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Abstract

We study the transport of fast charged particles, such as galactic cosmic rays, in the very local interstellar medium
(VLISM), which is currently being explored by the two Voyager space probes. Guided by the observations of
magnetic fluctuations, the paper develops a simple theoretical framework for computing scattering rates and spatial
diffusion coefficients that can be used to model cosmic-ray transport in the VLISM. The local interstellar magnetic
turbulence is represented as a superposition of (a) Alfvénic, (b) transverse 2D, and (c) longitudinal components
obeying distinctive geometry rules in the plasma frame. The model is based on the weakly nonlinear formalism
where particle trajectory’s deviation from the unperturbed helix is caused primarily by guiding-center diffusion
across the mean magnetic field. The transverse component plays the dominant role in perpendicular diffusion,
while the longitudinal component has only a minor effect. Pitch-angle scattering is extremely weak in the VLISM,
so that cosmic-ray transport can be considered essentially scatter-free on heliospheric scales. We test our theoretical
model with the help of particle orbit simulations to find good agreement for perpendicular diffusion. We also find
that cosmic rays disperse faster than in a conventional random walk (diffusive) process if the turbulence power
spectrum contains fluctuations whose wavelength is larger than the size of the heliosphere.

Unified Astronomy Thesaurus concepts: Heliosphere (711); Galactic cosmic rays (567); Interstellar magnetic
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1. Introduction

The outer heliosheath (OHS) is the region of space between
the heliopause (HP) and the bow shock or wave formed ahead
of the Sun’s trajectory through the local interstellar cloud
(Baranov et al. 1976; Wallis & Dryer 1976). While the region
itself is interstellar in origin, its properties are very different
from those of the “unperturbed” local interstellar medium
(LISM) environment (Redfield & Linsky 2004; Frisch 2007).
The plasma flow is parted by the presence of the obstacle (the
HP) while the interstellar magnetic field is said to be “draped”
around the surface of the HP (Pogorelov et al. 2011; Opher &
Drake 2013; Izmodenov & Alexashov 2020), and its direction
is markedly different from that in the LISM. The plasma is also
heated by virtue of passing through the bow wave and the
subsequent compression as well as by the addition of heat from
the charge exchange with energetic hydrogen atoms produced
in the inner heliosheath (IHS; the region between the
termination shock and the HP). The term “VLISM,” or very
local interstellar medium, often used in the literature to describe
the perturbed LISM region, can be considered a synonym for
“OHS.” According to the models (e.g., Izmodenov &
Alexashov 2020), the extent of this region is a few hundred
astronomical unit in the upwind direction.

Both Voyager space probes are currently traveling through
the VLISM, providing humanity with its first glimpse into the
properties of our solar system’s interstellar environment.
Observations revealed that the OHS has a plasma number
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density of 0.04-0.12 cm > (Gurnett et al. 2013; Gurnett &
Kurth 2019) and temperature in excess of 30,000 K
(Richardson et al. 2019). Measured values of the magnetic
field magnitude were between 4 and 6 uG, giving values of the
ion plasma beta between 0.3 and 0.65 (Burlaga & Ness 2016).
Given the limited spatial coverage of the Voyager observations,
these parameters are not necessarily characteristic of the
VLISM as a whole, but they are broadly consistent with the
results of large-scale MHD models that cover the entire
heliosphere. We can, however, say with a high degree of
confidence that the nearby interstellar region is drastically
different from the more familiar solar wind when it comes to
the properties of turbulent magnetic fluctuations. While the
solar-wind plasma is mostly turbulent on sub-astronomical unit
scales, the VLISM has comparatively little power in magnetic
fluctuations of that size (see below). This creates a vast
difference in the transport patterns of energetic particles
between these two space environments.

The magnetic field is by and large turbulent in the supersonic
solar wind (e.g., Burlaga 1984; Goldstein et al. 1995). The
region behind the termination shock is very turbulent (Burlaga
& Ness 2009a), although the amplitude of the fluctuations has
decreased as Voyagers penetrated deeper into the IHS. Past the
HP, however, magnetic fluctuations became extremely weak.
Burlaga et al. (2015) used daily averaged values of the
magnetic field vector measured by Voyager 1 between 2013.36
and 2014.64 (V1 Interval 1), the period that was devoid of
shocks and other disturbances, to compute the power spectral
density (PSD) of magnetic fluctuations on timescales >1 day
(their analysis was limited to longer intervals by the gaps in the
data due to an intermittent spacecraft downlink pattern). As
reported in that study, almost half of the total power (§B2,.) was
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observed to be in the compressive or longitudinal component
with the variance direction parallel to the mean magnetic field
vector B (here and below we will use the prefix 6 for turbulent
quantities, while the large-scale background fields will be
prefix-free), and the power spectra in the three components
could be well fit by a —5/3 power-law characteristic of the
inertial range. The PSD was nonetheless a factor of 100 higher
than the spectrum of ambient interstellar fluctuations in the
measured range of wavenumbers (see Armstrong et al. 1995;
Fosalba et al. 2002; Haverkorn et al. 2008). The observed
fluctuations are therefore unlikely to be of interstellar origin.
Zank et al. (2017) suggested that the compressive component
could be fast magnetosonic waves produced from the refraction
of waves incident on the HP from the heliospheric side.

Burlaga et al. (2018) examined another 468 day period of
Voyager 1 data from 2015.40 to 2016.68 (V1 Interval 2). The
total spectral power in that interval was about a factor of 2
higher than in Interval 1, and the fluctuations were primarily
transversely polarized, as in the solar wind. Zank et al. (2019)
suggested that transverse fluctuations could be produced by
nonlinear interaction between compressive fluctuations and 2D
structures. However, the power in the compressive component
remained about the same as in the first interval, so it is not clear
whether such a transfer is energetically feasible. The transverse
fluctuations might also be the consequence of large-scale
instabilities of the HP, as suggested by Burlaga et al. (2018).
By using 48 s averaged Voyager 1 magnetic field measure-
ments, Fraternale et al. (2019) and Fraternale & Pogorelov
(2021) extended the turbulent power spectra to higher
frequencies and evaluated higher-order moments and inter-
mittencies. They found that the spectra were consistent with
—5/3 power laws except at short scales, where they observed
some spectral flattening.

A third period (V1 Interval 3) between 2018.20 and 2019.49
was studied in Burlaga et al. (2020). The fluctuations were even
stronger than during Interval 2 but otherwise similar to it with
the dominant transverse component. The power in the
longitudinal component remained about the same as in
Intervals 1 and 2. The same paper reported Voyager 2
observations over the period 2018.85-2019.63 (V2 Interval
1). Three abrupt magnetic field increases occurred during that
time, so the interval was not exactly quiet. Similar to Voyager 1
observations close to the HP, the fluctuations had a significant
longitudinal component, and their PSD could be fitted with a
—5/3 power law, with some exceptions. An update was
published in Burlaga et al. (2022), but the available data set
was insufficient to determine the radial evolution of turbulent
fluctuations in the Voyager 2 direction.

