is purely along the —x axis. The simulation cells are a Cartesian cube of length
500 km. The inner magnetospheric boundary is a conductive sphere with a radius of 30000 km =~ 4.7Rg where
Rg = 6371 km is the Earth radius. The Earth magnetic dipole moment is 31.78 uT-Rg>, pointing along the —z axis.

In this study, we use two simulation runs. One with an almost radial IMF (Bpyr = [+4.83, —1.30,0.0] nT),
denoted as RX (see S1 for an overview). RX corresponds to simulation R1Y described by Fatemi et al. (2024).
The other run has a purely northward IMF (B = [0.0,0.0, +5.0] nT), denoted as RZ (see S2), which has a
similar setup to the simulations described by Fatemi et al. (2024). For both simulations, we only include solar
wind protons with velocity [-400,0,0] km/s, density 7 cm™>, and temperature 10 eV. The solar wind dynamic
pressure is 1.86 nPa. The solar wind protons are modeled as 15 macro-particles per cell. The Movie S1 and
Movie S2 show the time development of the magnetic field, plasma density, electromagnetic energy density, and
kinetic energy density for the RX and RZ run respectively. For the RX simulation, after the 8-min period we use in
our analysis, the IMF orientation changes to a southward IMF through the passage of a current sheet (simulation
R1S in Fatemi et al. (2024)). The transient period is not included in this study, and we only investigate the
magnetosheath before the current sheet arrival at the bow shock, however, the current sheet does change the
foreshock environment before interacting with the bow shock.
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Figure 1. (a) Sketch of the selected magnetosheath region (yellow) in the xy-plane with the outer boundary (OB, red) and
inner boundary (IB, blue) as partial spheres and the flanks (FL, black) restricted by 1/y?> + z2< 4.5 Rg. (b) Dynamic pressure

at the z = 0 plane at physical time 10:40 min for the RX simulation. We show the 3D structure of the magnetosheath jets. The
white sphere represents the conducting boundary of the simulation at 4.7 Rg. The view is from the Sun toward Earth. (c) Same as
B at physical time 40:00 min for the RZ simulation with a different scale of the colorbar for better visibility.

2.2. Identification of Jets

First, we identify magnetosheath jets using a criterion similar to the one established by Plaschke et al. (2013), that
i8, Paynx > 0.5Pgypn o With Pyyp x the dynamic pressure in the magnetosheath using only v, and Pyyy, v the upstream
solar wind dynamic pressure. This criterion, hereafter referred to as C1, should only be applied in the subsolar
magnetosheath with solar zenith angles angles <30° (Plaschke et al., 2013).

However, the C1 criterion cannot reveal whether the excess kinetic energy is converted to other forms of energy or
if jets are deflected in the magnetosheath. For example, consider a dynamic pressure enhancement with v, = C,
where C#0, and v, , = 0. Let us assume that dynamic pressure enhancement is classified as a jet according to the
C1 criterion. Now, if the velocity changes by deflection to v, = 0,v, . = C without any change in speed nor the
dynamic pressure, the enhancement will not be classified as a jet under the C1 criterion anymore. However, since
the dynamic pressure of the plasma entity did not change, no energy conversion has occurred, and the change is
only due to the plasma flow deflection. While such drastic changes in the velocity are unrealistic, gradual changes
in the velocity from parallel to perpendicular to the Sun—Earth line are expected due to the deflection of mag-
netosheath plasma around Earth.

To assess the amount of energy jets convert, we investigate dynamic pressure enhancements that fulfill
Pgyn > 0.5 Pyyp - Here Pyyy is calculated using the magnitude of the plasma flow velocity, |v|, instead of its
component along the x-axis, v,. We refer to the criterion as the C2 criterion.

We restrict our analysis to a confined region in the subsolar magnetosheath. This confined region is illustrated in
yellow in Figure 1a. The boundaries of this region are the outer boundary (OB, red), inner boundary (IB, blue),
and the flanks (FL, black) (Figure 1a). The IB and OB are approximated as partial spheres in the subsolar
magnetosphere and the FL are chosen such that the solar zenith angle <30° to fulfill the C1 criterion. The criteria
for each boundary are given in Appendix A.

