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The interaction of collisionless shocks with fully developed plasma
turbulence is numerically investigated. Hybrid kinetic simulations,
where a turbulent jet is slammed against an oblique shock, are
employed to address the role of upstream turbulence on plasma
transport. A technique, using coarse graining of the Vlasov equa-
tion, is proposed, showing that the particle transport strongly
depends on upstream turbulence properties, such as strength and
coherency. These results might be relevant for the understanding
of acceleration and heating processes in space plasmas.
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turbulent plasma wind flows from the sun and permeates

the heliosphere, encountering several magnetic obstacles,
leading to shocks that continuously interact with the incoming
complex solar wind—a scenario that becomes a prototype for
understanding many other systems characterized by the presence
of shocks. Despite decades of research, the interaction of shocks
with plasma turbulence and the subsequent energetic particle
production still remain poorly understood (1, 2). Shocks are well-
known efficient, natural particle accelerators (3) and have been
modeled in a number of theories (4-8). Less understood is the
interaction of shocks and turbulence that characterizes spectacu-
lar high-energy events, as in supernovae explosions propagating
through the interstellar turbulent medium, as in the case of
coronal mass ejections that stream through the turbulent solar
wind, and as for the complex Earth’s bow shock environment.
In many of the above examples, oblique shocks are known to
generate coherent field-aligned beams (FABs), as observed at
Earth’s bow shock (9). FABs are an important source of free
energy throughout the interplanetary medium (10). Turbulence-
generated coherent structures and waves might interact with the
shock discontinuity, in an interplay that is likely to play a pivotal
role in particle acceleration and plasma heating (11-13).

Turbulence is populated by a variety of structures that can
work effectively as particle “traps” and “corridors” that either
hinder or enable their motion (14) and represents another cru-
cial source of accelerated particles (15-18). An example of such
an energization process has been observed in the patterns of local
reconnection that develop in turbulence (19, 20). In order to
understand such mechanisms, the transport properties need to
be explored in the plasma phase space (21).

Due to the difference between the spatial and temporal scales
involved in accelerating particles, shocks and turbulence are
often considered theoretically in isolation rather than together.
However, fundamental studies have suggested that these are
inextricably linked: Shocks are likely to propagate in turbulent
media, and turbulence is responsible for changing fundamental
aspects of shock transitions (22-27). Inspired by these studies,
here we quantitatively explore the intimate relation between
these two phenomena.

Simulations of Shocks Propagating through Turbulent Media

Hybrid Vlasov—-Maxwell particle-in-cell (PIC) simulations have
been employed in two dimensions (2D), where a turbulent jet,

PNAS 2021 Vol. 118 No. 21 e2026764118

generated via compressible magnetohydrodynamic (MHD) sim-
ulations, is released upstream against a supercritical shock. We
investigate the shock—turbulence interaction and its role on par-
ticle transport using both Lagrangian and Eulerian approaches.
We present a technique to investigate the transport processes
at play based on coarse-grained techniques, typical of fluid
dynamics, accompanied by velocity space integration, typical of
energetic particle transport models.

The methodology is based on two stages. First, fully devel-
oped, decaying turbulence is generated by MHD simulations
in 2.5 dimensions (28). Four simulations were performed with
different levels of turbulence fluctuations, namely §B/By =
0.0,0.4,0.8,2.1, where 6B is the rms of fluctuations, By is the
mean field at 6, = 45° in the z—y plane, and 0, represents the
angle between the upstream magnetic field and the shock nor-
mal. When the rms of the out-of-plane current density J, reaches
its peak (29), turbulence might be considered as fully developed,
and coherent structures form.

The second (main) step consists of using the MHD out-
put, with adequate windowing, as an upstream condition for a
kinetic, hybrid PIC simulation of a supercritical shock performed
through the HYbrid Plasma SImulation (HYPSI) code (30). In
this main stage, the Vlasov—-Maxwell equations are solved with
fluid electrons and kinetic ions, and the injection method for
the shock generation is used (31), where the shock propagates
in the negative z direction, while the turbulent pattern moves
oppositely, in the upstream region.