Lee & Lee (2019, 2020) analyzed electron density fluctua-
tions inferred from the frequency of the electrostatic plasma
waves measured by Voyager 1’s PWS instrument. Their study
covered 2012-2019, which corresponds to the Voyager travel
distance of some 24 au. Many of the periods analyzed could be
characterized as “disturbed” because plasma waves are often
associated with shocks (Gurnett et al. 2015). A comparison
between the power spectra of magnetic and density fluctuations
was also performed. While both featured Kolmogorov power-law
slopes, the amplitude of density fluctuations was too small
compared with the amplitude of longitudinal magnetic fluctua-
tions, which contradicts their interpretation as magnetosonic
waves, given the relatively small value of the plasma beta in the
VLISM.
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The scattering rates of cosmic rays in the VLISM are very
low. This is supported by the observations that the heliospheric
particles are apparently leaving the HP region very quickly as
evidenced by their rapid intensity decrease following he HP
crossings by both Voyagers (Florinski et al. 2013, 2015;
Krimigis et al. 2013, 2019). In addition, galactic cosmic-ray
(GCR) distributions were anisotropic for periods of time lasting
several months to a year (Kéta & Jokipii 2017; Rankin et al.
2019, 2020), pointing to a lack of scattering on such temporal
scales. Some workers use extremely large parallel mean free
paths (MFPs; Zhang & Pogorelov 2020) to simulate the 90°
notches in the distribution functions following the passage of a
traveling shock wave. Our analysis shows that the parallel MFP
in the VLISM is indeed large by heliospheric standards, and
GCR transport in the OHS can be considered essentially
scatter-free.

There is some evidence that diffusion across the magnetic
field is very weak in the VLISM (Guo & Florinski 2014; Luo
et al. 2016), which is required to reproduce the narrow step
increase across the HP observed by Voyager 1 (Stone et al.
2013; Cummings et al. 2016). While this could be the case very
close to the HP, we argue below that perpendicular diffusion
could be relatively strong on large scales in the VLISM. In this
paper we derive the perpendicular diffusion coefficient of
GCRs by extending existing weakly nonlinear theories to
include longitudinal magnetic fluctuations. The model we
developed is constrained by the observed frequency-domain
power spectra of magnetic fluctuations, from which we deduce
the plasma-frame wavenumber PSDs that can be directly used
in transport modeling. The model could be applied under
typical conditions in the OHS, but should not be used without
modification inside the HP transition layer. Theoretical
predictions are tested with the help of particle orbit simulations
in a fluctuating field characteristic of the VLISM conditions.
While several broad inferences will be made, more advanced
and precise measurements of the turbulent geometry than what
is possible with Voyager instruments would be ultimately
required to properly constrain the transport of cosmic rays in
nearby interstellar space.

2. From Fluctuations to Scattering and Diffusion

Cosmic-ray transport may be thought of as a combination of
scattering against traveling magnetic irregularities in a moving
plasma background combined with stochastic drift motions
across the mean magnetic field. A sufficiently general Fokker—
Planck (FP) equation governing the evolution of the gyrotropic
part f(r, p, u, 1), i being the pitch-angle cosine, of the cosmic-
ray distribution function may be written in the form

40, 00 0)

dt_a uua upa
+ V- [D.d — bb) - Vf]
1 0 af of
+ —=—| P?*| Dpp— + Dpy—| | 1
pzap[p( W@u ppap)] )

where I is the unit tensor and b is the unit vector in the
direction of B. The left-hand side contains the full derivative
taken along the characteristics of the underlying transport
model that involves gradients with respect to both spatial and
momentum coordinates and in principle contains the effects of
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large-scale drifts. Here we are interested in the right-hand side
that describes the physics of pitch-angle scattering, perpend-
icular diffusion, and momentum diffusion. The various FP
coefficients D,,,,, D,,,, D, etc. describe diffusive transport in
the respective directions; they are functions of momentum p
and pitch angle p. Later we will also deal with diffusion
coefficients » and x; obtained from the FP coefficients by the
appropriate pitch-angle averaging procedure. The form of the
FP tensor used in (1) implies that the turbulence is both
axisymmetric and helicity-free.

The focus of this paper is on relatively energetic particles
whose speed is a significant fraction of the speed of light. The
momentum change terms in Equation (1) are mainly due to the
effects of the differential and/or stochastic motion of scattering
centers relative to the plasma frame (Schlickeiser 1989). They
are proportional to the turbulent electric field 0E = — (éu %
B+ V,, x 6B)/c, where u is the turbulent velocity field and
V,, is the background wave phase velocity field (e.g., in the
directions parallel and antiparallel to the mean magnetic field
for the Alfvén waves). As such, they scale with the ratio
between the u or V,, ~ V, (the Alfvén speed) and the particle
speed v according to

2
D, ~1,D ~1,Dy, =Dy, ~ (ﬁ) Dy, ~ (ﬁ) . @
14 1%
Typical values of V,, in the VLISM are 20-40 km s~ ' so even
at the low end of the GCR energy range the ratio
Vi)V ~ 10° < 1. This means that when modeling GCRs, only
D,,, and D, are relevant. The retained terms depend only on
the statistical properties of the turbulent magnetic field 6B and
not on éu. The corresponding diffusion coefficients are given
by

2 nl (1 — 22
K| = "_f Mdu, 3)
8 J-1 Dy,
1 1
=g f Dudp. )

It should be noted that diffusion is only one (although
common) possibility, defined in simplest terms as a random
walk process, where the mean square displacement from the
source increases linearly with time. More generally, the mean
square displacement can be a power law in time ¢ with an
index « less than one (subdiffusion) as well as greater than one
(superdiffusion). Subdiffusion could occur in systems with at
least one ignorable coordinate (Jokipii et al. 1993; Jones et al.
1998). In pure slab turbulence, scattering and field-line
meandering processes could combine to yield compound
perpendicular diffusion with o =1/2 (Kéta & Jokipii 2000;
Qin et al. 2002). Superdiffusive behavior with a>1 is
expected on timescales shorter than the characteristic time for
the particles to traverse the outer scale of the turbulence, i.e.,
before the diffusive regime could be established (Lazarian &
Yan 2014). In this paper we will encounter both of these
scenarios.

Returning now to ordinary diffusion, computing the FP
coefficients requires information about the wavenumber power
spectrum of magnetic fluctuations. The latter can be inferred
from the frequency spectra obtained by Voyager 1 and 2
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(Burlaga et al. 2018, 2020; Fraternale et al. 2019). Unfortu-
nately, single-point observations are insufficient to determine
the nature of these magnetic fluctuations; the situation is
exacerbated by the absence of plasma velocity measurements.
Typical wave speeds in the OHS are comparable to the plasma-
frame speed of each spacecraft, so the Taylor hypothesis cannot
be directly applied. However, the polarization of the fluctua-
tions offers some clues. As already mentioned, while most of
the fluctuating power is in the direction perpendicular to B, a
significant parallel (i.e., compressive) component is also
present, which could even dominate the energy balance close
to the HP, where the fluctuations are very weak.

It is not known whether the compressive component has a
preferred direction of propagation (e.g., away from the HP). If
that were the case, one would expect the low-energy particles
to become nongyrotropic. Because we would prefer to stay
within the framework of nearly gyrotropic diffusive transport,
we will assume that the compressive component is axisym-
metric with respect to the mean field. The transverse
fluctuations observed by Voyager 1 in 2015-2016 can be
interpreted as a superposition of Alfvén waves traveling at
different angles to the mean field. While in principle all
wavevector directions could be present, we restrict the
following analysis to a situation where the wavevectors are
either parallel or perpendicular to B. We therefore postulate
that the turbulence in the VLISM consists of three
components, Alfvénic (slab), 2D transverse (incompressible),
and 2D longitudinal (compressive). The first two types are
commonly observed in the solar wind (Bieber et al. 1996),
while the last one might be interpreted as an ensemble of fast
magnetosonic waves traveling perpendicular to the mean field
(however, see Lee & Lee 2020). Compared with fully 3D
turbulence, this 2 4+ 1 geometry is much easier to handle
analytically.