Figures 1b and 1c show the confined magnetosheath region and the contours for jets, obtained from the C1
criterion for both simulation runs. Figure 1b shows jets in the subsolar magnetosheath of the RX simulation
downstream of a quasi-parallel shock. These jets are interconnected structures as described by Fatemi et al. (2024)
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Figure 2. The relative kinetic energy Ey (blue), electromagnetic energy Egg (purple), thermal energy Ey, (orange), mass m
(black), and momentum p (red) content in magnetosheath jets (C1 criterion). The percentage of the magnetosheath volume
classified as jet is shown in gray. (a) RX simulation, (b) RZ simulation. Note the different scales for the vertical axis.

and Ren et al. (2024). Figure 1c shows jets in the RZ simulation downstream of a quasi-perpendicular shock.
These jets are much smaller and unlike those downstream of the quasi-parallel shock, they are not interconnected
structures. Their sizes, however, are comparable to the simulation cell sizes, and therefore, their actual size might
be smaller than those shown in Figure 1b. Jets downstream of the quasi-perpendicular shock in our RZ simulation
only exist close to the bow shock which suggests that they could be attributed to the gyrating ion motion described
by Vuorinen et al. (2019). These jets are not associated to flux tubes connected to the quasi-parallel shock,
nonreconnecting current sheets, or reconnection outflows as suggested by Kajdi¢ et al. (2021). However,
investigating the origin of quasi-perpendicular jets will be conducted in a separate study.

3. Results

We first quantify the mass, momentum, and energy carried by jets in the magnetosheath. We then investigate the
amount of the flux moving through the boundaries of the magnetosheath region that is associated with jets.

3.1. Mass, Momentum, and Energy Content in Jets

The proportion of the magnetosheath volume that is classified as jets (gray) is shown in Figure 2 as well as the
proportions of mass (black), momentum (red), kinetic energy (blue), electromagnetic energy (purple), and
thermal energy (orange) carried by these jets in the RX (Figure 2a) and RZ simulations (Figure 2b). In the RX
simulation, jets occupy approximately 16% (and up to 21%) of the magnetosheath volume, while in the RZ run,
this fraction is significantly lower at <1%.

For the RX (RZ) simulation, jets carry up to 49% (3.1%) of the kinetic bulk energy, 25% (0.6%) of the elec-
tromagnetic energy, 21% (1.0%) of the thermal energy, 27% (1.1%) of the bulk momentum, and 25% (1.1%) of the
mass of the magnetosheath. The kinetic energy proportion of jets is approximately double their volume proportion
in the RX simulation and three times their volume proportion in the RZ simulation. This finding is consistent with
the identification criterion that requires an increased kinetic energy density compared to the average dynamic
pressure in the magnetosheath. Note that the vertical axes in Figure 2 have different scales.

For the RX simulation, all the investigated properties increase over time, likely due to stable upstream conditions,
leading to a more stable foreshock. Earlier observations and simulations suggest that a stable foreshock results in
the formation of more jets (Archer & Horbury, 2013). Around 19:00, the volume of jets starts to decrease again,
likely due to the approaching current sheet disturbing the foreshock. In contrast, for RZ, the jet volume and energy
remain roughly constant over time.

We conclude that jets carry a significant proportion of the energy in the magnetosheath downstream of the quasi-
parallel bow shock but not downstream of the quasi-perpendicular bow shock, as more jets are identified in the
quasi-parallel magnetosheath. This result agrees with previous studies that found that magnetosheath jets are
more often observed downstream of the quasi-parallel bow shock compared to the quasi-perpendicular bow shock
(e.g., Archer & Horbury, 2013; Plaschke et al., 2013).
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Figure 3. Kinetic energy flux @y, electromagnetic energy flux ®gp, thermal energy flux @y, total energy flux @, and
particle flux @, into and out of the selected magnetosheath region through the outer boundary (OB, red), inner boundary (IB,
blue), the flanks (FL, black), and the sum off all boundaries (Z, gray) for RX. (a) @k for flux crossing the boundaries, (b) @
using the C1 criterion, (c) ®k using the C2 criterion, d—f: same as a—c for ®gp, g—i: same as a—c for @, j-1: same as a—c for D,
m-o: same as a—c for @,. Negative flux is defined as incoming while positive flux is defined as outgoing from the boundary.
Note the different scales for the vertical axes.

3.2. Energy Flux

We investigate jets' contribution to the kinetic, electromagnetic, and thermal energy flux across the boundaries
(OB, IB, FL) of the selected region. Our results are presented in Figure 3 which shows the integrated kinetic
energy flux @y (Figures 3a—3c), integrated electromagnetic energy flux ®gp (Figures 3d-3f), integrated thermal
energy flux @y, (Figures 3g-3i), and total integrated energy flux @4 = Pyipg + Ppps + Py With
A € {OB,IB,FL, X} (Figures 3j-31) across the magnetosheath boundaries for RX. With X we refer to the sum of
the different integrated energy fluxes over all boundaries, ®xy = ®xp + Px ;5 + Pxpy With
X € {K,EB, th, tot}. The first column shows the integrated energy flux of all magnetosheath plasma crossing the
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boundaries (Msh), the second column only flux of C1 jets, and the third column only flux of C2 jets. With in-
tegrated flux, we refer to integration over the respective boundary surface of the selected magnetosheath region.
We show the different integrated flux for the OB (red), the IB (blue), and the FL (black) as well as X (gray).
Negative flux is defined as incoming while positive flux is outgoing from the selected magnetosheath region. The
integrated kinetic energy flux at the OB is incoming (®x <0), while the flux at the IB and at the flanks are
outgoing (P >0). Additionally, Figures 3m-30 shows the integrated particle flux @, following the same
nomenclature as for the energy fluxes.

