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Abstract

The solar wind (SW) and local interstellar medium (LISM) are turbulent media. Their in-
teraction is governed by complex physical processes and creates heliospheric regions with
significantly different properties in terms of particle populations, bulk flow and turbulence.
Our knowledge of the solar wind turbulence nature and dynamics mostly relies on near-Earth
and near-Sun observations, and has been increasingly improving in recent years due to the
availability of a wealth of space missions, including multi-spacecraft missions. In contrast,
the properties of turbulence in the outer heliosphere are still not completely understood. In
situ observations by Voyager and New Horizons, and remote neutral atom measurements by
IBEX strongly suggest that turbulence is one of the critical processes acting at the helio-
spheric interface. It is intimately connected to charge exchange processes responsible for
the production of suprathermal ions and energetic neutral atoms. This paper reviews the ob-
servational evidence of turbulence in the distant SW and in the LISM, advances in modeling
efforts, and open challenges.
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1 Introduction

Turbulence is a critical player in the interaction of the solar wind (SW) with the local in-
terstellar medium (LISM). Arguably, it can be considered as one of the most fundamental
processes because of the vast range of scales involved and its ability to mediate various he-
liospheric events. For example, it plays a fundamental role in the SW acceleration at the
solar corona. Moreover, it has long been recognized that turbulence and wave-particle inter-
actions serve as the sources of effective viscosity and resistivity in weakly-collisional and
magnetized SW plasma (Coleman 1968; Parker 1969; Griffel and Davis 1969). This makes
it possible to study large-scale SW flows in the magnetohydrodynamic (MHD) formulation,
and investigate turbulence through concepts and analytic tools derived from hydrodynam-
ics (e.g., de Karman and Howarth 1938; Taylor 1938; Kolmogorov 1941b, 1962; Obukhov
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1962; Monin and Yaglom 1971; Frisch 1995). Turbulence provides efficient channels for
cross-scale transfer of energy injected either via large scales gradients or instabilities and for
energy dissipation on sub-ion scales. It affects the transport and acceleration of suprather-
mal particles and cosmic rays (CRs), the properties of neutral atoms detected at 1 AU, and
the structure of discontinuities. It is clear that turbulence must be taken into account in or-
der to explain the observed thermodynamic properties of the distant SW flow, especially its
non-adiabatic radial temperature profile. It can be argued that the presence of turbulence and
associated dissipation processes, including magnetic reconnection (inseparable from turbu-
lence), affect the shape of the heliosphere on the global scale.

A number of comprehensive reviews focus on theoretical aspects of the SW turbulence
and related near-Earth observations (e.g., Parker 1969; Jokipii 1973; Tu and Marsch 1995;
Schlickeiser 2002; Biskamp 2003; Zhou et al. 2004; Matthaeus and Velli 2011; Bruno and
Carbone 2013; Alexandrova et al. 2013; Zank 2014; Oughton et al. 2015; Chen 2016; Beres-
nyak and Lazarian 2019; Smith and Vasquez 2021; Lazarian et al. 2020). Some other reviews
address the astrophysical implications of turbulence (e.g., Ferriere 2001; Elmegreen and
Scalo 2004; Scalo and Elmegreen 2004), see also the paper of Linsky et al. (2022) in this
journal. The purpose of this review is to discuss the manifestations of turbulence in the outer
heliosphere (beyond ~ 10 AU) and very local interstellar medium (VLISM), its role in the
SW-LISM interaction, and the major challenges that need to be addressed in the future.

The SW-LISM interaction creates a tangential discontinuity (the heliopause, HP). De-
celeration of the supersonic SW due to the presence of the HP and counter pressure in the
tail creates a heliospheric termination shock (HTS). The details of the global SW-LISM
interaction determine the existence of a bow shock (BS) or a bow wave (BW) in front of the
HP (Baranov et al. 1979; Holzer 1989). The HTS plays a crucial role in the transmission and
amplification of turbulence from the supersonic SW region into the inner heliosheath (IHS,
the region between the HTS and the HP). Since the LISM is weakly ionized, interstellar neu-
tral atoms can penetrate deep into the heliosphere, where they experience charge exchange
with the SW ions. As a result, non-thermal, pickup ions (PUIs) and secondary neutral atoms
are born (e.g., Mobius et al. 1985). The latter, especially H atoms born in the supersonic SW,
which are often referred to as the neutral SW, can propagate back into the LISM and modify
its properties by heating and decelerating ions in it (Gruntman 1982), out to hundreds of AU
from the Sun.

The part of the LISM affected by the presence of the heliosphere, regardless of what pro-
cesses are involved and which quantities are affected (LISM plasma, magnetic field, or CR
fluxes), is now commonly called the very local interstellar medium (VLISM) (Zank 2015;
Zhang et al. 2020; Fraternale and Pogorelov 2021). The VLISM can extend to hundreds of
AU into the LISM upwind direction and to thousands of AU into the heliotail and direc-
tions perpendicular to it (Zhang et al. 2020). Observational data and numerical simulations
indicate that the VLISM region that extends ~ 300 AU in roughly the nose direction is
highly dynamic. It is also characterized by the presence of the enhanced neutral H and He
densities, relatively strong gradients, interstellar magnetic field (ISMF) draping around the
HP, enhanced turbulence, propagating shocks, CR flux anisotropy, and kinetic wave activity.
This region is often referred to as the outer heliosheath (OHS), and is the likely site where
ENAs creating the IBEX ribbon are generated.

