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Abstract: Energetic particles are ubiquitous in the interplanetary space and their transport properties
are strongly influenced by the interaction with magnetic field fluctuations. Numerical experiments
have shown that transport in both the parallel and perpendicular directions with respect to the
background magnetic field is deeply affected by magnetic turbulence spectral properties. Recently,
making use of a numerical model with three dimensional isotropic turbulence, the influence of
turbulence intermittency and magnetic fluctuations on the energetic particle transport was inves-
tigated in the solar wind context. Stimulated by this previous theoretical work, here we analyze
the parallel transport of supra-thermal particles upstream of interplanetary shock waves by using
in situ particle flux measurements; the aim was to relate particle transport properties to the degree
of intermittency of the magnetic field fluctuations and to their relative amplitude at the energetic
particle resonant scale measured in the same regions. We selected five quasi-perpendicular and
five quasi-parallel shock crossings by the ACE satellite. The analysis clearly shows a tendency to
find parallel superdiffusive transport at quasi-perpendicular shocks, with a significantly higher
level of the energetic particle fluxes than those observed in the quasi-parallel shocks. Furthermore,
the occurrence of anomalous parallel transport is only weakly related to the presence of magnetic
field intermittency.

Keywords: interplanetary shocks; turbulence; energetic particles

1. Introduction

Understanding the transport properties of energetic particles in space and astrophys-
ical plasmas is crucial for assessing particle acceleration and propagation. In addition
to normal diffusion, in recent decades anomalous transport regimes, characterized by a
nonlinear time growth of the particle mean square displacement, i.e., (Ar2> ~ t* have
been found in many physical systems [1-3]. In particular, it has been well assessed how
particle transport properties have a large influence on the efficiency of acceleration at shock
waves. Indeed, in the case of normal diffusion, the theory of diffusive shock acceleration
(DSA) predicts an exponential decay of the upstream energetic particle fluxes with dis-
tance from the shock, assuming balance between advection and particle diffusion and a
spatially independent diffusion coefficent (e.g., [4]). Instead, in the case of superdiffusion,
ie., (Ar?) ~ t* with a > 1, Perri and Zimbardo [5,6] starting from a Lévy walk model
characterized by a power-law particle propagator far from the source/shock, have pre-
dicted that the far upstream energetic particle fluxes decay as a power-law ] o t~#, and
that the exponent of superdiffusion is directly related to the slope of the power-law of
the particle fluxes, « = 2 — . For energetic particles accelerated at collisionless shocks,
superdiffusive transport has been deduced from the analysis of energetic particle time
profiles upstream of heliospheric shocks [5-11], from the upstream precursor of supernova
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remnant shocks detected in the X-rays [12,13], from the galactic cosmic ray spectra [14],
from the discrepancy between the radio-derived and X-ray-derived Mach numbers at the
galaxy cluster merger shocks [15,16], and from self-consistent particle-in-cell simulations
of protons accelerated at shocks [17].

However, the physical mechanisms at the basis of those anomalous transport be-
haviours are to date not well understood. It is well known that magnetic turbulence affects
particle propagation in magnetized plasmas, with transport regimes being different in
the directions parallel and perpendicular to the average magnetic field [18-25] (for a com-
prehensive review about how turbulence models affect energetic particle perpendicular
transport and about the existing theories for describing the field line random walk that con-
trols perpendicular transport). In particular, magnetic field anisotropy strongly influences
the transport regimes in the parallel and perpendicular directions. It was actually found
that there is evidence of parallel superdiffusive transport and perpendicular subdiffusion in
quasi-slab static turbulence [26,27]. On the other hand, Hussein and Shalchi [28] by using
a dynamical slab/2D turbulence with a magnetic field fluctuation amplitude §B/B = 0.5
could recover normal diffusion with energetic particle mean free paths very close to the
so-called Palmer consensus [29]. In the context of the interstellar medium, turbulence tends
to be anisotropic at small scales with sharp variations perpendicular to the mean magnetic
field, leading to an inefficient particle scattering [30]. This problem has been extensively
studied, showing that the presence of complex magnetic fields in molecular clouds leads
to frequent cosmic rays’ magnetic reflections that reduce cosmic ray diffusion within the
Galactic disk. Recently, implementing a 3D isotropic model of static magnetic field tur-
bulence [31] with adjustable turbulent spectral extension, fluctuation amplitude, and the
degree of scale-dependent non Gaussianity, also called magnetic intermittency [32], the
transport of energetic particles in the direction parallel and perpendicular to the mean field
has been investigated [33,34]. Asymptotically, particles reach parallel and perpendicular
diffusive regime (perpendicular subdiffusion is reached in case of very low magnetic field
fluctuations). However, the transient (ballistic) phase, that is the time needed by the system
to reach diffusion and that requires a sufficient number of particle scatterings, can last for
a variable running time depending on the values of the parameters quoted above. The
value of the transient time in [33] is found to be much larger than the particle scattering
time (see Equation (1) below). In particular, the onset of the parallel diffusive phase starts
earlier (in terms of the running times of the 3D isotropic turbulence simulation) when the
spectral extension approaches the Larmor scale and for a 6B/ By ~ 1. Intermittency only
weakly affects the duration of the transient phase in the parallel direction, being the onset
of the diffusive propagation a bit delayed in the presence of intermittency with respect to
the presence of a Gaussian fluctuation field. This is in full agreement with the cosmic-ray
diffusion studied in a test-particle simulation in 3D turbulence by [33] (see their Figure 5).
Pucci et al. [33] also found that intermittency has no particular influence on the transport of
particles at different energies [34]. Although energetic particles perform parallel diffusion
for long times, Pucci et al. [33] found that the distribution of the particles’ scattering times
in pitch angle (computed by following the particles’ trajectories and picking-up large pitch
angle variations) does not peak at a the quasi-linear prediction:

2 2/3
_1( B /
e () (4)"

where (), is the proton gyrofrequency divided by 27, £ is the correlation length of tur-
bulence (typically in the solar wind at 1 AU /. ~ 5 x 10°), and pp is the particle Larmor
radius [35]. In other words, once the ratio /./p) is fixed, the particle scattering time
predicted by the quasi-linear theory (QLT) should depend on the magnetic fluctuation
amplitude relative to the background field. However, numerical simulations show that the
distribution of the scattering time of energetic particles broadens around the quasi-linear
approximation over about five orders of magnitude [33,34], suggesting a scale-free nature
of the pitch angle scattering times. Such a broadening is augmented in the presence of
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0B/Bp < 1 and high intermittency. Ref. [36] have rigorously shown how a power-law
distribution of particle scattering times is the basis of an anomalous pitch angle scattering
that leads to parallel spatial superdiffusion.

Stimulated from the above numerical results, we explored how the magnetic field
and turbulence properties upstream of interplanetary shock waves can affect the energetic
particle transport, using the in situ observations of five quasi-perpendicular and five quasi-
parallel shock crossings by the Advanced Composition Explorer (ACE) spacecraft at 1 AU.
We analyzed in synergy the high-resolution magnetic field, plasma, and energetic particle
measurements.

2. Shock Crossings by ACE

Events were selected according to the shock geometry, computing the angle 6p,
between the normal to the shock front and the mean magnetic field direction. In order
to derive the normal direction, we applied the minimum variance analysis [37] to 5 min
averaged ACE/MAG data over a 30 min interval upstream of the shock. However, when
the magnetic field was found to be highly fluctuating, we compared our results with the
ones in the literature [38] and on the ACE shock list (http://www.ssg.sr.unh.edu/mag/
ace/ACElists/obs_list. htmI#2000 (accessed on 16 April 2021)). Two examples are shown in
Figure 1, where the left panel is a quasi-parallel shock crossing, while the right panel is a
quasi-perpendicular one. The vertical dashed lines indicate the shock times. Other shock
crossings analyzed are listed in Table 1, where all the relevant parameters are also reported
(see Table 1’s caption). Following the methodology described in Perri and Zimbardo [5,6]
we analyzed the energetic particle fluxes upstream of the shock front over a region that
goes from about —200 min to —10 min from the shock crossing time (this can slightly vary
from event to event), assuming the shock at t = 0. This allows us to infer the particle
transport properties upstream from the discontinuity by analyzing the particle time profiles.
For the two shock crossings in Figure 1, we then plotted the energetic particle fluxes in
log-log axes in Figure 2: for the quasi-parallel interval (left panel), the ion fluxes, in all
the energy channels considered, are well fitted by an exponential decay J(t) « exp(—t/T)
(black dashed lines), suggesting diffusive transport far upstream of the shock, where T
is the exponential time rate that is related to the particle diffusion length upstream and
to the shock speed, T = Lyp/ Vg [39]. According to the best fit values of T reported in
the left panel of Figure 2, the energetic particle transport properties are weakly energy
dependent. On the other hand, the fluxes of ions accelerated at the quasi-perpendicular
event in Figure 1 exhibit a power-law decay far upstream (black dashed lines), with a slope
B < 1, which is consistent with a superdiffusive transport (i.e., (Ar?) « t* = t>=P) with
« > 1[5,6]. In this case, the degree of superdiffusion, as deduced from the  values reported
in the right panel of Figure 2, weakly depends on the particle energies. Furthermore, it
is worth noting that the quasi-parallel shock on 17 June 2011 is a less efficient accelerator
with respect to the quasi-perpendicular shock on 11 February 2011, although the Alfvénic
Mach number M4 (see Table 1) does not differ dramatically between the two events. M4
has been computed upstream by averaging plasma and magnetic field measurements over
a 30 min time window before the shock crossing. Actually, as can be deduced from Table 1,
the flux intensity at the shock J* tends to be lower of about one or two orders of magnitude
for the quasi-parallel events. There is only an exception for the 17 July 2002 crossing, whose
ion fluxes upstream are very flat over several energy channels and abruptly decrease by one
order of magnitude at ~70 min upstream of the shock front. Such a sharp decreases seems
to be due to a rapid increase towards 90° of the angle between the mean field direction and
the radial component of B, namely that the spacecraft tends to become disconnected from
the shock.