In the MHD simulations, typical Alfvén units have been spec-
ified for a periodic box. In the hybrid PIC simulations, distances
are normalized to the ion inertial length d; = c/wp; (Where ¢
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is the speed of light and wy; is the proton’s plasma frequency),
times are normalized to the inverse cyclotron frequency Q.; *
and velocity is normalized to the Alfvén speed va. All the quanti-
ties mentioned above are referred to their unperturbed upstream
state. Magnetic field and density are also normalized to their
unperturbed, upstream values (namely, B, and no). An upstream
flow with Vi, =3.5v4 has been chosen, resulting in an Alfvénic
Mach number of the shock M4 =5.5. The upstream ion distri-
bution function is an isotropic Maxwellian and the ion 5; =1, as
in the MHD simulation. The simulation domain is 256 d; x 256
d;, with a grid size Az = Ay = 0.5 d; and a particle time step
Aty = 0.01 Q;'. The number of particles specified per cell is
large, always greater than 500 (upstream), in order to keep the
statistical noise at a very low level.

This technique represents a realistic step forward with respect
to “laminar” injection and is different from other perturba-
tion methods, where uncorrelated random noise or a prescribed
spectrum of fluctuations is introduced upstream (24, 25). Here,
turbulence consists of a fully developed spectrum of fluctuations,
with a large variety of coherent structures and waves, which are
crucial for the transport properties, as predicted by important
theoretical works (12, 32).

Fig. 1 A-C shows an overview of the perturbed simulations,
where we report the 2D color maps of the magnetic field intensity
B. The shock front is interacting with the perturbed upstream
medium, and there is a net change of topology for increasing tur-
bulence level. Fig. 1D shows the upstream energy spectra for all
cases. When d B/ By = 0 (unperturbed case), the spectrum shows
the Maxwellian inflow population together with a narrow beam
of accelerated particles, namely the FAB. Turbulence manifests
in three ways. First, for higher upstream turbulence strength,
particles achieve higher energies. Second, the high-energy FAB
shifts and spreads for increasing § B/ By, suggesting that some
mechanism of beam “decoherence” is at play. The third effect is
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the production of very low-energy particles, evidently related to a
process of particle deceleration and trapping. These features are
possibly due to field—particle interactions, where typical turbu-
lence patterns act as spreaders or transport barriers (14, 20, 33).
These changes in energy spectra are intimately related to phase
space transport and diffusion, as discussed later.

Intermittency is a peculiar property of inertial-range tur-
bulence that manifests as a deviation from the classical Kol-
mogorov’s self-similarity (34). In particular, the dissipation rate
is highly inhomogeneous, both in fluids and plasmas. Local pat-
terns of non-Gaussian statistics manifest as current sheets, where
usually reconnection takes place (e.g., ref. 35). We first inspect
the classical spectral behavior for all of the runs performed, as
reported in Fig. 24. For simplicity, we computed the power spec-
tra of the magnetic field fluctuations in the periodic direction
(), integrated over the nominal shock normal direction (z) in
the upstream region (magenta boxes in Fig. 1). As can be seen,
spectral laws typical of plasma turbulence are recovered.

It is important, at this point, to measure the degree of
coherency with a classical intermittency analysis (e.g., refs. 29
and 36). A simple surrogate measurement of intermittency is
given by the magnetic field increments at the smallest scales
(37). In this regard, in Fig. 2B, we show the probability den-
sity functions (PDFs) of the current density J, (normalized to
its rms value o ,). The classical non-Gaussian tails are observed
as the turbulence strength increases. In Fig. 2 B, Inset, a quan-
titative measurement of the intermittency level is given by the
kurtosis, which is three for typical uncorrelated noise and more
than three when coherent structures are present. The analysis
reveals the absence of intermittency in the unperturbed case,
while it rises with turbulence amplitude. Finally, to give a gen-
eral picture of the coherency patterns, we show the out-of-plane
magnetic potential contours on top of the magnetic field magni-
tude, together with the extreme values of the current (Fig. 2C),
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Fig. 1. (A) The 2D color maps of magnetic field magnitude B for the perturbed shocks and with different upstream turbulence strengths (A-C). (D) Upstream
energy spectra collected in the regions highlighted by the magenta boxes. Inset shows a comparison of simulation using coherent and incoherent initial

conditions for the §B/By = 0.8 case.
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Fig. 2. Properties of upstream turbulence during its interaction with the
shock. (A) Magnetic field power spectral density (PSD) collected upstream in
the (magenta) boxes shown in Fig. 1 for all of the cases. A Kolmogorov spec-
trum (k—3/3) is shown for comparison (dashed line). (B) PDFs of standardized
current density J; /o, (colors are the same as in A) in comparison with
a Gaussian distribution (gray line). (Inset) Kurtosis as a function of turbu-
lence strength. (C) Zoom of the upstream region for the strongly perturbed
(6B/By = 2.1) case, with the magnetic field intensity (shaded contours) and
out-of-plane magnetic potential (black lines). The (magenta) dots represent
extreme values of J; /o, .

that are localized along with the current sheets in between tur-
bulent islands. These patterns might be crucial for phase space
transport.

