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1. Introduction

Interaction of charged particles with shocks in the heliosphere is one of the primary processes
for creating solar energetic particles. The traditional assumption going into analytic models of
particle shock interaction is adiabaticity and the conservation of adiabatic invariants, assuming the
particle gyro radius to be much smaller than the shock width. The resulting accelerated particle
beams would result in a clean loss-cone shaped particle distribution, with gyrotropic shape and
no further substructure. This loss-cone distribution is typically used as the basis for models of
particle propagation [1, 2] and instabilities [3]. Both observations [4] and self-consistent plasma
simulations [5], however, strongly indicate the presence of large-amplitude kinetic-scale structures
in both the up- and downstream vicinity of a shock, making the adiabaticity assumption by itself
highly questionable, and in-situ observation of particle beams upstream of shocks show a large
variety of beam morphologies.

2. Test-Particle Simulations

Initially motivated to test shock-return rates and confirm analytic models of particle-shock in-
teraction [6], a kinetic-scale test-particle system was developed to investigate the effect of different
shock structures on the resulting beam distributions.

By taking the particle propagation system from the ACRONYM [7] particle-in-cell code, a
thoroughly verified and validated codebase was used as the starting point for our modeling ap-
proach. It is using the common Boris-push [8] algorithm to propagate charged particle motion in a
time-symmetric update process, using electric and magnetic field information as an input.

Unlike in a particle-in-cell code, in our model these fields are not solved self-consistently from
simulation of Maxwell’s equations, but given by an a-priori field model representing the shock
structure of interest, with included kinetic-scale features.

2.1 Setup

The overall setup is that of a planar shock in a solar wind plasma flow, with field conditions
far in the upstream and far in the downstream given according to the Rankine-Hugoniot conditions.
Coordinate systems are chosen such that the x-axis forms the shock normal, with positive x pointing
towards the upstream direction, and the y axis lying in-plane with the upstream magnetic field. The
coordinates’ origin is chosen such that x = 0 is located in the centre of the shock transition. The
shock is quantified by the parameters shock speed vs, upstream flow speed v,,, compression ratio
R, shock transition width L and shock normal angle against the interplanetary magnetic field @p,,,
with a cross-shock potential being specified as fraction of the difference in kinetic energy across
the shock.

In the examples presented here, we used a shock speed of vy = 50km/s, solar wind speed of
vy, = 500km/s, shock compression ratio R = 3.17, shock normal angle ®g,, = 25° and cross shock
potential given by 12% of free kinetic energy, based on magnetospheric bow shock conditions.

The actual shock transition between upstream and downstream parameters is specified by
choosing a shock profile function f(x), which outlines the shape of the shock as an interpolation
function between 0 and 1. All simulation quantities, such as magnetic field strength, bulk plasma
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velocities and temperature, are then linearly interpolated between their up- and downstream values
using expressions of the form

B(x) = f(x) By + (1 f(x)) Bu. 2.1)

Magnetic field profiles at the shock
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Figure 1: Example use of shock profile functions as employed in this study, giving different kinetic-scale
structure to a shock’s magnetic field transition.

Figure 1 shows examples of shock profile functions that can be employed in the code, including
a smooth tanh- like transition, and a profile function obtained by using Gibb’s phenomenon to have
overoscillations both in front of and behind the central shock transition.

While the simulation runs with smooth shock transitions reproduce the expected loss-cone
beam distributions, runs using the Gibb’s phenomenon based shock profile with a wavy foreshock
show a significant departure from the gyrotropic beam structure, with a clearly visible helical com-
ponent in velocity space, as depicted on the left side of Figure 2.

3. 5D Global Vlasov Simulations

To confirm that the helical beam structures are not just an artifact of the employed simula-
tion method, comparison with results from 5D (2D+3V) global Vlasov simulation runs using the
Vlasiator [9] code was carried out.

As reported by [10], global simulations of the magnetospheric polar plane with radial IMF
setups do likewise present a bow shock with kinetic-scale wave structures and shock reformation.
Velocity space data from these runs show a wide variety of complex nongyrotropic beam mor-
phologies in the Earth’s foreshock, including a significant fraction of helix-shaped velocity space
structures.

The right side of Figure 2 shows an example of a velocity space helix in the foreshock of
Earth’s magnetosphere, with very similar features to the ones obtained by the test particle simula-
tion.
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Figure 2: Three-dimensional foreshock velocity distributions. These examples of helix-shaped distribution
functions obtained from kinetic-scale test-particle simulations (left) and hybrid-Vlasov simulations (right)
of particle-shock interaction. The 3D axes give velocity space coordinates in cm/s, phase space density is in
arbitrary units.