The energy flux across the selected region is approximately conserved, @y . ~ 0 (gray line in Figure 3j). @y, is,
on average, slightly smaller than O which is an effect of the region being not strictly stationary over different
simulation time steps and the shape of the selected region. ®gp 5 (gray line in Figure 3d) fluctuates around 0 over
time and overall the electromagnetic energy flux is small compared to the thermal and kinetic energy flux
(Pggp,08 < P /m,op)- Overall, the kinetic energy is a source of energy (®k 5y <0, gray line in Figure 3a) while the
thermal energy is a sink (®y, y >0, gray line in Figure 3g). We can therefore conclude that the kinetic energy is
primarily converted to thermal energy in the magnetosheath.

To assess the role of jets in modulating the energy flux across the magnetosheath, we analyze the contributions from
C1 and C2 jets, which reveal a net inflow of energy into the region (gray lines in Figures 3k and 31). On average, C1
jets input 37% of the total incoming energy flux through the OB (@, . c1/ Pioy,08,msn)> While C2 input 20%. This
inflow encompasses kinetic, thermal, and electromagnetic energy (gray lines in Figures 3b, 3c, 3e, 3f, 3h, and 31i),
with kinetic energy being the dominant component (®y, 5 c1/ P z.c1 = 57%, Puinz.co/ Prorz.c2 = 82%). This
finding aligns with the definition of magnetosheath jets as localized enhancements in kinetic energy density. As jets
propagate through the magnetosheath, they may degrade due to the loss of excess kinetic energy, which is then
transferred to the ambient plasma, contributing to the overall energy budget.

Overall, C1 jets carry more energy into the magnetosheath compared to C2 jets, which reflects the previously
discussed peculiarity of the C1 criterion (see discussion in Section 2.2). Consequently, the use of the C1 criterion
results in overestimating the converted energy and should not be employed for investigating energy transfer by
jets. The C2 criterion, however, gives a more realistic estimate for the proportion of the net energy flux, assuming
that the conversion rate is the same for all dynamic pressure thresholds. Not all jets lose their identity in the
selected volume, since there is an outflow of kinetic energy in jets through the FL and IB (Figure 3c). Jets that
move through the flanks will likely continue to move along with the magnetosheath flow around Earth. Jets that
move through the IB can impact the magnetopause and potentially be geoeffective, for example, triggering ULF
waves (Norenius et al., 2021; Wang et al., 2022). This shows that a significant amount of jets traverse the
magnetosheath and impact the magnetopause on a regular basis. This finding agrees with Plaschke et al. (2020).

An outstanding question concerns the fate of the excess kinetic, thermal, and electromagnetic energy carried by
jets. Jets lose, on average, 38% of their kinetic energy (®yip 5. c2/ Pinop,c2), 14% of their electromagnetic energy
(Pgp 5,02/ Prp,08,c2)» and 10% of their thermal energy (Py, x, 2/ P, 08,c2)- In comparison, net particle flux in jets
corresponds to 23% of the incoming particle flux in jets at the OB (@, z ¢»/®@, o c2)- The net inflow of particles
due to jets indicates that jets degrade as they traverse the magnetosheath. In addition to degradation, reductions in
average density and velocity likely contribute to the observed decrease in particle flux. As jets degrade, energy
initially associated with them at the OB may no longer be attributed to the jet population at the IB or FL, instead
appearing as a source of energy. This apparent energy gain is a consequence of jet propagation and degradation,
rather than a definitive indicator of internal energy conversion. However, the degree of energy loss differs across
energy forms. The smaller reduction in thermal energy flux compared to particle flux implies that jet temperatures
increase during propagation. The loss of electromagnetic energy is likely attributable to the reduced volume of jets
closer to the IB. The loss in kinetic energy in jets exceeds the loss of particles and therefore also the loss of jet
volume. This additional loss of energy can therefore not only be attributes to the loss of jet volume but additional
energy exchange mechanisms act on the jet plasma. Parts of the excess kinetic energy need to be converted to
thermal energy, contributing to the overall thermal energy gain in the magnetosheath. Moreover, energy exchange
with the surrounding plasma may occur through bow waves ahead of the jets (Liu et al., 2019, 2020), wave—
particle interactions (Gunell et al., 2014; Karlsson et al., 2018; Krémer et al., 2023) and superdiffusion (Savin
et al., 2008).
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We repeated the analysis for RN, which yielded similar results (see S3). However, the overall contribution of jets
is less pronounced due to their relatively small volume (Figure 2b). Since jets are confined to areas near the bow
shock and lose their identity further downstream (see Figure 1c), they serve as localized sources of kinetic,
electromagnetic, and thermal energy in the magnetosheath.