There is an intimate coupling between the SW and the LISM through charge-exchange
and turbulence. In fact, the waves driven by instabilities of the PUI distribution function
strongly contribute to production of magnetic turbulence, which heats up the SW beyond
~ 10 AU (Wu and Davidson 1972; Vasyliunas and Siscoe 1976). Multiple demonstrations of
this are provided by the turbulence transport models and cascade rates computed on the basis
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of the MHD extensions of the Navier-Stokes theory. Shears, shocks, and coherent structures
also play important roles, thus creating multiple heating mechanisms. The canonical helio-
spheric current sheet (HCS) topology (Parker 1958) is disrupted by the turbulent motions
and magnetic reconnection, and no longer exists in the SW beyond 10 AU (e.g., Burlaga
et al. 2002). Turbulence in the outer heliosphere coexists with compressible and incompress-
ible waves, large-scale coherent structures, remnants of random fluctuations of solar origin,
locally generated turbulence due to microinstabilities and, possibly, magnetic reconnection.
Arguably, all these phenomena can be considered as part of the “turbulence” manifestations
in the outer heliosphere. The complexity of turbulence dynamics reveals itself through the
thermodynamic dominance of suprathermal ions, partial ionization and Coulomb collision-
ality of the VLISM, and the effect of heliospheric boundaries.

Much of our current understanding of turbulence in the outer heliosphere and VLISM
relies on the Voyager (V1, V2), Interstellar Boundary Explorer IBEX, and New Horizons
(NH) missions. Launched in 1977, VI and V2 crossed the HP at ~120 AU (in 2012 and
2018, respectively), and continue to provide us with unique in situ measurements in the
heliosheath and VLISM.

Difficulties in the study of turbulence in these regions stem from the fact that one-
dimensional in situ data cover just a tiny fraction of space, while the instruments onboard
Voyager were not specifically designed to study turbulence in the outer heliosphere. More-
over, combined magnetic field and PUIs measurements are not available. In spite of this,
the Voyager exploration resulted in truly remarkable discoveries, most of which being sum-
marized in the papers constituting this volume. One of them is the observation of com-
pressible turbulence in the heliospheric boundary regions (Burlaga et al. 2006a, 2015). The
heliospheric community is eagerly expecting exciting new results before Voyagers lose their
contact with Earth.

The properties of turbulence in the outer heliosphere are very much different from those
in the near-Earth environment. For this reason, further observational and theoretical studies
are expected to shed light onto the nature of turbulence in space plasmas.

The review is organized as follows. Section 2 is focused on turbulence in the distant,
supersonic SW and summarizes the principal methods of its analysis. Section 3 gives an
overview of the turbulence transport models and their predictions, and describes the efforts
undertaken to couple them with global, 3D models. Section 4 describes turbulence and mag-
netic structures observed by V2 across the HTS and their implications for the transport of
energetic particles. The observational evidence and our current understanding of turbulence,
time-dependent structures and related scales in the IHS and VLISM are reviewed in Sects. 5
and 6, respectively. Finally, Sect. 7 provides a brief overview of the as yet unsolved prob-
lems involving magnetic reconnection in these regions. Our conclusions are formulated in
Sect. 8.

2 Evidence of Turbulence in the Distant Supersonic Solar Wind

The turbulent dynamics of the solar wind beyond 10 AU can best be described as an evolu-
tion of what is seen at 1 AU with the addition of a significant driving source in the form of
waves excited by newborn interstellar pickup ions (PUIs). We can examine what has been
learned from studies of 1 AU observations as they form the bulk of solar wind turbulence
studies for the purpose of obtaining a better understanding of turbulence beyond 10 AU.
Turbulent dynamics is studied via data analysis using four separate analysis methods, i.e.
(i) comparing the form of the power spectrum to predictions, (ii) third-moment predictions
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for the cascade rate, (iii) comparison of both above rates to spatial gradients and/or transport
theory, and (iv) multi-s/c techniques.

Predictions for the power spectrum based on specific theories of the nonlinear dynamics
result in a testable prediction as well as an associated energy cascade rate through the in-
ertial range that equals the heating rate. This can be augmented by other spectral analyses
that are related to features such as helicity, polarization, etc. Single-spacecraft third-moment
calculations are based on fewer assumptions of the underlying dynamics and give a rate of
energy cascade that is largely independent of dynamics apart from an assumption of geom-
etry (the statistical distribution of wave vectors in 3D space). Comparison of the computed
energy cascade rate to the rate of heating as obtained either from statistical spatial gradi-
ents of the plasma temperature or transport theory yield a measure of the correctness of the
computed energy cascade rate. Multi-spacecraft techniques that include, but are not limited
to, k-telescope methods attempt to resolve the underlying distribution of wave vectors and
assign dynamics to their evolution.