In order to understand the importance of coherency, we per-
formed a simulation where we used the same MHD perturbation
(i.e., with the same spectrum) but randomized the phases. In this
way, all of the coherent structures interactions are lost. In the
random case, phase space diffusion is less efficient, as can be
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seen from Fig. 1 D, Inset, where we compare the upstream energy
spectra for both cases.

In order to extract more details about the transport pro-
cesses, we reconstruct the upstream particles velocity distribution
functions (VDFs), fundamental for an Eulerian approach (32,
38-40). In Fig. 3, we report examples of such VDFs, integrated
along v, in the v, — v, velocity space, for all of the simula-
tions. In the unperturbed case, the inflow population and the
reflected FAB are well separated. When upstream turbulence is
present, the separation between the two populations is much less
sharp. A “distortion” of the inflow population is observed, due
to the turbulent plasma heating at the shock front, particularly
prominent for the most turbulent case. Following in sequence the
perturbation amplitudes, it is evident that turbulence smooths
and diffuses the two particle populations that spread toward both
high and lower energies, as reported in Fig. 1D. It is now natu-
ral to ask how particles behave in the velocity subspace. In Fig. 3,
some typical phase space trajectories of energetic protons, super-
imposed on the VDFs, are reported. While in low-turbulence
cases, the particles remain confined in sectors of the velocity
space, they can break down transport barriers thanks to higher
turbulence levels. On this observation, we base our method,
described below.

The Coarse-Graining Technique for Phase Space Transport

The premise is that the shock—-turbulence interaction is a mul-
tiscale process characterized by a variety of “lengths,” both in
physical and velocity subspace. It is natural to approach such
multidimensional complexity via coarse-graining and filtering
techniques, successfully used for decades in fluid dynamics (41).
Recent progress on this front was made also in plasma kinetic
equations (42), as well as in fluid plasma modeling (43).

The idea is to identify phase space sectors where disper-
sion/trapping and acceleration/deceleration are at play. Our
technique relies on a coarse graining of the Vlasov equation (42),
combined with a computation of the reduced (coarse-grained)
moments. In order to simplify our model at a basic level, we
reduce it to a 2D-2V (i.e., two spatial dimensions and two dimen-
sions in velocity space) description. By integrating along v, we
define F(x,y,vz7vy,t):ff;° f(x,v,t)dv,, where f(x,v,t) is
the ion VDF. This leads to

O F+V-(VF)+V, - (PF)=0, [1]

where E and B are the electric and magnetic fields, respec-
tively, and the acceleration is given by P(x,v)=E+vx B on
reduced 2D-2V phase space with coordinates (z, y, vz, vy). We
concentrate on a coarse-grained Vlasov equation, by defining a
scale-dependent, filtered distribution

“+oo
Fi(xv,1)= / F(xt ey, ) Gi()dr, 2]

— 00

where Gi(r) is a kernel that satisfies a series of properties, being
nonnegative, normalized, centered, and rapidly approaching to
zero for r — oco. In our case, we chose the simplest box-filter
type that in the reduced 2D Cartesian coordinate system is given
by Gi(r)=1/1? for |r,| <1/2 and |r,| <1/2 and equal to zero
otherwise. By filtering Eq. 1, it is easy to get

WF 4+ V- [VF |+ V.- [PF|=V,-Q,, [3]

where PF;, =P, F;, —Q,. The latter decomposition, typical of
Reynolds-averaging techniques (44), introduces the “closure
problem,” related to the description of the subgrid modeling
(45), equivalent to turbulent diffusion due to small-scale eddies.