4. Summary

We used the 3D hybrid-kinetic simulation Amitis to investigate the mass, momentum, and energy content in
magnetosheath jets. We also calculated the energy flux carried by jets crossing the boundaries of the subsolar
magnetosheath. Our main findings and conclusions can be summarized as follows:

1. Up to approximately 20% of the magnetosheath downstream of the quasi-parallel bow shock can be classified
as magnetosheath jets during stable IMF conditions.

2. Magnetosheath jets carry significant proportions of mass, momentum, and energy in the quasi-parallel
magnetosheath.

3. Jets carry kinetic energy into the magnetosheath. Some of the excess kinetic energy is converted to thermal
energy and therefore contributes to heating.

4. Jets downstream of the quasi-perpendicular bow shock are much smaller and exist only close to the bow shock
compared to jets downstream of the quasi-parallel shock. They do not carry significant proportions of mass,
momentum, and energy compared to the quasi-perpendicular magnetosheath.

5. Jet criteria that use only a velocity component, rather than speed, overestimate the energy (kinetic and elec-
tromagnetic) transferred to the magnetosheath. This is because they do not consider the deflection of mag-
netosheath plasma around the planet.

Our findings show the relevance of jets in the quasi-parallel magnetosheath where they make up a large part of the
plasma volume and carry a significant proportion of mass, momentum and energy. As those jets move across the
magnetosheath they convert their kinetic excess energy to thermal energy. To understand the relevant mecha-
nisms of jets in the magnetosheath, further studies are needed focusing on the micro-physics involved, such as
wave-particle interaction and turbulence.

Appendix A: Identification of the Confined Magnetosheath Region

This section details the selection of the confined region in the subsolar magnetosheath and its boundaries. The
quasi-parallel bow shock is not well defined due various foreshock structures (Eastwood et al., 2005). Fatemi
et al. (2024) showed that the magnetopause and bow shock models by Chao et al. (2002) do not represent the
respective boundaries well for the RX simulations. To calculate the flux across a boundary, we also need to
determine the normal of the boundary. The bow shock and magnetopause detection method used by Fatemi
et al. (2024) does not identify magnetosheath boundaries with a well defined normal direction for RX. We
therefore do not use the magnetopause and bow shock as the boundaries of the confined magnetosheath region.
Instead, we employ the following strategy to define a IB, OB, and flank (FL) of a confined region in the subsolar
magnetosheath:

1. We limit our analysis to the region where r,, = \/y? + 72< 4.5R;; to ensure the applicability of the C1 cri-
terion. This boundary, defining a cylinder, we refer to as the flank (FL).

2. We determine the bow shock and magnetopause location using the criteria described by Fatemi et al. (2024).
Both boundaries need to satisty: (a) the plasma density should be twice the upstream value, (b) the velocity
should be 2/3 of the upstream value, and (c) the electric current should exceed 3 nA/m? for the bow shock and
9 nA/m? for the magnetopause.

3. For the subsolar magnetosheath, we approximate the bow shock and the magnetopause as partial spherical
shells centered at (0,0,0). We calculate the median radius of the bow shock 7,,; and magnetopause r,,,, as well as
their standard deviations, o, and o,,,.

4. We set the radius of the OB as rpp = 1, — 03, — 3dr with the grid cell size dr. The margin o;,;, + 3dris used
to make sure that unshocked solar wind plasma is not included, which would be misclassified as a jet.

5. We set the radius of the IB as r;3 = 1,5, + 0,, + dr. The minimum distance of the IB is around 9 Rg which
justifies the choice of y/y? + z2< 4.5 Rg. We also include a margin for the IB to exclude any magnetospheric
plasma.
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Due to the magnetospheric dynamics, the location of the magnetopause and bow shock boundaries vary over time.
We therefore repeat the above steps for every time step of the simulation where simulation data is available.

We also calculate the flux across each boundary enclosing the investigated magnetosheath region. All boundaries
are 500 km thick, corresponding to one grid cell. The boundaries satisfy Fyoundgary <7 <Tpoundary + dr

with Tpoundary € {rOBarIB’ryz}'

Data Availability Statement

The simulation data for both simulation runs is available at https://doi.org/10.5281/zenodo.14724584 (Krdmer
et al., 2025).
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