The power spectral density (PSD — or simply the spectrum, P) of SW turbulence can be
described as having five subranges with (approximate) power law behavior P ~ f*, where o
is the spectral index. Figure 1 illustrates this. At the lowest frequencies f,. < f(Lc) where
fsc 1s the frequency as measured in the spacecraft frame and L is the correlation scale
(Matthaeus et al. 1999; Smith et al. 2001, 2006b), the spectrum consists of unprocessed en-
ergy that originates in the acceleration region (Matthaeus et al. 1983, 1986). By definition,
the lifetime of these fluctuations is longer than the age of the SW plasma (causality condi-
tion). At the intermediate frequencies f(Lc) < fic < f(Lp) where Lp is the scale where
dissipation sets in — typically the larger of the Larmor radius and the ion inertial length —
(Leamon et al. 1998a; Markovskii et al. 2008; Smith et al. 2012; Woodham et al. 2018; Pine
et al. 2020a), the evolution of the fluctuations is (almost) energy-conserving and the nonlin-
ear dynamics of the turbulence remakes the energy so as to transport the energy to smaller
scales (Kolmogorov 1941b; Matthaeus and Goldstein 1982; Leamon et al. 1998a). This is
the so-called inertial range where the fluctuations are unpolarized and the power spectra
indices are reproducible (Matthaeus and Goldstein 1982; Pine et al. 2020b). The ion “dis-
sipation range” is described as f;. > f(Lp) and at 1 AU it is generally characterized as a
steepening of the power spectrum starting at f;. >~ 0.2 Hz. Various terminologies have been
used in the literature. Our notation refers to the onset of dissipation effects at sub-ion scales.
It is consistent with recent results that turbulent energy conversion into internal energy turns
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Fig. 2 Two examples of solar wind magnetic turbulence power spectra (Pine et al. 2020a). (left) Example
showing the spectral break associated with dissipation. The apparent flattening at ~ 0.2 Hz is more likely due
to noise in the data rather than the onset of the electron inertial range. (right) Example showing the absence
of a spectral break as is most often seen in spectra from beyond ~ 2 AU

on at sub-ion scales, in weakly collisional plasmas (e.g., Matthaeus et al. 2020; Matthaeus
2021, and references therein) and it agrees with observations. It has been shown that the rate
of heating thermal protons in the SW is in good agreement with the rate of energy transport
through the spectrum. What we know is that the spectrum steepens at a predictable scale, and
that the polarization then changes in keeping with resonant dissipation removing one of the
polarizations. Observations suggest that there must be dissipation of most of the transported
turbulent energy in order to match in situ heating. However, the cross-scale transfer is not
precluded in the kinetic regime. In fact cascade phenomenology in the ion kinetic regime is
predicted by a number of studies (e.g., Howes et al. 2011). However, many aspects of how
the cascade operates in the kinetic regime are unknown, especially in the outer heliosphere.
Interestingly, the steepness of the ion dissipation spectrum depends on the strength of the
inertial range energy transport (Smith et al. 2006a) and is generally absent beyond ~ 2 AU
(Pine et al. 2020a). At still higher frequencies there is an electron inertial range where the
dynamics are supported by the thermal electrons until dissipation occurs (Bale et al. 2005;
Alexandrova et al. 2008, 2009, 2012).

Figure 2 shows two typical examples of magnetic power spectra from the Voyager 1 &
2 spacecraft at 2.2 and 6.4 AU, respectively. Figure 2 (left panel) shows an example where
the spectral break marking the onset of dissipation is evident at ~ 0.12 Hz. The flattening of
the spectrum at ~ 0.2 Hz is most likely due to noise in the data rather than the onset of the
electron inertial range. Figure 2 (right panel) shows an example where the spectral break is
not observed. Analysis suggests that the onset of dissipation is resolved within the frequency
range shown, but the spectral transport of energy through the inertial range is too weak to
result in a observable break in the power spectrum when dissipation sets in.

As is frequently seen at 1 AU, the onset of dissipation is characterized by a bias of the po-
larization that can be interpreted to be a measure of the role of resonant dissipation (Leamon
et al. 1998b; Hamilton et al. 2008; Pine et al. 2020a) and an increase in the relative amount
of compressive fluctuations as measured by the spectrum of the magnetic field magnitude
and parallel component.

There are many properties of solar wind turbulence beyond 1 AU that are consistent with
results obtained using 1 AU observations, including the observation of inertial range spectral
indices falling within a consistent range of values. Broadband power spectra of plasma,
magnetic field, and helicities have been computed in the MHD regime at 5 AU and 20 AU
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using V2 MAG and PLS data (Fraternale et al. 2016; Gallana et al. 2016; Iovieno et al. 2016;
Fraternale 2017). Special care has to be taken when analyzing and interpreting Voyager time
series in the distant SW, due to the large fraction of missing data and the large noise-to-signal
ratio at frequencies near ion scales. The cross and magnetic helicity analysis of V2 data at
20 AU by Iovieno et al. (2016) confirmed a tendency towards the reduction of cross helicity,
consistent with model predictions of Matthaeus et al. (2004) and observations of Roberts
et al. (1987). At large inertial scales (8.5 x 1077 Hz < fi. <107 Hz) speed fluctuations
spectral indexes were found by Burlaga et al. (2003c) to drop from the Kolmogorov-like
value (@ = —5/3)at5 AU to —2.5 Sa < —1.7 at 15 < R < 35 AU. This is the region where
corotating interaction regions (CIRs) merge producing CMIRs where the plasma features
pressure jumps of broad angular extent, shocks, and shock-like structures. Interestingly, the
spectral index further decreases at larger distances 40 < R < 90 AU, which was associated
with the observed slowly evolving jump-ramp profiles of the SW speed. Consistently, the
spectral indexes of magnetic field fluctuations in the same frequency range were found to
vary between —1.8 and —2.5 (Burlaga et al. 2003b).

