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ABsTRACT: We use a numerical code which reproduces the angular/energy response of a typical
top-hat electrostatic analyser starting from solar wind proton velocity distribution functions (VDFs)
generated by numerical simulations. The simulations are based on the Hybrid Vlasov-Maxwell
numerical algorithm which integrates the Vlasov equation for the ion distribution function, while
the electrons are treated as a fluid. A virtual satellite launched through the simulation box measures
the particle VDFs. Such VDFs are moved from the simulation Cartesian grid to energy-angular
coordinates to mimic the response of a real sensor in the solar wind. Different energy-angular
resolutions of the analyser are investigated in order to understand the influence of the phase-space
resolution in existing and upcoming space missions, with regards to determining key parameters of
plasma dynamics.
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1 Introduction

The Universe is permeated by hot, turbulent magnetized plasmas. Energy injected in the system
by large scales phenomena, such as shear motions, shock waves, jets, is transferred with negligible
dissipation to smaller and smaller scales by the so-called energy turbulent cascade. Dissipation
takes place at kinetic scales, where the scales of the turbulent fluctuations become comparable
with the typical particles scales, e.g. gyroradii. A variety of fluctuations operate at these scales in
collisionless plasmas which are associated to different heating and acceleration mechanisms, like
wave generation and damping, instabilities, magnetic reconnection.

This aspect has been unexplored from an observational point of view due to the lack of
dedicated plasma measurements. In the recent years, a better understanding of energy dissipation
mechanisms and particle energization has been achieved thanks to direct numerical simulations.
Vlasov [1, 2], hybrid [3] and Particle-In-Cell [4-6] codes are able to reproduce the features of the
modified particle distribution functions as a consequence of particle energization. Yet, numerical
simulations may deal only with specific scales and particle species at a time, while studying energy
dissipation require resolving simultaneously the different typical scales of all the particles involved:
electrons, protons and heavy ions.

In the near future, in situ instrumentation onboard the missions THOR and Solar Orbiter
will provide important measurements to study the fundamental link between turbulence, energy
dissipation and particle energization. Turbulence Heating ObserveR (THOR), candidate as next
ESA M4 mission, to be launched if selected in 2026, is the first mission entirely devoted to the
study of space turbulence, and would be the first satellite ever tailored to perform field and particle
measurements at kinetic scales in different near-Earth regions and in the solar wind. Solar Orbiter
(Sol0O), together with Solar Probe Plus, to be launched in 2018, will be the first spacecraft since
Helios to sample the inner heliosphere inside the orbit of Mercury, and will provide comprehensive
remote and in situ measurements which are critical to establish the fundamental physical links
between the Sun’s dynamic atmosphere and the turbulent solar wind.



THOR and Solar Orbiter, due to their different orbits would allow to compare and address
the important question of turbulence evolution as a function of the distance from the Sun and will
provide unprecedented measurements to study the fundamental processes related to particle heating
and acceleration mechanisms.

2 Particle measurements in space

Measurements of particle velocity distribution functions (VDF) are of primary importance in plasma
physics. These kinds of measurements are tipically performed by top-hat electrostatic analysers
[7]. These instruments will be onboard of both Solar Orbiter and THOR. A top-hat analyser (a
schematic illustration of the instrument is given in figure 1) is made of two concentric hemispheres
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Figure 1. Cross-section and top views of a top-hat analyser for the observation of the solar wind, with a
sketch of its focusing properties.

set at different voltage, with an aperture on the outer hemisphere. The electric field existing between
the plates allows for particles within a specific energy-per-charge (E/q) ratio to pass through the
aperture and through the gap between the plates. Parallel incident particles will be focused in
a small spot on the detector plane, which is partitioned in sectors. Full coverage of the entire
47 solid angle can be obtained by rotating the analyser (i.e. on a spinning spacecraft) or by using
multiple sensor heads equipped with electrostatic polar expansions which select the angle of incident
particles direction. In this way a top-hat analyser provides the distribution of particles in spherical
coordinates in velocity space. The response of an electrostatic analyser with a given angular and
energy resolution depends on its own geometric factor.

To resolve the kinetic scales a high resolution in energy, angle and time is required. Yet building
up instruments with such high capability may be extremely demanding. Therefore it is crucial to
find the right tradeoff between scientifical requirements and technical restrictions.