These data suggest a more efficient acceleration at quasi-perpendicular shocks, at least
for those ranges of magnetic field and plasma parameters, than at quasi-parallel shocks,
with a weak dependence on the Alfvénic Mach number. This evidence can probably find an
explanation in the pre-acceleration process from the thermal bath to suprathermal energies.
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Such a pre-acceleration process can be due to shock drift and /or shock surfing acceleration,
which tend to be more effective at quasi-perpendicular shocks. Furthermore, looking at
the intervals studied here, it is possible to note that the five quasi-perpendicular shock
crossings show energetic particle fluxes upstream of the shock that are all well reproduced
by a power-law time decay with slopes p € [0.2,0.4] corresponding to superdiffusion (see
Table 1). On the contrary, the quasi-parallel crossings tend to exhibit energetic ion fluxes
that are almost flat far upstream or have an exponential time decay, the latter corresponding
to normal diffusion.

Table 1. Parameters of the ACE shock crossings analyzed: date of the events; time of the shock in UT; shock geometry;
Alfvénic Mach number; the exponent of superdiffusion; the maximum value of the kurtosis at the Larmor scale of 100 keV
protons; the fluctuation amplitude calculated at the scale of 100 keV protons; and the flux of the 100 keV protons at the

shock.
Date Time (UT) 0p, (°) My o Kinax(T) OB/By  J*em™2%/s*MeV*sr)
27 January 2000 14:00 23 +15 1.6+04 ND 8.0+0.7 0.04+£0.02 171.6

11 February 2011 23:18 854+88 3.6+05 1.69+£0.01 15.0+£0.9 0.0940.03 49 x 10°
23 June 2000 12:27 88.7+45 35+02 1.60£0.01 53+1.3 0.0940.04 44 x 10°
17 August 2001 10:16 68.1+54 27+0.8 1.62+0.01 6.7+1.3 0.1140.05 41 x 10°
17 July 2002 15:26 43 +8.0 44+04 ND 11.6+1.2 0.234+0.09 3.8 x 10°
11 November 2004 16:43 151.6+7.7 1.43+0.46 ND 44+0.7 0.0540.02 2.1 x 10%

28 May 2010 01:53 6.0+51 2764+0.1 ND 48+08 0240.1 423

23 August 2010 16:55 124 +£12 39+1.1 1.774+0.01 53+£08 0.1540.05 10°
17 June 2011 02:01 40+3 2.7 4+0.12 ND 424+1.0 0.124+0.04 2.8 x 10%
12 September 2014 15:26 94+38 28+04 1.797+0.003 53+15 0.15+0.05 6.5 x 104