Looking at smaller scales in the inertial regime, magnetic field structures with quasi-2D,
filamentary topology and multifractal statistics of increments are ubiquitous in the super-
sonic SW (e.g., Burlaga 2001, 2004). As discussed by Voros et al. (2006), both the local
interaction and the cross-scale interaction between these structures and shocks play an im-
portant role in the dynamics of SW turbulence and the evolution of intermittency. In the
inertial and dissipation regimes of turbulence, the distribution of magnetic field increments
(AB(t) = B(t) — B(t + 7)) is not Gaussian at frequencies higher than about the solar rota-
tion frequency (e.g., Marsch and Tu 1994; Sorriso-Valvo et al. 1999). Indeed, the q-Gaussian
distribution (Gaussian core and fat power-law tails, Tsallis 1988) was found to excellently
fit the data (Burlaga et al. 2007), and is associated with intermittent behavior. A remarkable
feature of turbulence in the distant SW is the significant decrease of intermittency observed
by Burlaga et al. (2007) at ~ 60 AU, (see details in Richardson et al. (2022), this journal),
and recently further investigated by Parashar et al. (2019) and Cuesta et al. (2022). In these
later papers the observed reduction of the small-scale intermittency of magnetic field in-
crements with distance, out to 10 AU, is associated with the decreasing bandwidth of the
inertial range with distance (effective Reynolds number scaling as R=2/3).

Another consistent property is the apparent dependence of the fluctuation anisotropy
upon both the ambient plasma parameters, spectral intensity, and other turbulence prop-
erties (Leamon et al. 1998a; Smith et al. 2006a; Hamilton et al. 2008; MacBride et al. 2010;
Pine et al. 2020c). There are two forms of fluctuation anisotropy that provide insight into
the underlying dynamics. The first is the spectral ratio of P,.(f) and P,,(f), the two diag-
onal components of the PSD perpendicular to the mean field. In a powerlaw region of the
spectrum this ratio varies with the angle of mean field to the radial (observation) direction
and provides insight into the fraction of energy associated with parallel and perpendicular
wave vectors (Bieber et al. 1996). Efforts to extend this method beyond 10 AU have not
been satisfactory (Pine et al. 2020c). The second type of anisotropy is the ratio of the energy
of the perpendicular component relative to the parallel component that is a measure of the
relative content of compressive fluctuations (Belcher and Davis 1971).

Figure 3 (top) shows the latter form of spectral anisotropy computed for 960 intervals
of ACE observations at 1 AU averaged over the frequency range 8 mHz < f;. < 100 mHz.
Figure 3 (bottom) shows the spectral anisotropy computed for 438 intervals of VI and V2 ob-
servations averaged over the spacecraft-frame frequency range 5 mHz < f;. < 0.8 f(10 d;)
where d; = Va /w = c/wy,; is the ion inertial scale (V) = Bo(4mp)~1/? is the Alfvén speed,
By is the mean field strength, p is the thermal proton mass density, and w.;, w,; are the pro-
ton cyclotron and plasma frequencies, respectively). This analysis has its roots in the general
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Fig.3 Analysis of the magnetic 500.F " T T T Ty
fluctuation anisotropy as studied o ACE ]
by Belcher and Davis (1971) that %"
is the ratio of the power spectral
density matrix summing the two
components perpendicular to the
mean field over the component
parallel to the mean field. See
text for details. (top) Analysis of
magnetic spectra from 960
intervals of ACE data with black
(red) symbols representing
undisturbed (magnetic cloud)
field lines. (bottom) Analysis of
spectra from 438 intervals of V1
and V2 observations spanning
launch in 1977 through 1990 and
1 to 45 AU. Reproduced from
Smith et al. (2006¢) and Pine

et al. (2020c¢)

Fig.4 Analysis of same ACE
and Voyager observations as were
used in Fig. 3. Plot of fluctuation
anisotropy as a function of the
ratio of the square root of the
power spectrum averaged over
the same frequency ranges to the
magnitude of the mean magnetic
field. Reproduced from Smith

et al. (2006¢) and Pine et al.
(2020c)
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behavior of compressive waves. At the same time, a strong scaling of the same anisotropy
is seen as a function of the ratio of the fluctuation level to the mean field strength. Fig-
ure 4 shows the analysis of the same ACE and Voyager spectra as a function of the square
root of the integral of the power spectrum over the prescribed frequency range (the fluc-
tuation amplitude) divided by the mean field strength. This analysis has its roots in nearly
incompressible turbulence theory (Zank and Matthaeus 1992b,a, 1993). At present there is
no resolution to the ambiguity presented in these two figures as both the proton beta and
8B/ By are themselves strongly correlated. However, they point to the fundamental physics
on which the nonlinear dynamics of turbulence is built.

Analyses based on the use of data from a single spacecraft suffer from uncertainty derived
from the necessary application of the Taylor Frozen-In-Field assumption (Taylor 1938). This
results in ambiguity regarding the actual orientation of the wave vector as it projects onto
the SW velocity. The continuum of wave vectors that possess the same projection represent
significantly different nonlinear dynamics leading to ambiguity in the resulting analysis.
Assumptions are often made based on characteristics of the spectrum (Bale et al. 2005;
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Alexandrova et al. 2008) and the resulting interpretations are often debated, but this repre-
sents a major source of uncertainty in many SW turbulence analyses. There are statistical
tests that attempt to address this question using single-spacecraft data (Bieber et al. 1996;
Leamon et al. 1998a; Dasso et al. 2005; Hamilton et al. 2008; Pine et al. 2020c), but there
also exist competing dynamics that can mask the effects of the nonlinear dynamics.