Consider three reference frames, the plasma frame (PF), the
wave frame (WF), and the spacecraft frame (SF), moving with
velocities V,, V,, and V; relative to the fixed (solar) frame,
respectively. While all measurements are performed in the SF,
modeling cosmic-ray transport requires an expression for the
PSD tensor in the WF (or PF), which must be inferred. In
dealing with the Voyager observations it is convenient to use
the spacecraft/heliographic (also known as RTN) coordinates
(Burlaga 1984). We introduce a simplified model geometry
where the mean magnetic field is in the 7-direction (the
measured field is mainly in the 7T-direction, but has a minor N-
component), V; is in the R-direction, and V), is in the —R-
direction (toward the HP), as shown in Figure 1. The last
assumption is not well justified because the plasma flow vector
almost certainly has a significant tangential component, but its
direction is unknown, and to keep the model simple, we choose
to ignore it.

Burlaga et al. (2015, 2018, 2020) used daily averaged magnetic
field data, so these studies were limited to the frequency range
Wmin < W < Wmax  With wmin = 1.5 x 1077 57! and wpax =
3.6 x 107 s7!. At the lower end of this frequency range, the
spectra of the three magnetic field components were power laws
with indices ranging from —1.2 to —2. Because the spectra appear
to harden with energy near the high end of the frequency range,
frequencies above ~107> s ! were thought to be contaminated by
noise. By using 48s averaged data, Fraternale et al. (2019)
extended the power spectrum to frequencies ~6 x 10 *s™'
(higher frequencies were also reported, but the resulting PSD
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Figure 1. Model plasma, wave, and spacecraft velocity vectors relative to the

RTN coordinate system. The spacecraft (Voyager 1 in this case) is traveling in
the -+R-direction with speed V=17 km s, and the plasma is assumed to

flow in the —R-direction with speed V,,. Slab fluctuations propagate in the +7-
and —7-directions (along the mean magnetic field) with speed V,. Transverse
2D fluctuations are convected with the flow, while longitudinal fluctuations can
in principle be traveling outward from the HP with speed V; relative to the
plasma.

descended below the instrument noise level of the Voyager
magnetometer). The resulting spectra were fitted with power laws
with indices between —1.4 and —1.9. The spectra also showed
hardening with frequency approaching the power-law index of
—1. This result was corroborated by Lee & Lee (2020). The cause
of this spectral hardening is unknown (and might be due to noise).
Waves generated by the neutral hydrogen pickup process could
contribute to the fluctuation level (Florinski et al. 2010, 2016; Liu
et al. 2012; Sheng et al. 2021), but in the frequency range above
1037, In the absence of an explanation, we assume here that
the observed PSDs are uninterrupted power laws over the entire
frequency range covered by the observations.

For transport purposes, we are interested in the 3D WF
wavenumber spectrum P ( k) that is related to the SF
frequency-domain power spectrum Py, ;7(w) through

Pasj@ =2 [ Pyk)o

X [w—=(V, + V, = V) - kld°k. )
The factor of 2 in front comes from conversion to a one-sided
spectrum containing positive frequencies only. Using
Equation (5), one can construct a WF model PSD satisfying
the SF observations of the frequency spectrum. A difficulty
arises because the power spectrum in the VLISM extends down
to very small wavenumbers corresponding to very large
wavelengths, in principle to parsec scales, if some of the
turbulence is of interstellar origin (Haverkorn et al. 2008). The
energy range is probably inaccessible to in situ observations
given the remaining lifetime of the Voyager mission. Strictly
speaking, these very large-scale fluctuations must be treated
deterministically rather than statistically because their size
exceeds the size of the system under study (~1000 au).
Because such information is not available, one might expect
that a typical cosmic-ray particle (a proton within the energy
range between a few hundred megaelectronvolts and a few
gigaelectronvolts) would exhibit superdiffusive behavior rela-
tive to the mean magnetic field. Below we will argue that this is
indeed the case for the OHS.
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3. Theory of Cosmic-Ray Transport for the Three-
component Plasma-frame Turbulence Model

3.1. Power Spectra

In this section we present model expressions for the transport
coefficients of energetic charged particles in a turbulent
environment where most of the spectral power exists on spatial
scales much larger than the particle’s Larmor radius. Much of
the development leading to the final closed form expressions
for the FP coefficients has been done elsewhere, and readers
interested in the details of the derivations are referred to the
cited literature. An exhaustive reference list can be found in the
review of the physics of cosmic-ray transport by Engelbrecht
et al. (2022).

We assume that magnetic fluctuations in the VLISM are of
three distinct types, slab/Alfvénic, with wavevectors parallel to
B and 6Bl B (index “A”), 2D transverse, interpreted as
nonpropagating incompressible structures, with wavevectors
orthogonal to B and 6B B (index “T”), and 2D longitudinal,
interpreted as compressive magnetosonic waves traveling
normally to the mean field, with wavevectors also orthogonal
to B and 6B|| B (index “L”). To avoid confusing the
T-component and the 7-direction, please remember that, in
what follows, the former is only used for upper indices, while
the latter is only used for lower indices. All calculations will be
performed in field-aligned coordinates, where the unit vector é,
is parallel to B, é, is a random (owing to axial symmetry) unit
vector in the normal plane, and é, completes the right-handed
triad. The PSDs of each component in the WF are given by

8 (ko) PA (ky) (1) 00

P (k) = 1 0}, 6
fo= "o 1o ©
= .
, 8P (k) .sm P siny cosy 0O
Pj (k) = o | sindcosy cos? 1) of M
k. 0 0 0
and
§(kpPL(k) (0 00
Py = 2P g o ®)

2k o 0 1

Here ky=k. (i.e., can be negative), k = (k7 + kyz)l/z,
P = tanf‘(ky / k), and the spectral shape functions P4, PT and
P~ are defined in such a way that the integral of the trace of the
power spectral tensor is equal to the magnetic variance of the
respective kind of turbulence. The zero-helicity assumption is
evident from the symmetry of the PSD tensors.