2 as measured from WIND data.
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Figure 1. Two satellite shock crossings in quasi—parallel (left panels) and in quasi—perpendicular
configuration (right panels). From top to bottom: the magnetic field intensity from the ACE/MAG
instrument at a resolution of 1 vec/s; the radial component of the solar wind bulk speed and the
plasma temperature from the ACE/SWEPAM experiment at 64 s resolution; and the ion fluxes in
four energy channels (as indicated in the legend in the right bottom panel) from the ACE/EPAM
instrument at a resolution of 12 s, as a function of the distance from the shock time (vertical dashed
lines). Notice that far downstream of the 11 February 2011 event (at about 200 min from the shock), a
hot (and low density) portion of the solar wind plasma occurs, also associated to larger fluctuations
in | B|, though this is not actually related to the shock itself.
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Figure 2. Plot in log-log axes of the ion energy fluxes in four different channels (as indicated in
the figure legend) as a function of the distance from the shock time. For the quasi-parallel shock
of the 17 June 2011 (left panel) the far upstream decay is well fitted by an exponential function
J(t) o< exp (—t/T), while in the quasi-perpendicular shock on 11 February 2011 (right panel), the
ion fluxes decay as a power-law in the upstream region suggesting superdiffusive transport. The
exponential and power—law best fits are reported in the panels together with their best fit parameters.

3. The Role of Magnetic Field Intermittency on the Parallel Particle Transport

Using in situ spacecraft data, we investigated the influence of the turbulence prop-
erties on the energetic particle transport upstream of interplanetary shocks, in order to
understand whether the occurrence of the power-law time profiles for energetic particles
corresponds to particular turbulence conditions. This investigation followed the numer-
ical study in Pucci et al. [33]. Thus, we first estimated the level of intermittency of the
magnetic field fluctuations in the upstream region from about —200 to —10 min from the
shock time for each shock crossing listed in Table 1. Magnetic field intermittency tends
to modify the slope of the power spectral density of the magnetic field fluctuations [40],
thus changing the power at the particle resonant scales, so it can have influence on the
particle scattering. However, studying the transport of cosmic rays in three dimensional
random magnetic fields, found that the presence of turbulent intermittent structures has
the effect of enhancing particle diffusivity even without changing in the power spectral
densities. A certain increase in energetic particle parallel diffusion with intermittency was
also observed in Pucci et al. [33]. Magnetic turbulence intermittency can be quantified by
using the fourth-order moment (kurtosis) of the magnetic field increments as a function of a
time scale 7 [32], that is:

(0Bi(t, 7))
((6Bi(t, 7))F)*
where 6B;(t,T) = B;(t + T) — B;(t) are the magnetic field increments of the i-th component
computed at a given time lag 7 and (-); represents a time average over the selected
interval. K;(7) quantifies the degree of deviation of the distribution of the magnetic field
increments from a Gaussian distribution, which is characterized by K;(7t) = 3. In solar
wind turbulence, as well as in turbulent non-magnetized fluids, it has been observed that
K;(7) shows a higher and higher deviation from its Gaussian value, as the time scale T
decreases [41-43]. This implies that the plasma becomes increasingly non-homogeneous
as the time scale becomes shorter and shorter. As reported in Pucci et al. [33], Perri

Ki(t) = )
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et al. [34] energetic protons from tens of keV up to 1 MeV in the presence of isotropic 3D
turbulence show normal diffusion parallel to the background magnetic field. However,
the distribution of the particle scattering times, computed as a change in the particle pitch
angle following the particles’ trajectories, exhibit a long power-law tail around the value of
the particle scattering time predicted by the QLT (which, as described above, depends on
the magnetic power at the particle resonant scale). This feature is seen to persist by varying
the level of magnetic field intermittency and the distributions tend to slightly broaden as
the level of intermittency increases. Figure 3 displays the kurtosis of the magnetic field
components calculated far upstream in the radial-tangential-normal (RTN) coordinate
frame as a function of the time scale for the quasi-parallel 17 June 2011 crossing (left
panel) and for the quasi-perpendicular 11 February 2011 crossing (right panel). Error
bars have also been estimated for each time scale as the dispersion found by running
a sliding window of 100 points through the time series. The horizontal dashed lines in
the panels in Figure 3 indicate the Gaussian level of the kurtosis, while the vertical solid
lines the resonant time scale corresponding to the gyroradius of 100 keV protons. Namely,
71 = flookev = Vaup/ (27Tp100kev) Where Vyyp is the proton bulk speed in the upstream
region and p1ggkev is the 100 keV particle Larmor radius.