The leading theories for the inertial-range total energy power spectrum include the kf/ 2
and the kf’/ 3 scaling for wavenumbers perpendicular to the mean magnetic field. The for-
mer is commonly referred to as the Iroshnikov—Kraichnan (IK) scaling due to their seminal
works (Iroshnikov 1964; Kraichnan 1965). Using weak turbulence arguments, they first rec-
ognized the importance of the large-scale magnetic field in the turbulence dynamics, i.e.,
the role of interacting Alfvén-wave packets propagating in opposite directions. The rigor-
ous weak turbulence theory predicts a klz scaling (Galtier et al. 2000; Schekochihin et al.
2012), but the IK spectral scaling is recovered for the case of strong, globally isotropic,
Alfvénic turbulence, if the time scale that determines the energy transfer is given by the
Alfvén time scale. Naturally, the original isotropy assumption can be difficult to justify when
there is a mean field and the IK model is no longer heavily used for these cases. The —5/3
scaling (Kolmogorov-type, after Kolmogorov 1941b) arises in MHD in strong anisotropic
turbulence scenarios when the nonlinear timescale determines the energy transfer (Goldre-
ich and Sridhar 1995, GS). Later theoretical developments for strong turbulence (Boldyrev
2005, 2006) attempted to reconcile GS-style arguments with a —3/2 scaling, since both
were claimed to be observed in data and numerical simulations (e.g., Maron and Goldre-
ich 2001), despite the undeniable difficulty to discriminate between them. The model of
Boldyrev (2006) is based on a scale-dependent “dynamic alignment” of the polarizations
of magnetic- and velocity-field fluctuations, according to which both the —5/3 and —3/2
scaling can be obtained, depending on the anisotropy level. We note that the Boldyrev strong
turbulence —3/2 scaling is unrelated to the IK scaling (or at least not directly related). Addi-
tionally, a (distinct) —3/2 scaling is also derived for the fast-mode cascade in compressible
MHD turbulence (e.g., Cho and Lazarian 2002). Though observations and more recent sim-
ulations tend to favor the —5/3 scaling (e.g., Beresnyak 2012), the question is still debated
(see the extensive reviews of Zhou et al. 2004; Beresnyak and Lazarian 2015), and many
papers report one or the other in their study of specific events.

The energy cascade rates vary significantly between the theories within this range of
spectral predictions (Leamon et al. 1999; Vasquez et al. 2007; Smith 2009; Matthaeus and
Velli 2011). One example of such predictions is the MHD generalization of traditional hy-
drodynamics (Kolmogorov 1941b; Leamon et al. 1999):

E(k) = Cxe*3k3, (1)

where E (k) is the total inertial range power spectrum (magnetic + kinetic), € is the rate
of turbulent energy transport through the inertial range, and k is the wave vector magni-
tude. Evaluation of the constant Ck to reach agreement with SW observations results in an
expression for ¢:

LPIENDT? - 21.8)°
K= UN,"
p

; (@)

where E(f) is the measured power spectrum as a function of frequency, U is the bulk SW
speed in units of kms~!, and N, is the proton number density in units of cm~>. The above
expression has roots in the hydrodynamic analog first used by Kovasznay (1948), and is
based on dimensional arguments.
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When applying these theories to inferred heating rates, it is assumed that the energy that
passes through the inertial range is converted into heat by various kinetic processes with
the bulk of the energy going into thermal protons and a smaller fraction being absorbed by
heavy ions and thermal electrons. Using the published radial dependence of Helios thermal
proton observations, Vasquez et al. (2007) concluded that the MHD extensions of hydrody-
namic theory (Kolmogorov 1941b; Leamon et al. 1999; Matthaeus and Velli 2011) provided
a better description of the observed heating rates from 0.3 to 1 AU once the universal con-
stant was adjusted. They also obtained the following scaling for the average thermal proton
heating rate as a function of heliocentric distance:

ev=(53x107°)UT,/Rav A3)

in units of JTkg~'s™!, T, is the temperature of thermal protons in Kelvin, and R4y is the
heliocentric distance in AU.

Third moments, or third-order structure function, theory originates with hydrodynamics
(Kolmogorov 1941a). The great advantage of applying this formalism to MHD is that the
derivation and application does not make use of any particular model of the dynamics (Poli-
tano and Pouquet 1998a,b). In this way, it provides a formulation for the rate of energy cas-
cade through the inertial range that is independent of any specific turbulence model. Instead,
the MHD equations are combined with assumptions regarding compressibility, stationarity,
homogeneity, and underlying geometry (i.e. rotational symmetry). The combined assump-
tions of incompressibility, stationarity, and homogeneity along with specific assumptions of
geometry produce expressions that are general and applicable to data from single spacecraft
without further assumption (Politano and Pouquet 1998b,a; MacBride et al. 2015; Sorriso-
Valvo et al. 2007; Marino et al. 2008, 2011, 2012; MacBride et al. 2008; Stawarz et al.
2009; Coburn et al. 2012, 2014, 2015; Hadid et al. 2017; Smith et al. 2018). Third-moment
theory does not require specific power spectral forms or the assumption of a detailed non-
linear dynamic. Compressibility leads to expressions that include some terms that cannot be
evaluated using single spacecraft data (Galtier 2008; Carbone et al. 2009; Hadid et al. 2017;
Hellinger et al. 2018). The de Kdrman—Howarth equation derived for incompressible MHD
reads (Politano and Pouquet 1998b):