The OHS is a region where turbulent fluctuations from
multiple sources could in principle coexist. The first is
interstellar turbulence driven by supernova explosions and
interactions between interstellar clouds. The second is locally
produced fluctuations, perhaps as a result of a macroscopic
instability at the HP (e.g., Florinski et al. 2005; Borovikov et al.
2008). The third is heliospheric fluctuations transmitted across
the HP (Zank et al. 2017). The combined power spectrum from
all of these sources might look like that shown in Figure 2. The
interstellar spectrum has a Kolmogorov power slope character-
istic of fully developed isotropic turbulence down to the outer
scale [y s = 27/ko1s ~ 2—4 pc (Haverkorn et al. 2008), while at
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OH
measured
in situ
kO,IS k0,0H Wnin/ Vi k
(2pc) (<0.01pc) (<8au)

Figure 2. An illustration of the power spectrum of magnetic fluctuations in the OHS. The ISM component (orange) dominates on scales of up to 100 pc, but is much
weaker than the locally generated turbulence (red) on scales shorter than 2000 au or 0.01 pc. We assume that the latter has a bend-over (a transition between the energy
and inertial ranges) at the wavenumber ko oy corresponding to a characteristic scale of 0.01 pc. The dissipation range is not shown.

even larger scales, the slope could be shallower (Minter &
Spangler 1996); although, this was disputed by Chepurnov &
Lazarian (2010). The outer scale of the local component is
unknown, but Burlaga et al. (2018) estimated it to be 2000 au
or 0.01 pc assuming energy equipartition between the mean
and turbulent fields. However, Xu & Li (2022) argued for a
shorter outer scale of ~200au based on their analysis of
turbulence damping by ion-neutral collisions. In any case, for
the interstellar component, the inferred intensity of fluctuations
in the range of wavenumbers sampled by the Voyagers does
not exceed a hundredth of the measured intensity. We can
therefore postulate that the ISM turbulence is dominant at
parsec scales, but is obscured by turbulence of circumhelio-
spheric origin on scales shorter than [y oy = 27 /kg on that will
be treated as a free parameter in the model.

We will now focus exclusively on the OHS turbulence and
drop the subscript “OH” from all terms. One should, in principle,
leave open the possibility that the L-component has a different
value of /; than the A- and T-components if the former is of
heliospheric origin, as proposed in Zank et al. (2017), while the
other two are generated in the OHS. However, none of these
scales have actually been measured, and to avoid cluttering our
simple model with free parameters, we will assume that all three
components share the same value of [, and the respective k,. In
what follows we will examine a range of values in order to
elucidate the role of this parameter in determining the cosmic-ray
transport regime. The spectrum will eventually roll over at very
small (kinetic) scales, but such small fluctuations affect neither
the overall turbulent energy, nor GCR propagation, and we can
also take the upper limit to be k = co.

The characteristic size of the physical system we are
investigating is under 1000 au. In this situation, a typical
cosmic-ray particle does not sample the entire range of
wavenumbers. This means turbulence is not homogeneous, and

a statistical description of cosmic-ray transport breaks down.
Strictly speaking, one must solve a deterministic problem of
transport in a specific realization of the turbulent field as was
done in Zirnstein et al. (2020). An alternative is to obtain a
representation of the “large-scale” or background magnetic field
as best we can, and treat the ‘short-scale” fluctuations
statistically. This scale separation is somewhat artificial, but is
often made when studying particle transport in a rapidly varying
plasma background (e.g., near a shock wave front). In practical
terms, one can ignore the interstellar fluctuations altogether, or
consider them a part of the background field. One might hope, in
particular, that the large-scale magnetic field structure around the
heliosphere will be revealed with the help of the next generation
of interstellar explorer missions. We will likewise ignore the
energy range of OHS turbulence, if it exists, and assume similar
power-law spectra for each component, namely

A _ ay Y — 1 M)_W
PA(kp = ((6B*)?) e (ko , €))
PT/L(k) = <(6BT/L>2>”]€;”(’;—L)', (10)
0 0

where ((6B4)?), ((6BT)?), and {(6B)?) are the partial magnetic
variances of the Alfvén, transverse and compressible compo-
nents, respectively, in the spectral range between ky and
infinity. Note that only a portion of the PSD has been sampled
by the Voyagers. The smallest resolved wavenumber is
~Wmin/ Viw ~ (5-10) x 107 em™3, corresponding to wave-
lengths between 4 and 8 au, as shown in Figure 2.
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3.2. Fokker—Planck Coefficients

The slab contribution to the pitch-angle scattering coefficient
D,,, is well known from the conventional quasi-linear theory
(QLT). It is produced by a resonant interaction with Alfvén
waves, and is given by

pr =TI (Q (11
M 2B vl v

(Jokipii 1966). Equation (11) assumes V,,/v < 1 and ignores
all wave propagation effects, which is a good approximation
for gigaelectronvolt protons. Pure slab turbulence only admits
variation along the mean field and has two ignorable
coordinates, so the particles are tied to the field lines they
started on (Jones et al. 1998). Perpendicular transport might
look like diffusion on short spatial scales, but eventually
reduces to compound diffusion after a sufficient number of
scattering (Mace et al. 2000), so D{* = 0.

We now concentrate on the two 2D turbulence components.
We use the Bieber et al. (1994) representation of the two-point
two-time correlation tensors Ry(§, 7)= (0Bdr, NOBr+§,
t+ 7)), where & and 7 are the spatial and time lags,
respectively, which includes “dynamic decorrelation” effects,

R, 1) = ffo Py(k)e€e T, (12)

where I'(p, k) describes the time rate of decay of the
correlation functions that is interpreted in terms of a dynamic
nature of the turbulence or trajectory deviation from the
unperturbed helix (Bieber & Matthaeus 1991). The standard
approach involves calculating the Lagrangian correlations
along the past trajectory of the type

Rj(—=7)=Ryrt —7) —r(), —7)

- fj; fooo f:w LR Y Y B0

n=—00m=—00

X cos[mQr + (n — m)(p — o)) dkydk_dyp
(13)

(e.g., Hall & Sturrock 1967; Schlickeiser & Achatz 1993; le
Roux et al. 2004), where ¢ is the gyrophase angle and

kw1 = p?

14
q (14)

Some straightforward, but tedious, calculations then lead to

021 — 1)
T _
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202(1 — ) o & r 212(77) .
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DE =0, (16)

g

Florinski et al.

and

XX\

2 1 — 2 00
+ v -w 2” )f cos QTRZLZ(—T)dT

232 fk

+ (1 — )

o TR {MJ&(n)PT(kL)

2 2
[ 5 W Jn“(n)]PL(m}dkL. (17)
Note that we tacitly assumed a common value of &k oy for the T
and L turbulence components. In the QLT limit (I' =0),
Expression (15) is reduced to zero, while Equation (17) is
infinite (e.g., Shalchi et al. 2004; le Roux & Webb 2007).
Physically, this means that the transport is a drift motion, rather
than diffusion.

We adopt the decorrelation rate from the weakly nonlinear
theory (WNLT), developed by Shalchi et al. (2004), which is
given by
2D + D k? (18)

) k7.
1 — u?