In analogy with the Parker equation for energetic particle
transport, we choose a typical speed w (and therefore, a typical
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Fig. 3.
the beginning to the end of the shock-turbulence interaction.

energy) at which we integrate Eq. 3 (46). The zeroth-reduced
moment (21, 47), namely the reduced particle density, becomes

N2y, ) = / 20F (2, y,v, 1) Gu(v), (4]

where now G, (v) is a unitary kernel, different from zero only
for |v| <w, and N, (z,y,t) is the thermal population, coarse
grained in space at scale . Applying G, (v) and integrating Eq.
3, one gets

8tﬁl,w + Vl . [Nl,wvl,w] +/

Yw

Flﬁl-ﬁdﬂy:/ Q, -ndy.
Yw
[5]

The first term represents the time variation of the reduced
density, the second term is responsible for spatial transport of

v, [va]

Protons VDFs in the shock upstream (collected in the magenta boxes in Fig. 1) at different turbulence levels. Particles trajectories are reported from

particles over the coarse-grained space, while the third repre-
sents the flux across a circle ~,, of radius w. The right-hand side
is the residual contribution from the subgrid scales. Interestingly,
the velocity space propagation term of Eq. 5 is essentially due
to the normal component of the electric field, while the mag-
netic part of P; is tangent to the surface, acting as a pitch-angle
spreader (48). Eq. 5 results from the 2D divergence theorem
in velocity space for plasmas for spatial integration at a length
scale ! and at a velocity cutoff w. The advantage of the model
is to describe the large-scale patterns of acceleration and diffu-
sion processes. A simple study of the sign of the fluxes provides
unique information about spatial diffusion/clusterization and
about energization/deceleration.

An example of this Eulerian approach to velocity space dif-
fusion is shown in Fig. 44, with a cartoon of our velocity
space integration circle +,, and its normal n. The spatial coarse

Beam — Core

-15
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Fig. 4.

15
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(A) Sketch of typical particle distributions together with the integration surface ~,, (dashed white). (B) Upstream VDF in coarse-grained cell with

positive flux f"r F/P, - i d~. The vector F,P; is shown on the integration path (brown arrows). (C) The same as in B but in a region with negative flux.
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graining [ was chosen to be of 5d;, a value in the inertial range
of the upstream turbulence spectrum. This is very important
since the results obtained in this range are self-similar, typical
of inertial-range coarse graining in fluids (49). We chose the w
parameter to be 10v4, in such a way that the integration in veloc-
ity space is done between the core and the beam population. In
Fig. 4 B and C, we represent F;(x,v, t), at two different spatial
cells, with positive (Fig. 4B) and negative (Fig. 4C) flux-integral
J,, FiPi-ivdy. The VDFs are obtained from the intermediate
turbulence case, B/ By = 0.8, typical of solar wind conditions.
A positive net flux through +,, indicates an energization mecha-
nism, where N ., diminishes. In the opposite case, a deceleration

or cooling mechanism is at work, and the core gains particles
(Fig. 4C).

At this point, a powerful aspect of our technique is to recog-
nize phase space transport patterns in space. Following our gov-
erning Eq. 5, we can identify regions of strong spatial dilatation
(compression) and regions of strong acceleration (deceleration).
In Fig. 5, we report this characterization of the phase space trans-
port over a “pixelized” domain with resolution [ =5d;. Fig. 5,
Top shows a spatial transport overview. When the space trans-
port is positive, thermal particles are escaping, evidently subject
to the Alfvenic turbulence. On the other hand, when the spa-
tial transport term is negative, plasma condensates. The overall
picture for upstream velocity space transport is shown in Fig. 5,
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Fig. 5. Coarse-grained mosaic of the turbulence-shock interaction. Upstream spatial (Top) and velocity (Middle) transport terms, for moderate turbulence
level, for coarse graining at / =5d; and w = 10v,4. (Bottom) Parallel electric field.
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Middle, being enhanced at the turbulence—shock boundary layer.
As in the mechanism described in Fig. 4, a positive velocity trans-
port ( fﬂ{w F'P; -1 dvy) indicates a net flux of the core population

toward higher energies (beam population) and vice versa for very
negative fluxes.

The enhanced velocity fluxes are evidently due to the inter-
play between particles and turbulent fields, where the v x B force
acts as a pitch-angle spreader along the surface and the turbu-
lent electric field locally enhances momentum diffusion, via local
processes such as wave—particles interaction, linear and nonlin-
ear Landau damping (50, 51), stochastic ion heating (52), and
possible interaction with reconnection processes in the upstream
turbulent layer (19, 40, 50). In order to establish such field—
particle synergy and quantify the net transport across ., we
computed the electric field parallel to the mean field Bo. As it
can be seen from Fig. 5, there is a very good correlation between

the parallel electric field £ =E- bo (which may be interpreted
as the component of the turbulent motional electric field parallel
to the background/guide field direction) and the velocity trans-
port, especially for the most extreme values. We evaluated the
correlation coefficient between the two terms, finding C' ~0.7.
Large fluxes and parallel electric field are, as expected, anticorre-
lated, suggesting that any positive parallel electric field energizes
particles.