V.- Df(8) = —de*, “®

where
Dy (0) = (|AZ*PAZF), )
Azt =z (x +0) — 25 (x). (6)

Here z* = 8u + 6B/ /op are the Elsisser field fluctuations (Elsdsser 1950, with u the
plasma speed, B the magnetic field, p the proton mass density, 1o the magnetic permeability,
and Su = u — (u), etc.) and e* denotes the rate of cascade of (z*+)2. The total energy cascade
rate per unit mass, &7, is given by

el =T +e)/2. )

When an assumed distribution of wave vectors (e.g., 1D, 2D, or isotropic) is applied to the
divergence V-, expressions are obtained that are applicable to single spacecraft observa-
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tions. Assuming isotropy, for example, we can write:

3
<Az,§(z) 3 [Az,-i(r)]2> = +(4/)e Ut (8)

where R denotes the radial component, t is the time lag in the data, and (e) denotes the
ensemble average.

Third-moment theory has been shown to accurately reproduce 1 AU heating rates in both
the compressible and incompressible forms. Figure 5 is taken from Stawarz et al. (2009)
showing the result of analyzing 10 years of ACE data and compares the average energy
spectral transfer rate (assumed to be the thermal proton heating rate) using the third-moment
formalism under the isotropic and combined 2D+1D hybrid geometry assumptions and com-
pares these results to the Vasquez et al. (2007) prediction of Eq. (3) and to the familiar
hydrodynamic form.

Third-moment analyses using spacecraft data beyond 10 AU are ongoing, but unpub-
lished at this time. Turbulent transport theory can be used to propagate the turbulent dynam-
ics into the outer heliosphere and obtain predictions for the turbulence level, temperature
and heating rate, correlation scale, and cross-field correlation most notably called the “cross
helicity” or “imbalance”. The predictions of transport theory can then be compared to fluc-
tuation levels and thermal proton heating rates which are assumed to be the same as the local
energy cascade rate as obtained from theories based on the power spectrum.

It is widely assumed that the PUIs generate turbulence in the distant SW due to their
initial ring-beam velocity distributions which are unstable to the excitation of Alfvén/ion cy-
clotron modes and should evolve into a spherical, filled-shell distribution (Wu and Davidson
1972; Vasyliunas and Siscoe 1976; Lee and Ip 1987; Gary and Madland 1988; Gary 1991;
Zank 1999b). The fluctuation energy produced by PUIs adds to the existing turbulence and
is assumed to dissipate at small spatial scales by supplying the energy to SW protons and
electrons via a turbulent cascade. Therefore, low-frequency magnetic turbulence heats the
SW plasma and results in a non-adiabatic SW temperature profile and a slow temperature
increase beyond ~ 30 AU (e.g., Williams et al. 1995; Matthaeus et al. 1999, 2004; Smith
et al. 2001, 2006b; Isenberg et al. 2003; Isenberg 2005; Chalov et al. 2006; Breech et al.
2008, 2009; Isenberg et al. 2010; Gamayunov et al. 2012).

It follows that in transport theory for SW fluctuations a significant element is the inclu-
sion of this outside energy source associated with wave excitation by newborn interstellar
PUIs. Indeed, it becomes the primary source of energy that drives the turbulence beyond
10 AU. This source term becomes critical to reproducing the observed turbulence and heat-
ing levels beyond 10 AU (Matthaeus et al. 1999; Smith et al. 2001; Breech et al. 2008;
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Oughton et al. 2011; Adhikari et al. 2017a) and can be compared with the theories of inter-
stellar neutral ionization and associated wave excitation. Further details on PUI waves are
provided in Sokét et al. (2022) in this journal.

3 Modeling of the Supersonic Solar Wind with Turbulence Transport

Numerous problems in space physics and astrophysics require a detailed understanding of
the transport and dissipation of low-frequency turbulence in the expanding inhomogeneous
magnetized solar wind plasma. For instance, knowledge of spatial distribution of turbulence
intensity is an important input for computations of energetic particle propagation through-
out the heliosphere. Coupling global heliospheric models and turbulence transport models
provides not only mean-flow plasma and magnetic field parameters, but also the turbulence
quantities, which makes them useful also for calculation of diffusion coefficients and mod-
ulation of galactic cosmic rays (GCRs) (see, e.g., Florinski et al. 2013a; Engelbrecht and
Burger 2013; Wiengarten et al. 2016; Chhiber et al. 2017; Engelbrecht 2017; Zhao et al.
2018). This topic is reviewed by Engelbrecht et al. (2022) in this journal.

Transport models for solar wind fluctuations in the supersonic and super-Alfvénic SW
have advanced considerably since the presentation of the initial 1D Wentzel-Kramers—
Brillouin (WKB) approach with prescribed (inhomogeneous) background fields (Parker
1965). The WKB theory (see also Tu et al. 1984) can only describe the evolution of lin-
early interacting modes, whose typical time scale is much shorter than that of the overall
cascading. The more general turbulence transport models are based on a few statistical pa-
rameters that characterize the turbulence in the supersonic SW. Most of them build upon
the Karman—Howarth kind of one-point closure models for local evolution of turbulence
(de Karman and Howarth 1938). In the theory, a phenomenological description of the turbu-
lent cascade is merged with transport equations obtained from a scale-separated decompo-
sition (see Eq. (9)) of the MHD equations (Zhou and Matthaeus 1989; Marsch and Tu 1989;
Zhou and Matthaeus 1990c; Tu and Marsch 1993) which supports coupling of the small-
scale (turbulence) quantities to the large-scale quantities, e.g., the mean SW velocity U,
magnetic field B, and mass density p (for a review, see Oughton and Engelbrecht 2021).