I =

The first term in Equation (18) is set to zero when computing
D,,,. The two coupled nonlinear integral equations for Du . and
D, can then be solved numerically, but the method is
impractical for trajectory integration. A critical simplification
can be made if the second term in Equation (18) is much larger
than the first (we shall see later that this is indeed the case), so
that the coupling between D, and DW is only one way (the
latter depends on the former). Shalchi & Schlickeiser (2004a)
found a Padé approximant for the series in Equation (15).
Using their result and the power spectrum of Equation (10), the

expression for D, uu can be reduced to

BT)2> 00
o =1 — B
(o ( /J) B2 (’V )kO J.j]:o
-1 o~
WDt 20— ) )y
0? 02 ko

19)

The integration in Equation (19) can be performed, but an
intermediate step using complex math is required that we wish
to avoid for practical reasons. Instead, we consider two limits:
(1) the case of dominant field-aligned streaming, and (2) the
case of dominant perpendicular diffusion. In the first limit, one
obtains

pr (L= 1A)Dikg (5BT)?)
1™ 201 —|—§2) B2
1

(117Jrl 1) (20)
2 1+é8

2F

where
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while in the second limit

1 = Dkiy —1(6BT)?) .
217
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2 L 22)
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where
Dk
&= TO' (23)

The expression that gives a good approximation for all values
of  and ky is

T T
DT ~ Duu,lDu#,Z

i R .
T 2 T 2
\/Dﬂﬂsl + Dﬂui

The series in Equation (17) were discussed by Shalchi &
Schlickeiser (2004b), but no unified expression was found that
would satisfy all limiting cases. Numerical evaluation reveals
that essentially only the lowest-order terms contribute to the
integral because of the rapidly decreasing power spectrum, and
the approximation 1 < 1 is valid. Then

(24)

2,2 noo pbb,T
pr=2H P R gy,
2B% Ji, k?
V4(1 _ /~L2)2 o)
_ PYL(k Yk, . 25
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Using the power spectrum of Equation (10), one obtains

2
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201 — 122 ((§BL)2 1/2
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A similar expression was obtained by le Roux & Webb (2007).
Strauss et al. (2016) also arrived at an expression similar to
Equation (26) by assuming that D, ~ [, (V2)!/2, where [, is the
perpendicular correlation length, corresponding, approxi-
mately, to our k!, and (de> is the ensemble-averaged square
of the drift velocity. In that interpretation the transverse 2D
turbulence acts through curvature drift; therefore, its contrib-
ution to the perpendicular diffusion coefficient has a maximum
at y==+1, while the longitudinal 2D turbulence produces
gradient drift, so its contribution maxes out at = 0. The latter
conveniently reduces the ©=0 gap in the perpendicular
diffusion coefficient and, through the coupling provided by
Equation (22), in pitch-angle diffusion as well. Apart from that
limit, however, the ratio of the longitudinal to transverse 2D
turbulence contributions to D is proportional to vkg/$2 < 1, so
the former component plays only a minor role in perpendicular
transport (and no role at all in pitch-angle scattering). It then
follows from Equation (26) that the perpendicular diffusion
coefficient is directly proportional to the value of the small
wavenumber cutoff ko = 27r/ly. By examining a broad range of
values for [y, from 1000 au down to 1 au, we will show that the
situation is actually more complicated, and the actual particle
transport regime could deviate from the model’s predictions.
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4. Evaluation of Fokker-Planck Coefficients Based on
Turbulence Observations

We now proceed to estimate the partial variances of the
three turbulence components in the wavenumber range
accessible to Voyager 1. The numerical estimates performed
in this section are based on typical values of VLISM
parameters measured by Voyagers 1 and 2 (see Section 1).
We use a number density n=0.1 cm > and a mean magnetic
field strength B=0.5 nT. These values yield a characteristic
Alfven speed Vs ~34 km s .

The 3D PSDs for each component are given by
Equations (6)—(8), but they can also be expressed in terms of
observed parameters, such as the variances ((6B£3£T/ L2y, the
smallest sampling frequency wpi,, and the corresponding
wavenumbers kA/7/L. Because each type of fluctuation is
sampled at a different speed (see Figure 1), the same interval in
frequency space is mapped to a different wavenumber range.
Alfvénic fluctuations are assumed to have phase velocities
VA = +V,T. This is orthogonal to the spacecraft velocity
V, = Vslé and the plasma velocity V; = stlé vectors in our
simplified model, so the sampling speed is Vs ~ 34 km s~
Assuming the transverse turbulence is frozen into the plasma,
we have VI = 0, and the sampling speed is V, + Vi~ 27 km
s~!, taking a plausible value of V,=10 km s~'. We consider
two possibilities for the longitudinal fluctuations. The first is
that they are convected with the plasma, in which case their
sampling speed is the same as for the transverse component.
The second is that they travel outward from the HP with speed
VE = ViR (in the PF), where V; = |V} + CZ, C,, being the
adiabatic sound speed, is the fast magnetosonic speed. In the
latter case, the sampling speed becomes V,— V,, — V,~ 17 km
s~'. Strictly speaking, the fluctuations are not axially
symmetric in the second model, but the difference should be
of the order of V/v < 1.

Applying the sampling operator of Equation (5) to the WF
power spectra of Equations (9) and (10) yields the following
nonzero components of the SF frequency PSD tensor:

A _ pA _
Pobs,RR - Pobs,NN -

(v = D{BH)*) 1 ( w

Wmin 2

)7 , @D

Wmin

Paps
Ploskr = oM
_ 0= DB T(/2) ( w ) 28)
Whin 2ﬁr[(7 + 3)/2] Wmin '
b _ (= D(EBEY)  T(/2) ( w )”
obs, 7T — .
Wmin ’\/EF[(’Y + 1)/2] Wmin

(29)
The corresponding smallest wavenumbers for the first model
for the L fluctuations are

kA, =M 44 % 107 em,
[Val

L _Ymin 63 % 10~ em L (30
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while for the second model, we have

L= —2mn___ _g8x 10 ¥em L (31
B |7 A D

For V1 Interval 1, the variance in the frequency range
studied in Burlaga et al (2015) was ~2.2 x 10~* nT? with the
eigenvalues of the covariance matrix (6Bag), (6B7), and (6B3y)
comprising 17%, 47%, and 36% of the total, respectively.
Fraternale et al. (2019) reported a somewhat larger value of the
total variance at 2.4 x 10~* nT? in their wider frequency range.
V1 Interval 2 values are probably more representative of the
VLISM in general, so in what follows we mostly rely on that
interval as the reference (V1 Interval 3 has similar properties to
V1 Interval 2). During the second interval, the measured
variance was larger at nearly 3.6 x 1074 nT2 with the three
components comprising 32%, 21%, and 47% of the total,
respectively (Burlaga et al. 2018). The T-component has not
changed appreciably, while the R- and N-components were
enhanced by a factor of >2 compared with the first interval.

Integration of Equations (27)—(29) over the measured
frequencies yields the following linear system for the Eulerian
variances:

05 006 0 \[(©BA) (8B
( 0 0 0.71) ((6Bh)?) | = <6Bo2bs,7"f> (32)
050450 A\ (@BLo?)) (6B

with the solutions (((6Bz)?), ((6BLY?), ((6BL)?) = (0.4,
2.2, 1.45) x 10~* nT? and (0.91, 3.16, 1.18) x 10~* nT? for
the two intervals, respectively. This result overestimates the
Alfvénic component that has the fastest sampling speed and
(possibly) underestimates the longitudinal component because
its sampling speed is the lowest. To provide an equal basis for
comparison, we adjust all variances to a single value of
kmin = kL., for all three components and compare the power
only in fluctuations with larger wavenumbers. That way, we
obtain (((6B4,)%), ((6BL)?), ((6BL)?)) = (0.32, 2.2, 145)
10~* nT? for V1 Interval 1 and (0.72, 3.16, 1.18) x 10~* nT?
for V1 Interval 2 in the “frozen-in” model of L turbulence. In
the fast magnetosonic model, the ratios become (0.32, 2.2,
1.81) x 107* nT? for VI Interval 1 and (0.72, 3.16,
1.47) x 10~* nT?, respectively. This yields the following WF
power ratios for the two periods: 8%/14% slab, 55%/63%
transverse 2D, and 37%/23% compressive in the frozen-in
model and 8%/14% slab, 52%/59% transverse 2D, and 43%/
27% compressive in the magnetosonic model. Note that
according to these calculations, the total WF turbulent power
increased by only 27% from the first to the second interval,
while the observed SF power rose by 62%. This discrepancy is
due to (a) the difference in weights with which each turbulence
component contributes to the power measured in the SF, and
(b) the difference in the sampling speeds. The compressive
component declined by less than 20% in the V1 Interval 2,
which can be explained by an increase in the plasma velocity of
only 4 km s~'. Such an increase is expected because the
VLISM flow decelerates on approach to the HP (e.g., Usmanov
et al. 2016).