3 Importance of phase space resolution

Numerical simulations of solar wind turbulence show that kinetic effects manifest as evident non-
Maxwellian shapes of the distribution functions such as anisotropies or beams [8—-10]. Moreover
heating occours close to regions where thin current sheets are produced through the turbulent cascade
[11]. The energy-angular resolution of the particle instruments is crucial for the observation of
these fine structures, which would be smoothed out if a sampling of VDFs over low resolution



phase space or long times is done. To assess how the smallest features of the ion VDFs resulting
from a numerical simulation would be detected by a particle sensor of top-hat type, we consider
two top-hat analysers dedicated to the study of solar wind: Proton Alpha Sensor, onboard Solar
Orbiter, and Cold Solar Wind [12, 13] onboard THOR. PAS has 9 elevation angles of 5° degrees
and 11 azimuthal sectors, 6° degrees each, so with a field of view of 45° x 66° degrees. The
energy sweep has 96 bins and a AE/E = 4.80%, the geometric factor is G = 4.6 x 10-cm?sr
and the acquisition time is T,c. = 0.96ms. For CSW (currently in the study phase) we consider
64 energy intervals, AE/E = 7%, a field of view of 48° both in elevation and azimuth and two
different angular resolutions: the first one, which we will refer as Low Resolution (CSW-LR) has

Zgr and an

16 angles in elevation and azimuth, a geometric factor per anode G = 4.4 x 10>cm
accumulation time 7,.. = 0.5ms. The second configuration, the High Resolution one (CSW-HR)
has 32 angles in elevation and azimuth, a geometric factor G = 2.2x 10~>cm?sr and an accumulation
time T, = 0.25ms. These instruments have a restricted field of view and a high angular resolution
since they are designed to sample the solar wind, which is a cold and focused beam in velocity
space.

As a starting point we use the VDFs resulting from a Hybrid Vlasov-Maxwell (HVM) sim-
ulation of the turbulent solar wind, which solves the Vlasov equation for protons while electrons
are considered as a fluid, along with Maxwell equations for electromagnetic fields (see [11] for
simulation details). The initial Maxwellian ion VDF is perturbed by a 2D spectrum of fluctuations
for the magnetic and velocity fields, and the turbulent Vlasov cascade is let to evolve. At a given
time, a cut is made in physical space and 1024 VDFs are collected in a solar wind-like sampling.
These VDFs are reconstructed in the field of view of the sensors (by an averaging process), then we
compute the counts that the sensors would see in each energy-angular bin, as [7]:

4
counts; j x = V; - fi,jk *Tace -G 3.1

where i, j, k refer to the energy, elevation and azimuth intervals, v; is the velocity in the interval, f
the distribution function, 7,,.. and G the accumulation time and the geometric factor respectively.
It is worth noting that, even if we start from the same distribution functions, each sensor sees a
different number of counts, due to its own sensitivity and geometrical features. Afterwards, using
a top-hat simulator we compute moments and the VDFs as sampled by the sensors.

As representative examples we report, in figures 2 and 3, two VDFs as they look like from
the HVM simulation, and how they will be sampled by the three sensor configurations: CSW-
LR, CSW-HR and PAS. The first VDF is characterized by strong anisotropy as well as ring-like
features. These rings are still well recognizable in CSW-HR, while they fade away in CSW-LR
and are completely lost in PAS. The second VDF is characterized by a second population of
particles along the local magnetic field and ring-like structures. As before, CSW-HR performs
better in reproducing the features of the original VDF while for PAS, due to the lower phase space
resolution, this suprathermal component is not clearly detached from the core of the distribution.

4 Moments calculations

In order to assess the effects of phase space resolution in the moments of the distribution functions
we computed the density, the three components of velocities and the temperatures parallel and
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Figure 2. VDF # 1 (in cm™%s?) as it appears from the HVM simulation (top left), and as it would appear
from the CSW detectors (top right and bottom left) and from PAS (bottom right).

perpendicular to the local magnetic field for the 1024 VDFs. The plasma density is given by:

n((r,1) = f f(r,v,1)d>v. 4.1

The bulk velocity vector is given by:

Vi(r, 1) = % f v f(r,v,0)dv, 4.2)

where 7 is the density, and temperature is obtained from the pressure tensor components, defined
as:

Pi(r,)=m f(vi — V) (v = V) f (e v, Od . 4.3)

given that P = nkT (k being the Boltzmann constant). We calculate the moments using the
simulated sensors and compare them with those obtained from the HVM simulation. Results show
that different resolutions have small effects on moments, especially in density and velocity (see
figure 4 top and middle panels). Temperature is more affected, especially for PAS, as shown in the
bottom panel of figure 4 (only total temperature is reported). The temperature anisotropy A =T, /T
doesn’t seem to depend on the three different sensors (figure 5).