In the turbulence transport theory, the Elsdsser variables represent propagating modes
moving parallel (z7) and antiparallel (z*) to By, provided that the wavevectors involved
satisfy k - By # 0 (e.g., Tu et al. 1984; Zhou and Matthaeus 1990b,a; Beresnyak and Lazar-
ian 2015). The interaction between these counter-propagating modes leads to the generation
of quasi-2D turbulence in a plane perpendicular to the mean magnetic field, which by di-
rect energy cascade eventually heats the SW. The time scales of such nonlinear interactions
are 75 ~ A%/(zF)'/2, where A* are the correlation lengths associated with the turbulent
Elsdsser energies, while the time scale of linear interaction is rj ~ Af / Va. The charac-
teristic time scale of the turbulent cascade (or spectral transfer time) can be expressed as
t$ ~ (1:5)2 / rTi, where rTi is the triple-correlation lifetime (Matthaeus and Zhou 1989). The
evolution of incompressible ideal MHD fluctuations in the presence of (scale-separated) in-
homogeneous large-scale fields can be written in the following form (Zhou and Matthaeus
1990b),

9zt 1 U
Z L UFVY - VZE+ -V [ =2V )
o1 +UFVa) 4 +2 <2 A>Z+

VB 1 U
ﬁ.[VUi ——1V-<—iVA>]=NLi+Si,
JHop 2 2
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where NL* = NL" + NL?/ J/Mop are the nonlinear terms, and S* are external sources.
Constructing the moments of Elsdsser variables from Eq. (9) introduces terms like (zfrz;),
which are regarded as MHD analogs of the hydrodynamic Reynolds stress. Due to the pres-
ence of (zl.*z;) terms, the backward and forward propagating modes interact through the
small-scale fluctuations, large-scale SW speed and magnetic field.'

Most of the fluctuation energy is associated with the ‘energy-containing range’ of scales
and transport models that follow energy-containing range quantities are of interest. These
quantities include the Elsisser energies Z2, the residual energy (aka energy difference) Ep,
and characteristic lengthscales for each of these.

A rough timeline of the development of these models is given here, and we note that
they usually need to be solved numerically. Matthaeus et al. (1994) used the Reynolds de-
composition approach to develop a four-equation transport model for Z2, Ep, and a single
characteristic lengthscale. So-called ‘mixing’ effects, due to gradients of the large-scale SW
velocity and magnetic field, couple the turbulence quantities to each other and support for
generic driving of the fluctuations is also included. Zank et al. (1996a) considered a zero
cross helicity special case of this model with two dynamical equations (for the magnetic en-
ergy and its lengthscale) while also including turbulence sources due to shear, compression,
and PUI heating. Their model was able to describe the observed radial decay of turbulence
reasonably well. Matthaeus et al. (1999) extended this to include a transport model for the
proton temperature with proton heating by PUIs, and a simple closure for local anisotropic
MHD turbulence, and found excellent agreement with V2 data from 1 to 60 AU. The ef-
fects of magnetic energy dissipation in the proton temperature were included by Smith et al.
(2001). Later, Smith et al. (2006b) improved the description of the PUI source term using
the formalism of Isenberg et al. (2003) (see Egs. (10)—(12)). A transport theory including
cross helicity was formulated by (see also Matthaeus et al. 1994 Matthaeus et al. 2004) and
further developed by Breech et al. (2005) and Breech et al. (2008). Using the model equa-
tions of Smith et al. (2001) and Isenberg et al. (2003), Ng et al. (2010) investigated the effect
of IK cascade, finding similar or even higher heating rates than that obtained by using the
Kolmogorov cascade. Later models included the electron heating (Breech et al. 2009) and
the deceleration of SW by PUIs (Isenberg et al. 2010). Building on Breech et al. (2008),
Oughton et al. (2006, 2011) developed an anisotropic two-components model where PUIs
can directly influence the quasi-parallel wavenumber fluctuations.

The above models are applicable to the super-Alfvénic SW (U > V,) under a number
of assumptions and approximations, reviewed by Oughton and Engelbrecht (2021). A six-
equation incompressible MHD turbulence model applicable also to sub-Alfvénic flows was
developed by Zank et al. (2012) by introducing separate correlation lengths associated with
the forward- and backward-propagating modes (cf. Matthaeus et al. 1994). Adhikari et al.
(2014) investigated the effects of solar cycle variability on the Zank et al. model, and Ad-
hikari et al. (2015) obtained turbulence quantities at distances up to 100 AU. With selection
of appropriate shear constants, and boundary values, these transport theories have been able
to account quantitatively for Helios and Ulysses proton temperature observations as well as
Voyager data from 1 to more than 60 AU (Zank et al. 1996a; Matthaeus et al. 1999; Smith
et al. 2001, 2006b).