Guided by V1 Interval 2 values, we assume the power of the
A, T, and L components to be 10:60:30 percent of the total,
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Figure 3. Voyager 1 measured frequency spectral densities in each of the three
components during V1 Interval 2, and the corresponding model frequency
spectra given by Equations (27)—(29).

respectively. The measured and modeled frequency spectra for
Interval 2 are compared in Figure 3. They have the same power
in the frequency range between wp, and wp,. It should be
remembered that the model spectra are estimates based on a
number of simplifying assumptions, the most severe of which
are the identification of the 7-direction as the direction of the
mean magnetic field and the assumption of the same power-law
index for all three components. A more careful analysis could
be performed in the spirit of Fraternale et al. (2019), who
projected the magnetic field vector onto the actual measured
magnetic field direction (that has a measurable N-component)
and reported separate power-law indices for each component.
However, such a detailed analysis is beyond the scope of this
paper. Note that the model spectra are below the measured
values at high frequencies. This is not necessarily a problem
because the latter are likely affected by the instrument noise
and only give the upper limits on the actual power spectra
(Burlaga et al. 2018).

Figure 4 plots the theoretical pitch-angle and the perpendicular
diffusion coefficients for a 1 GeV proton in a 0.5 nT magnetic
field and model VLISM turbulence conditions for three values of
lp from 1-100 au. For small-scale turbulence, the perpendicular
diffusion coefficient is much flatter (and will eventually peak at
1=0), but such scales are not realistic given the size of the
heliosphere. Strauss et al. (2016) proposed an inverted profile for
D, that peaked at ;=0 to explain the difference in behavior
between streaming and gyrating ions just beyond the HP. For this
to work, a sub-astronomical unit value for &k, is required, which
is completely unrealistic for the VLISM, where much larger
fluctuations have been measured, but could in principle, hold
within the HP transition layer whose thickness is of the order of
1 au (Burlaga & Ness 2009b; Krimigis et al. 2019).

The slab component provides weak scattering, especially near
90° (dashed blue line). Adding the 2D component increases the
scattering rate in the model by more than an order of magnitude
and mostly eliminates the resonance gap (solid blue line). The
possible flattening of the spectral slope suggested by Fraternale
et al. (2019) would result in more rapid scattering at small values
of u. Pitch-angle scattering in the VLISM is still very slow
compared with typical scattering rates in the solar wind, which is
to be expected based on the very low fluctuation power in the
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Figure 4. Pitch-angle scattering coefficient D, (left) and perpendicular diffusion coefficient D, as functions of pitch angle for 1 GeV protons using the smallest
wavenumber & values of 27/1 au (blue), 27r/10 au (orange), and 27/100 au (green). The energies in the Alfvén, transverse, and longitudinal components are 10%,
60%, and 30%, respectively. Solid lines are full numerical solutions to the integral Equations (15) and (17), and dashed lines are the approximate results given by
Equations (24) and (26). In both cases, the slab contribution to D,,, was evaluated using Expression (11).

relevant wavenumber range. For an isotropic distribution, the
parallel diffusion coefficient of a 1 GeV proton computed from
Figure 4 for lp=100au is 1.5 x 10%° cm? s~! which corre-
sponds to the MFP of 1000 au. This is significantly smaller than
the MFP used in the LISM modulation studies of Strauss et al.
(2013) and Luo et al. (2016), although Guo & Florinski (2014)
explored both larger and smaller values.

The gap is also present in D, (green and orange lines in
Figure 4), which means that the compressive component is not
efficient in transporting particles across the field in the VLISM.
This happens because the ratio of the contributions from the L
and T modes from Equation (26) is (~n k¢)*> < 1, where r_is
the Larmor radius. Both components’ contributions to D, are
nonresonant, but the transverse component acts mainly through
the small £ end of the spectrum. While the compressive
component is significant close to the HP, even a small amount
of transverse fluctuations will ensure that D has a minimum at
1 =0. One might argue that the result is contingent on the
value of ko used in the model. However, even in the most
extreme (and unrealistic) situation where kg = wWpin/Va, 1.€.,
there is zero spectral power at frequencies below those sampled
by Voyager, the product r kg is still considerably smaller than
1, so the earlier conclusion that compressive turbulence has
only a small effect on particle diffusion (Section 3) remains in
force.

5. Comparison with Particle Simulations for Homogeneous
Turbulence

To support (or refute) the theoretical results derived in the
previous sections, we performed a series of particle orbit

simulations in homogeneous turbulence. Such a verification is
particularly important because the analytic results were derived
under a restrictive assumption of diffusive transport, where as
both sub- and superdiffusive behavior might be expected for
certain turbulent background. Following the well-established
methodology (Giacalone & Jokipii 1994; Mace et al. 2000;
Tautz & Dosch 2013), a computer simulation integrates a large
number of particle trajectories in a prescribed static magnetic
field background consisting of a superposition of plane waves
with different wavevectors whose amplitudes are distributed
according to the prescribed PSD, while their directions and
phases are picked at random from the parameter space
appropriate for the respective turbulence geometry. For each
turbulence component, we defined the shortest and the longest
wavelengths (A\pin and Ap.x) and divided the corresponding
wavenumber interval into N wave modes spaced logarithmi-
cally (i.e., the distance between the modes Ak~ k). In all
numerical experiments reported here, we used 319 field
realizations (equal to the number of worker processes). The
simulations were run for t;,, ~ 30,000 Q! with each particle
starting from a randomly picked spatial position with a random
initial pitch angle and gyrophase.

All computer simulations reported here used the transport
framework of the Space Plasma and Energetic Charged particle
TRansport on Unstructured Meshes (SPECTRUM) code
capable of integrating large numbers of phase space trajectories
based on different transport physics (e.g., Newton—Lorentz,
guiding-center, focused transport, isotropic Parker, etc.) and
binning the outcome across a multidimensional parameter
space at the start, termination, or at recurring checkpoints of
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each trajectory. SPECTRUM is written in modern C++,
supports parallel execution, and provides a uniform and
consistent user interface to the simulation building blocks such
as transport physics, plasma background, initial and boundary
conditions, and distribution accumulators. The software used in
this work was composed of the “Lorentz” trajectory module
with a deterministic fifth-order adaptive step integrator of the
Dormand-Prince type, the “Waves” background module, the
“MomentumShell” initial momentum distribution module, the
“TimeRecurrent” time boundary condition module, and the
“PositionCumulativeOrder1” and “PositionCumulativeOrder2”
binned distribution modules. As the name implies, the latter
collects the moments (x;) and (x; x;). The running diffusion
coefficient tensor is calculated during post-processing as the
central second moment

d((rr) — (r)(r))

1
— , 33
2 dt )

K =

where the mean (r) is typically very close to zero.