VDF-0910 HVM VDF-0910 CSW-HR

200 T T T T T 200 T T T T T
150 |- - Se-21 150 I |H 5e-21
100 - N 4e-21 100 - N 4e-21
¥ 50 — w50 | 4
g o L |l 3e21 g oL |l 3e21
8 -50 —H 2e-21 8 -50 —H 2e-21
-100 — — le21 -100 — — le21
150 a0 150 | a0
-200 1 | 1 1 | | 1 0 -200 1 | 1 1 | | 1 0
O O O O O O O O O O O O O O O O O
O n O 1N O N O 1n O O n O 1N O N O 1n O
QYW smam QYW smam
Vx (Km/s) Vx (Km/s)
VDF-0910 CSW-LR VDF-0910-PAS
200 L R 200 T T T T T
150 - 7 5e-21 150 - 7 5e-21
100 - IR 4e-21 100 - IR 4e-21
¥ 50 - w50 | 4
§ oL |l 3e21 § oL |l 3e21
§ 50 - B 2021 & 50 - : T 2e21
100 C H 1e21 100 B 1e21
H le- H le-
150 - — -150 - —
-200 | | | 1 | | | 0 -200 1 | 1 | | L 1 0
O O O O O O O O O O O O O O O O O
O n O 1N O N O 1n O O n O 1N O N O 1n O
O wYiwn S $mm O Y s $mm
Vx (Km/s) Vx (Km/s)

Figure 3. VDF #2 (in cm~%s) as it appears from the HVM simulation (top left), from the CSW simulations
(top right and bottom left) and from PAS simulation.

5 Errors

To better express how the different sensors reproduce the actual VDFs we calculate the non-
Maxwellianity indicator € [11], given by:

= f (f - 9P 5.1)

where n is the density, f is the “real” distribution function, coming either from HVM simulation
and from the sensors, g is the isotropic Maxwellian calculated from the moments of f, i.e. (in
Cartesian coordinates):

g =Cexp [ZTLO Z(w - Vi)z] (5.2)

where V; is computed from eq. (4.2) and T;5, = (T +711+7T,2)/3. The quantity € gives information
about any departure from Maxwellian.

In figure 6 we report the quantity € for the three simulated sensor and for the HVM code. As
expected, the CSW-HR performs better in reproducing the details of the original VDFs.
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Figure 4.  Density, total velocity and total temperature calculated from HVM simulation and for the
simulated sensors for 1024 VDFs.
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Figure 5. Temperature anisotropy calculated from HVM simulation and for the simulated sensors.

In order to give a quantitative evaluation of how the phase space resolution impacts on moments
we calculate the average errors An/n, AV /V, AT /T, along with Ae/e for PAS, CSW-HR and CSW-
LR, where An/n stands for & I""e”“"’_{f)’z" M [/nuva and similarly for the other errors. In figure 7 the
relative errors on moments in addition to the relative error on € are reported. We see that, concerning
moments, CSW-LR in general performs better than the other sensors, with results very similar to
that of PAS, and CSW-HR is the best in rendering VDFs (little Ae/€). The good performance of

CSW-LR is possibly due to a higher number of particles per energy/angle bin. Indeed, the relative

uncertainty in an energy/angle bin is equal to 1/VN (N number of particles per bin) since counts
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Figure 6. “Distance” from Maxwellian VDF calculated from HVM simulation and for the simulated

SEensors.

obey Poisson statistics. This uncertainty propagates to moments. CSW-HR, due to the smaller size
of the angular sector and smaller accumulation time has a smaller counting statistics and thus a
higher relative uncertainty. The same holds for PAS which has a smaller geometric factor and a
smaller AE/E. In order to investigate further the effect of the number of counts on relative errors,
we tried to simulate CSW-HR with a higher geometric factor so that the number of counts per bin
is increased. The results of the simulation (not shown here) indicate that all the errors on moments
decrease with respect to the “real” CSW-HR. In particular, the moment which benefits more from
a greater number of counts is the temperature, which presents smaller errors and it is no more
regularly underestimated with respect to the HVM temperature.

Velocity has a small error in all the simulated instruments. This could be ascribed to the
fact that, as reported in [14], while error on density scales as 1/VN, error on velocity scales as
1/(M VN ) where M is the sonic Mach number, defined as the ratio between the bulk velocity and
the thermal speed.
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Figure 7. Relative errors for the simulated instruments

It has to be stated that the results above hold in the case of ideal instruments, where all the
errors are due to the phase space resolution. Real measurements will be affected also by other
instrumental effects, due to digitalization, degradation of detector efficiency and analyser voltages,
out-of-energy counts, dead-time effects at high count rates and so on.



6 Summary and conclusions

Adequacy of energy/angular resolution of particle instruments is crucial to fully understand energy
dissipation and particle energization processes. Hybrid Vlasov-Maxwell simulations provide small-
scale proton VDFs in presence of solar-wind turbulence. We simulate how such VDFs are measured
by the top-hat analysers dedicated to solar wind observation on SoLLO and THOR. Our results show
that kinetic features of VDFs are readily recognized only when angular resolution is below 5°; errors
on moments and non-Maxwellianity indicators are generally lower for higher angular resolution,
but low counting statistics could weaken the benefit of enhanced angular resolution. The present
work confirms that PAS is well suited for solar wind turbulence studies and CSW will meet the
more demanding scientific requirements of THOR.
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