In Fig. 6, we compare all of the numerical experiments by
computing PDFs for both spatial and velocity space transport
terms. Increasing upstream turbulence enhances the phase space
transport, thus explaining the broader energies observed in Fig.
1. In the unperturbed case, the velocity space transport is very

103 . . :
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Fig. 6. PDFs of the spatial (Upper) and velocity space (Lower) fluxes
for different upstream turbulence cases. The turbulence-shock interaction
enhances the transport.
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small; the core and beam population appear well separated when
upstream perturbations are not present. In this scenario, parti-
cle acceleration happens only at the shock front. The efficiency of
the mixing depends dramatically on the turbulence level, although
even a small amount of turbulence is a very efficient diffusor.

Furthermore, we suggest that the behavior observed in Fig.
6 could be linked to particles anomalous transport, induced by
reflection at the shock front and the propagation in a turbu-
lent medium. For instance, shock-reflected particles may show
superdiffusive behavior (e.g., ref. 53), and coherent structures
present in the up-/downstream of the shock provide excellent
traps (or accelerators) for energetic particles (40).

The transmission of such coherent structures across the shock
is crucial to achieve rapid particle energization away from the
shock front (e.g., ref. 32). A detailed analysis of the transmission
of coherent structures as well as an assessment of particle diffu-
sion properties based on the reconstruction of trajectories will be
the object of further studies.

Conclusions

In summary, the plasma behavior upstream of oblique shocks has
been investigated in the presence of preexisting MHD-generated
turbulence. A dramatic change of the plasma transport has been
found, going from the unperturbed to the superturbulent case
(Fig. 1), which has been investigated by using both Lagrangian
and Eulerian approaches. From the Lagrangian point of view,
particles can escape from their original population thanks to a
“bridge” established by turbulence (Fig. 3). In order to under-
stand such behavior, a Eulerian technique, based on the coarse
graining of the Vlasov equation, has been proposed, where we
combine spatial filtering, typical of hydrodynamics, with Parker-
type transport equations, typical of cosmic ray physics (54). As it
can be seen from Fig. 5, by averaging over inertial-range scales
and by using a divergence theorem in velocity space, the turbu-
lent upstream is made up of a “mosaic,” where each piece of
such puzzle is characterized from strong spatial dilation and con-
densation, thanks to the Alfvénic turbulent modulations. More
interestingly, the v-space filtered flux is noticeably anticorrelated
with the parallel electric field, suggesting the possibility of several
field—particles interactions.

Whereas previous kinetic simulations either produce turbu-
lence only self-consistently starting with a no background tur-
bulence initial condition or prescribe background turbulence
artificially as an initial condition, the simulations in this paper
introduce background coherent turbulence initiated by MHD
simulations. The simulations yielded interesting results, illustrat-
ing 1) how increasing the initial turbulence level and the presence
of coherent structures ahead of a shock results in more efficient
diffusive-like spreading of particles in both ordinary and velocity
space and 2) how the turbulent electric field parallel to the back-
ground magnetic field plays an important part in particle velocity
diffusion.

In this scenario, our analysis reveals that the level of tur-
bulence intermittency, which increases simultaneously with its
intensity, is crucial for the formation of accelerated/decelerated
particle patterns—as predicted in previous seminal works (40),
where eddies and coherent structures profoundly change the
nature of the transport.

Our results also suggest that modifications to theories such as,
for example, the diffusive shock acceleration theory are probably
required when shocks propagate through turbulence, due to the
strong changes in the (anomalous) transport behavior of parti-
cles and subsequently, on the injection stage to higher energies.
These issues will be addressed in future works employing larger
spatial/temporal simulation domains.

These results might have important consequences for the
understanding of transport and heating processes in a variety of
systems, ranging from the Earth’s bow shock interacting with the
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turbulent solar wind to more energetic, spectacular events such
as supernova remnants (e.g., ref. 55).

In future works, we will extend the analysis to the full phase
space and include the effect of kinetic electrons, with possible
applications to in situ measurements (56, 57).
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