This section also addresses the question of whether charged
particle transport in the OHS is drastically different from that in
the inner heliosphere even under extremely quiet conditions in
the latter case. Giacalone & Jokipii (1999, hereafter GJ1999)
previously investigated particle diffusion in the weak turbu-
lence case (their Run 8). In this section we revisit their work
and compare the results with the theory of Section 3. We then
proceed to simulate transport in the three-component turbu-
lence in the VLISM. Because of the difference in spatial scales
between the two environments, we use lower-energy protons in
the solar-wind case (31.6 MeV); however, the ratio between the
shortest wave in the simulation box and the Larmor radius of
the particle is identical in the two environments. The main
difference was in the behavior of the magnetic power spectrum
at small wavenumbers. For the solar-wind, it had an energy-
containing range below the correlation scale of 0.01 au, while
the VLISM spectrum was an uninterrupted power law.

5.1. Revisiting Run 8 of GJ1999

Run 8 was the case of weak turbulence with (6B%)/
B>=0.0316 that most closely approximates the VLISM
conditions out of all of the cases examined in GJ1999. The
power was partitioned in the 20%—-80% ratio between the slab
and 2D (transverse-only) components, which is a typical value
in the solar wind (Bieber et al. 1996). The other parameters
could be found in Table 1 of GJ1999. The spectral shape
function of the slab component PA(k”) consisted of the small &,
flat energy range and the large kj inertial range characterized by
the —5/3 power law. The transverse component spectral
function P’ (k) had the same power law in the inertial range,
but was proportional to k, in the energy range. Note that some
workers prefer a different spectral shape in the energy range for
the 2D component; for example, Matthaeus et al. (2007) had
PT (k) ~ const, i.., the amount of spectral power in any
annular region of constant width Ak, was independent of the
wavenumber. Wave modes were logarithmically distributed
between Api, = 107 au and A\pe = 1 au. Test particles were
protons with an energy of 31.6 MeV. A total of 100,000
particles were injected and their trajectories integrated for
tim = 12 hr.

The simulations reported here used the “on-the-fly” approach
to generate the magnetic field by summing up all of the
harmonics at the “current” position of the particle (including
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the substeps of the Runge—Kutta integrator). This is time
consuming, but requires relatively little computer memory. An
alternative approach, used by Mace et al. (2000) and Qin et al.
(2000), is to pre-compute the field on a very fine numerical grid
and use linear interpolation to the particle’s position. The main
drawback of the “on-the-fly” method is that the simulation
runtime is directly proportional to the number of wave modes,
which therefore cannot be very large (typically less than a few
thousand). Because scattering on slab fluctuations is a resonant
process (for weak fluctuations), it is desirable that there should
always be a wave resonating with the particle for any value of
the pitch angle, or else the strength of the wave—particle
interaction could be underestimated. Grid-based models
generate a very large number of modes (typically in the
millions), and therefore have an advantage in that particular
case. Conversely, a particle can interact with the entire
broadband spectrum of 2D fluctuations, and therefore a close
matching between the wave and particle is not required. We
have verified this by performing several runs with only the
transverse turbulence component and the number of wave
modes varying between 300 and 1500; the results for the
perpendicular diffusion were indeed very similar, and in what
follows, we use N T~ 500. However, slab-only simulations
revealed that x; does depend on the number of wave modes.
For this reason, in what follows, we always use the highest
number of modes, N4 = 1500, for the slab component. The
advantages of the “on-the-fly” model are its precision (the field
is generated exactly instead of interpolated) and a lack of
restriction imposed by the finite box size.

We performed three numerical experiments for the slab-only,
2D-only, and composite turbulence scenarios. The results are
summarized in Figure 5, which also plots the theoretical values
for comparison. The theoretical diffusion coefficients were
computed from the full expressions for D,, and D, using
Equations (3) and (4). The slab-only simulation reached a value
of k) that is fairly close to the QLT prediction, as expected for
weak turbulence (the result is not shown, but it is almost
exactly the same as in the composite case). Perpendicular
transport was not diffusive in this case because the particles
were tied to the field line they started on; this effect was
discussed elsewhere (Jokipii et al. 1993; Jones et al. 1998). In
the transverse-only simulation, parallel transport was essen-
tially scatter-free as can be seen from the continuously
increasing value of the running diffusion coefficient. This
result is consistent with the QLT that predicts zero scattering
from 2D turbulence (see Section 3.2). Qin et al. (2006) also
arrived at the same conclusion for the weak turbulence case. On
the other hand, WNLT predicts a finite value of the scattering
coefficient, which contradicts the numerical result.

For perpendicular diffusion, the numerical values are very
close to the theory predictions, but the transport is not strictly
diffusive (x, is seen to be slowly decreasing with time). For
pure 2D turbulence, this is an expected result because in that
case, field lines form closed loops when projected onto the
plane normal to the mean field. The particle can diffuse inside
the “magnetic island” it was injected into, but not break away
from it, so its transport on large timescales is subdiffusive.
What is surprising is that x, behaves in a similar manner in the
presence of a slab component. Here one would expect that
trapping does not take place because slab fluctuations enable
field-line meandering. WNLT also predicts an increase in the
scattering rate for the composite turbulence compared with the
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Figure 5. Parallel (green) and perpendicular (red) running diffusion coefficients as a function of time for the GJ1999 Run 8 conditions. Solid lines are theoretical
values for composite turbulence based on WNLT equations (Section 3.2), while the dotted line is the slab-only QLT result. Numerical results are plotted with symbols:
circles are for the 2D-only case, and triangles are for the composite case. Numerical results for the slab-only simulation are not shown because ; was very close the

composite result, while perpendicular transport was subdiffusive.

slab-only case. The numerical result contradicts the theory,
showing virtually no change in the value of x; from the
addition of the transverse turbulence component. Based on
these result, it appears that, for the set of parameters used in this
experiment, parallel diffusion is best described using standard
QLT, while perpendicular diffusion follows the WNLT
prescription.

Note that the values of ) and «, derived for the composite
turbulence are significantly larger than those reported
in GJ1999. At present we are unable to account for this
discrepancy, but note that GJ1999 used a different technique to
calculate the diffusion coefficients based on an a priori
assumption of diffusive transport as well as fewer wave modes
(N = 185) than in this work.

5.2. Results for the Inferred VLISM Conditions

For the VLISM, we used By = 0.5 nT, A, = 0.005 au, and
two values for \,x = [y, 100 au and 1000 au. Only the case of
composite turbulence was examined. The power spectrum for
each component only had the inertial power-law range and
partitioned between the A, T, and L modes in the 10:60:30
percent ratio (see Section 4). The total power was normalized
such that it matched the observations in the range of
wavenumbers sampled by Voyager 1. The ratio (6B%)/B* was
0.01 for o =100 au and 0.045 for [, = 1000 au. Test particles
were 1 GeV protons, and the trajectories were integrated for
tim = 20 days. Because each trajectory takes considerably
longer to integrate than in the solar-wind case, the total number
of trajectories was reduced to 50,000. We used 1500 wave
modes for the A, 500 for the T, and 200 for the L turbulence
components.