In the quasi-perpendicular crossing where parallel superdiffusion can be inferred from
the ion fluxes in the right panel of Figure 2, the level of magnetic intermittency is higher,
especially in the tangential direction. We can speculate that such a high intermittency level,
being associated to the larger non-homogeneity of the plasma magnetic field, can induce
features in the particles’ trajectories, such as very long flights and very short trapping cen-
ters (i.e., the scale-free nature of the particle paths), probably caused by the clusterization
of the magnetic field fluctuations. Furthermore, in case of quasi-perpendicular shocks, the
spacecraft time series are roughly related, assuming the Taylor hypothesis, to wave vector
components perpendicular to the mean field, while in the quasi-parallel configuration they
are mostly related to the parallel wave vector component. Plots in Figure 3 agree with the
very well known result that in magnetohydrodynamics (MHD), with a background mag-
netic field, the cascade is more efficient in transferring energy along the perpendicular wave
vector components. On the other hand, we reported in Table 1 the maximum value of the
kurtosis reached among the three magnetic field components at the time scale correspond-
ing to the Larmor radius of 100 keV particles: from the values shown, it is difficult to infer a
conclusive assessment on the influence of magnetic field intermittency on the particle trans-
port. Indeed, as we will see below, there are many ingredients that can have an effect on
the energetic particle transport. Furthermore, Pucci et al. [33], Perri et al. [34] have pointed
out how intermittency can only slightly broaden the distribution of the particle scattering
times. We claim that the evidence of a weak correlation between parallel particle transport
and turbulence intermittency is due to the fact that the former is mostly influenced by the
turbulent fluctuations at the particle resonant scale, while the latter is a multi-scale process
that tends to create non-homogeneity and the formation of sparse coherent structures
towards smaller and smaller time/spatial scales [44]. On the other hand, it has been shown
in Pucci et al. [33] that turbulence intermittency does not affect the perpendicular transport
of energetic particles in isotropic turbulence. However, this aspect is out of the scope of the
present work and deserves further investigation.
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Figure 3. Kurtosis as a function of the time scale T in the quasi-parallel shock crossing of the 17 June
2011 (left panel) and in the quasi-perpendicular shock crossing on 11 February 2011 (right panel).
The Gaussian level of 3 is indicated by the horizontal dashed line and the time scale corresponding
to the Larmor radius of energetic protons of 100 keV is shown by the vertical solid line. Error bars
are also reported.

4. Particle Scattering Times

In the list of shock crossings analyzed herein, beyond the quasi-parallel and the
quasi-perpendicular configurations, there are several parameters that exhibit variations
from event to event, as the Alfvénic Mach number, the mean magnetic field By in the
upstream region, and the level of relative fluctuations in the magnetic field (see Table 1).
The 6B/ By in Table 1 was computed from the variance of the magnetic field components B;,
ie, 0? = ((B; — (B;))?)+, averaging over a time scale corresponding to the Larmor radius
of 100 keV particles (see above). Thus, the total variance was obtained as 02 = Z?:l ‘7{2

and finally 6B/By = 4 fo2/ B%. Error bars were also reported and were estimated as the

0B/ By dispersion using a running window upstream of time length corresponding to the
100 keV proton gyroradius. From Table 1, it can be seen that dB/ By is neither correlated
with the shock geometry nor with the Mach number, and that 6B/ By < 1, so that we can
assume it to be in the quasi-linear regime. This greatly simplifies the analysis of the particle
scattering times, recovering the expression in Equation (1). In such an approximation
Torr & Q) 1(6B/By)~2, namely the scattering times are directly related to the level of
fluctuations at the resonant scale (apart from factors of order one). As pointed out in
Perri and Zimbardo [45], 7ot is basically related to the distribution of the magnetic field
variance (i.e., on the amplitude of 5B/ By at the resonant scale), so that a high intermittency
in the magnetic field would lead to a broader distribution of the field variances; Tor7 is
also directly proportional to By. All these dependencies need to be taken into account in
order to interpret the distribution of the scattering times in each shock crossing, since those
quantities tend to largely vary from event to event. Since from the analysis reported in
Section 3, we did not find strong evidence of correlation between magnetic field fluctuation
properties and shock geometry, we then tried to isolate different effects that can affect
the distribution of the particle scattering times. Figure 4 displays the probability density
functions (PDFs) of the 100 keV scattering times 7,7 for a few events from the list in
Table 1. The PDFs are divided in two groups: the first where the kurtosis is confined
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between [4.2,5.3], By does not change dramatically, while 6B/ B varies (left panel); and the
second where 6B/ By is limited between [0.11,0.15], the By amplitude is quite stable and
the kurtosis at the resonant scale varies (right panel). This methodology should allows
us to better separate the different effects. As expected, in the left panel a low level of
fluctuations increases the values of the particle scattering times, as well as a larger mean
magnetic field; however, the distributions do not seem to evolve towards a power-law
distribution of 17, since the level of intermittency is pretty low. On the other hand, in the
right panel in Figure 4, an evolution of the PDF(tg.r) towards a power-law can be clearly
seen in the green line, which corresponds to a quasi-perpendicular shock crossing, with
high intermittency at the 100 keV particle resonant scale and a power-law flux of energetic
ions in the upstream region. The formation of a power-law distribution of scattering times
can be indeed the starting point for the generation of parallel spatial superdiffusion [36,46].