4. Artificial Observations

While helical beam structures are clearly visible in well-resolved simulation phase space out-
puts, characteristic signatures for them have not been visible in spacecraft measurements.

Based on the results presented above, artificial observations with realistic resolution of ion
phase space densities were created. The process is based around simulating a virtual model of the
ESA instrument’s detector used in the THEMIS spacecraft [11], and the subsequent analysis steps
of the THEMIS software suite.

To simulate the “top hat” electrostatic analyzer’s angular field of view and energy resolution,
each simulation particle (in the case of test-particle simulations) or phase space cell (in the case
of Vlasov simulations) is transformed into the detector’s observation plane, rejected if it is located
outside of its view cone, and subsequently allocated to a detector bin. Figure 3 shows an example
detector view in Earth’s foreshock, from a Vlasiator simulation, showing both the bulk ion motion
of incoming solar wind ions and the reflected beam population.

As in the actual spacecraft, the 32 such detector samples are taken at equal rotation angles of
the virtual spacecraft around a freely chosen spin axis, and then reprocessed to create the following
data products.

4.1 2D Plane Cuts

A typical way of plotting the obtained 3D phase space data from electrostatic analyzers is to
create 2D plane cuts, typically selecting a plane that contains the ambient magnetic field and/or
bulk velocity.

Inherently 3D velocity space structures like the helix beams presented above however are
difficult to image using these 2D cuts. Even in the best case, in which the helices center axis lies
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Figure 3: Example of a simulated spacecraft measurement showing the count rates of a virtual THEMIS
ESA detector in the foreshock of Earth’s bow shock, in a Vlasiator simulation. Both the thermal bulk
population of incoming solar wind ions and the beam population are visible. The red arrow denotes the
magnetic field direction.
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Figure 4: 2D plane cut created from synthetic THEMIS ESA observations, in the plane of magnetic field
and bulk velocity vector. The velocity-space helix is not discernible in this type of plot.
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precisely in the cut plane, the resulting distribution is basically indistinguishable from a gyrotropic
ring. Figure 4 shows 2D plane plots created by this method from the distribution functions depicted
on the right side of Figure 2, in which the x-axis is given by the velocity component parallel to the
local magnetic field direction, and the y-axis by the perpendicular component in the plane that
contains the bulk velocity.

The helical nature of the distribution function in these types of plots only becomes evident
when investigating their temporal evolution as animations or image sequences, which is unfor-
tunately not very practical for publication. Instead, we propose a different way of plotting the
temporal evolution of certain selected directions of phase space most relevant to the spiral shape.

4.2 Directions-on-a-Cone Plots

While the assumption of a loss-cone shaped beam is not valid in the presence of a velocity-
space helix, the loss cone angle

sin? ¢ = =~ 4.1)

still serves as a reasonable estimate of the helices’ directional offset against the magnetic field

Figure 5: Distribution of sampling directions in order to measure velocity space helices. The samples,
depicted as dashed arrows, are arranged on the surface of a cone with the nominal loss cone angle 6 around
the magnetic field vector.

direction. One-dimensional cuts of velocity space on the surface of the loss cone tend to sample
the helix reasonably well, and easily allow temporal development to be plotted. Figure 5 illustrates
the distribution of sampling directions.

The resulting patterns in temporal evolution of phase space densities in these directions are
shown in Figure 6. As the velocity-space helices rotate due to gyration, similar structures show up
in successive bins, with decreasing energy according to the spiral winding. If similar signatures
were to be found in observational data, this would be indicative of the presence of helix-shaped
beams.

4.3 Conclusions

Using two separate simulation methods, kinetic-scale test-particle simulations and hybrid-
Vlasov simulations, we have obtained evidence of nongyrotropic, helical beam structures in fore-
shocks of wavy shock structures. Artificial satellite observations with a simulation of the ESA
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Figure 6: Signatures of helical beam structures in the temporal evolution measured along a finite number of
velocity directions on the surface of the loss cone. As the spiral rotates due to gyration, similar signatures
with decreasing energy can subsequently be seen is successive bins. The red lines highlight some of these
features.

detector onboard THEMIS show that in typical 2D cuts of velocity space, these structures are not
properly visible. We instead proposed a method to visualize the temporal development of the rele-
vant part of phase space in order to obtain signatures of velocity-space spirals.
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