The results are shown in Figure 6. Note that the simulation
time was not long enough to establish a diffusive regime along
the mean magnetic field. The running diffusion coefficient
increased through the WNLT predicted values with barely a
deviation from linear (ballistic) transport at the end of the run.
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Increasing [y had virtually no effect on ;, again in contra-
diction with the theory that predicted more scattering in that
case. A 1 GeV proton can travel a distance roughly 10 times the
size of the heliosphere in 20 days, so in most cases, GCR
transport can be described as scatter-free. It is possible,
however, that particles confined in a magnetic trap would still
experience some scattering.

The behavior of the perpendicular diffusion coefficient is
particularly interesting. For /[, = 100 au, its value is very close
to the WNLT prediction and shows weakly subdiffusive
behavior at later times, similar to the solar-wind case. However,
for I, = 1000 au the transport is superdiffusive on the timescale
of the simulation. This is evidently a result of particles
effectively interacting with larger and larger fluctuations as
time goes by. The superdiffusive regime is new and is quite
distinct from the typical diffusive behavior in the solar wind.
By the end of the simulation, the «, curve is nearly flat, and a
diffusive regime appears to be established with a coefficient
some three times greater than theoretical. It is, however,
possible that trapping on even larger scales would eventually
lead to subdiffusion.

6. Discussion and Conclusions

This work presents an attempt to systematize the observa-
tions of turbulent fluctuations in the OHS and use them to infer
the transport regime of cosmic rays in the region of interstellar
space surrounding the solar system. Despite large uncertainties
in the geometry of the turbulence, a simple model was
constructed incorporating only the information about the
variances and the power spectral slopes. The model used three
turbulence components (as opposed to the slab-2D combination
often used to describe solar-wind turbulence), where the third
component consists of compressive fluctuations. In this
context, the word “compressive” means that the fluctuating
magnetic field is parallel to the mean field, and not that it
contains density fluctuations. However, both could be true if
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Figure 6. Parallel (green) and perpendicular (red) running diffusion coefficients as a function of time for the VLISM conditions. Solid and dashed lines are theoretical
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the compressive fluctuations are interpreted as magnetosonic
waves propagating at large angles to the mean magnetic field.

The Taylor hypothesis does not apply in the OHS, and each
of the three components can be, in principle, sampled at
different speeds, depending on the direction of propagation.
This means that the variances measured by the spacecraft are
biased, and do not necessarily provide a correct estimate of the
fluctuation energy partition ratios between the components.
Alfvén waves travel at high speed and large angles to the
spacecraft velocity and the plasma flow vectors, and are
sampled at relatively high rates, incurring a positive intensity
bias. Nonpropagating structures have a smaller SF speed, and
so are sampled at somewhat larger wavenumbers than the
Alfvén waves. Magnetosonic waves, if propagating away from
the HP, are traveling in the same direction as the Voyagers,
which therefore measure even shorter fluctuations belonging to
this component. The sampling speed depends on multiple
factors such as the direction of the mean magnetic field and the
magnitude and direction of the plasma flow velocity vector, all
of which are expected to vary with distance from the HP.
Observations that are several years (and multiple astronomical
unit) apart would yield different observables even if the WF
turbulence properties did not change at all. For this reason, we
recommend caution when interpreting apparent changes in the
nature of the turbulence with heliocentric distance.

Turbulent fluctuations in the VLISM are very weak by
heliospheric standards. However, weak MHD turbulence is
expected to have a softer spectral slope than the observed
Kolmogorov-like value (Galtier 2018). The inertial spectral
range probably extends to scales of up to ~200-2000 au, where
the fluctuations are stronger. If this is the case, we predict
superdiffusive transport on timescales of less than several days.
Most of the previous work on cosmic-ray transport in the
VLISM assumed diffusion both along and across the magnetic
field (Strauss et al. 2013; Guo & Florinski 2014; Luo et al.
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2016). While this is probably acceptable when modeling large-
scale phenomena, cosmic ray transport at the HP or near shock
waves might need to be reexamined in light of the new
findings. In addition, one would expect enhanced scattering
rates due to extra turbulence produced by instabilities
associated with shocks and other coherent structures.

If we wish to stay within the limits of diffusive transport,
then several practical recommendations could be made. It
appears that WNLT provides a fairly accurate description of the
perpendicular diffusion process in the VLISM, and
Equation (26) is a useful formula for transport work. Typical
values of x, are 10>~10%* for particles with energies between
hundreds of megaelectronvolts to a few gigaelectronvolts. On
the other hand, WNLT overpredicts the scattering rate by
transverse turbulence, and QLT values computed for only the
slab component should be used instead. The parallel diffusion
coefficient is probably close to 107 cm? s~ at 1 GeV, which
corresponds to a parallel MFP of some 10* au. This in turn
yields r, [k ~107*-107>.

We acknowledge that the model presented here is limited by
the absence of oblique fluctuations that could have additional
transport effects due to magnetic trapping (Schlickeiser &
Miller 1998). This could be modeled by adding an isotropic
turbulence component to the mix. We point out, however, that
the effect of trapping is noticeable only for particles with pitch
angles near 90°. Giacalone & Jokipii (1999) compared particle
diffusion in isotropic and composite (A+T) turbulence using
orbit simulations and found little difference in parallel diffusion
coefficients between the two, although the perpendicular
diffusion coefficient was smaller in the isotropic case by a
factor of ~3. The isotropic component, if it exists in the
VLISM, would constitute perhaps half of the total turbulent
energy, so one might expect that the perpendicular diffusion
coefficient would be smaller by a factor of <2 compared with
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our results, which is not very significant (but might be worth
investigating in a follow-up work).

The long MFPs of GCRs inferred from the model imply that
there should be no measurable modulation in the VLISM on
average. The values we obtained are similar to those used in
computer simulations of Guo & Florinski (2014; specifically,
their cases S2 and S4), who calculated constant intensity
throughout the VLISM. If Voyager 1 observations are typical
of the VLISM, then the parallel diffusion coefficient should
decrease and the perpendicular diffusion coefficient should
increase with distance from the HP, at least out to 20 au. This is
a consequence of the measured increase in turbulence levels in
general, and in the transverse component in particular, which is
the most efficient in enabling perpendicular diffusion out of all
three components.

It is also worthwhile to mention that the low scattering rates
obtained in this paper are generally in agreement with the long
duration (of the order of 1 yr) of cosmic-ray anisotropy events
(Rankin et al. 2019). Current models, based on the idea of
particle trapping in the post-shock region (Kéta & Jokipii 2017;
Zhang & Pogorelov 2020) also used a very small D, or no
scattering at all. However, these models also had a very small
(or nonexistent) coefficient of cross-field diffusion, which is
contrary to our results for D, . It is possible that stronger cross-
field diffusion could facilitate particle escape from the magnetic
trap behind the shock wave, but it is not clear how much of an
effect it would have without performing detailed modeling of
the process.

In a follow-up paper (in preparation), we use the present
results to study cosmic-ray propagation around the heliosphere,
including and with a particular emphasis on the region of weak
magnetic field near the so-called “null point” where the
magnetic field is normal to the surface of the HP that is clearly
identifiable in numerical MHD models of the global helio-
sphere (Chalov et al. 2010; Izmodenov & Alexashov 2020). A
magnetic trap develops around the null point, where cosmic-ray
particles could be stored for an extended period of time. We
also examine the cosmic-ray heliosphere access pattern to
identify possible weak spots on the HP boundary. The
boundary partially shields the rest of the solar system from
GCRs, and the new work will help quantify the degree of
radiation protection it provides.
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