We remark that the quasi-linear scattering times are rather long, reaching 1oy ~ 103-
10* s. While this allows for very long particle displacements Ax| = v TgLr, which are an
ingredient of superdiffusion, it would become difficult to explain acceleration by DSA,
which requires short scattering times in order to trap energetic particles close to the shock.
This problem can be solved by superdiffusive shock acceleration [47] as it encompasses a
scale-free distribution of scattering times, so that short scattering times are also present [10],
as can be seen in the right panel of Figure 4 .

—_ 10-4 —_
5 H10*
& &L
w w
a [ I
o o 10°F
108F s B/B ,=0.05,8,=4.0 nT
-4 B/BO:0.12,BO:3.9 nT 10-8 L +Kmax:4.2,BO:3.9 nT
J B/BO=0‘15,BO=3‘O nT +Kmax=5.3,Bo=3.0 nT
——0B/B_=0.2,B =2.7 nT K =6.7B.=4.8nT
s 0 0 . max 0
10° : . 10 .
102 10° 10* 10° 102 10° 104
Taut (s) Taut [sec]

Figure 4. Probability density functions of the 100 keV energetic particles’ scattering times computed
upstream of shock crossings with different levels of B/ By and similar intermittency (left panel) and
with different intermittency values but a similar 6B/ By (right panel).

5. Conclusions

In this paper, we analyzed the magnetic field properties and the energetic particle
fluxes upstream of a number of interplanetary shocks observed by the ACE spacecraft,
with the goal of unraveling the relationship between magnetic turbulence properties and
particle transport properties. We selected five quasi-parallel and five quasi-perpendicular
shock crossings. Analyzing the upstream energetic particle fluxes, we found that transport
can be found to be normal for quasi-parallel shocks, while it tends towards superdiffusion
for quasi-perpendicular shocks. We also found that the intensity of the energetic particles is
typically larger for quasi-perpendicular shocks: this varies with expectations from DSA, in
particular when the case of a supernova remnant shocks is considered [48,49]. This finding
can probably be explained by the fact that before entering the DSA Fermi mechanism,
a pre-acceleration from the thermal bath to suprathermal energies is necessary—the so-
called injection problem. This pre-acceleration can arguably be given by shock drift
acceleration and shock surfing acceleration, mechanisms which are both more effective
in the case of quasi-perpendicular shocks [50,51]. From our study, it appears that these
mechanisms are able to inject a number of particles into Fermi acceleration, which is one or
two orders of magnitude larger than those injected at quasi-parallel shocks. On the other
hand, the energetic particle intensity at shocks can depend on other parameters like the
Mach numbers, the compression ratio, and the presence of seed particles to be injected
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in the acceleration process, so that further studies are needed in order to gain a more
complete picture.

For the first time, we also analyzed the relation between upstream energetic particle
fluxes, turbulence intermittency, and quasi-linear pitch angle scattering times. We found
that the rate of superdiffusion was only weakly related to the magnetic turbulence intermit-
tency upstream of the shock, in agreement with the numerical results in Pucci et al. [33],
although intermittency can vary the slope of the magnetic power spectral density, chang-
ing the magnetic power stored at the energetic particle resonant scales. We argue that
this is probably due to the scale-dependent nature of intermittency, which in the inter-
planetary space tends to be higher at smaller and smaller scales towards the thermal
particle gyroradius, while it is closer to the Gaussian level at MHD scales. This comes
from the generation, through the turbulent cascade, of more and more localized and non-
homogeneously distributed structures from large to small spatial scales. However, the
effect of magnetic intermittency on the distribution of the quasi-linear pitch angle scatter-
ing times is to modify it towards a power-law over two or more decades (in agreement
with Perri et al. [34], Riordan and Pe’er [52]). This can have important implications on
the energetic particle dynamics, since power-law distributions are the basic ingredient of
anomalous transport [53].

Finally, we point out that a future study of each shock event will include the determina-
tion of the breakpoint in the particle flux power-law profiles, leading to the determination
of the anomalous spatial diffusion coefficient and of the anomalous pitch angle scattering
coefficient, making use of the methods developed in Perri and Zimbardo [10], Zimbardo
and Perri [36].
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