1Some definitions and nomenclature that will be used throughout in this paper are given: the Elsdsser energies
(Zi)2 = (ziz)/Z, total turbulence energy density, 72 = Er=E,+Ep= ((z+2) + (z_2)) /2, the residual
energy Ep = (8u? — 8b2%) = (z+ - z7) and its normalized value, op = (E, — Ep)/ET, the normalized cross
helicity oc = (<z+2> - <z*2>) JE7, the Alfvén ratio r4 = Ey/Ep. Eu = (3u2) and Ep = (B2/(1op)) are
(twice) the turbulent kinetic energy and magnetic energy densities in Alfvén units, respectively.
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There are recent models that also support a 3D heliosphere with dynamically evolving
background fields coupled to fluctuation quantities (e.g., Kryukov et al. 2012; Usmanov
et al. 2012, 2014, 2018; Wiengarten et al. 2016; Shiota et al. 2017). Attempts to include
the heliosheath and VLISM in the global models have also been presented (e.g., Usmanov
et al. 2016; Fichtner et al. 2020). Usmanov et al. (2014) improved their previous model by
using an eddy viscosity approximation for the Reynolds stress tensor and the mean turbulent
electric field. They demonstrated that the effect of eddy viscosity and, correspondingly, of
velocity shear on the mean-flow parameters manifests itself in the increased temperatures of
SW protons. The turbulence energy and the correlation length are notably increased and the
cross helicity decreased, especially near transitions between fast and slow SW flows.

Simulation results based on these models give encouraging, if incomplete, agreement
with outer heliosphere spacecraft observations (Marsch and Tu 1990; Williams and Zank
1994; Williams et al. 1995; Richardson and Smith 2003; Richardson et al. 1995, 1996;
Usmanov et al. 2016).

A relatively simple steady-state transport model (Smith et al. 2001, 2006b; Pine et al.
2020d) can be written as equations for the total average fluctuation energy density,

dZ2 Z2 C~h—MUD Ep[ 0.4
R S LY AR 2] 10
dR R + R + U AU (10)

the similarity scale,

d.  Mop—C E
_Moo—Cu, P, En B, (1

dR ~ R «UzZ2 U

and the proton temperature,

af, _ 4% ImyaZ’ 12)
dR 3R 3kgU 2
The parameters of the theory are heavily constrained by observations.

The above citationsuse x =0.8,  =0.4, M =1/3,0p=—1/3, Cq, = 1.4, and (:’S}, =0
(Matthaeus et al. 1999). It is important to note that Z? represents (twice) the fluctuation
energy in the large-scale, or energy-containing, range of scales. The inertial range is not
explicitly represented here. However, terms that scale as Z> represent the loss of energy in
coherent turbulent fluctuations due to the spectral transport of energy from large to small
scales and the conversion of that energy into heat. At large Reynolds numbers this spectral
transport will involve energy transfer through an implied inertial range. The term 47,/(3R)
represents expansive cooling. The term Ep; represents the rate of energy injected into the
turbulence via wave energy excitation by newborn interstellar pickup ions. This can be mod-
eled using the rate of ion production obtained from the analytic Warsaw Test Particle Model
(aWTPM) and the numerical Warsaw Test Particle Model (nWTPM) codes (e.g., Bzowski
etal. 2013; Sokoét et al. 2015, 2019), or global MHD plasma/ kinetic neutrals simulations, re-
viewed by (Kleimann et al. 2022) in this journal. The analysis of Voyager data from launch
through 1990 described below uses a photoionization rate model determined from series
of solar EUV proxies, like F10.7, MglII core-to-wing index, and CELIAS/SEM correlated
with the solar EUV measurements from TIMED (Bzowski et al. 2013; Bochsler et al. 2013;
Sokét et al. 2019). The resulting ion production rates can be combined with the theory of
wave excitation by pickup ions (Lee and Ip 1987) to produce an estimate for Ep;.

The top panel of Fig. 6 from Pine et al. (2020d) shows the result of comparing the pre-
dictions for the thermal proton temperature as derived from the above transport model (red
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Fig. 6 (top) Predicted average thermal proton temperature derived from transport theory (red curve) and
average measured temperature (symbols). (Middle) Predicted average heating rate derived from transport
theory (red curve), average heating rate derived from Eq. (3) (green curve), and heating rate derived from the
measured power spectra using Eq. (2). (Bottom) Predicted average heating rate derived from transport theory
using Eqgs. (10)—(12) (red curve), average heating rate derived from Eq. (3) (green curve), and rate of energy
injection by pickup ion scattering for the intervals used in the spectral analysis in the middle panel (symbols).
Reproduced from Pine et al. (2020d)

line) with the measured average proton temperature (symbols). The dashed line represents
adiabatic expansion from 1 AU. The evidence for some form of in situ heating is undeni-
able. Transport theory accurately reproduces the observed average temperature of SW pro-
tons. Figure 6 (middle) compares the rate of energy dissipation derived from the transport
model (red line) and Eq. (3) (green line) against the rate of heating obtained from Eq. (2)
as applied to magnetic spectra from 327 intervals of V2 observations. Although agreement
between transport theory and Eq. (3) is good, the results derived from the magnetic spectra
do show a broad distribution about the predictions for the average heating rate. This is partly
due to the natural variation of the turbulence, partly due to the fact that the data intervals
were selected to be used as controls in the analysis of waves due to PUIs, and partly due
to rejection of low spectral levels with evidence of instrument noise in the data. Figure 6
(bottom) compares the rate of thermal proton heating obtained from the transport model
(red line) and Eq. (3) (green line) against the rate of wave energy excitation by newborn
interstellar pickup H" and Het (symbols) using the above formalism applied to the same
data intervals as the middle panel. Wave excitation by newborn interstellar PUIs becomes
the primary source of energy that drives the turbulence beyond 10 AU.

PUIs are thermodynamically different from thermal protons (Vasyliunas and Siscoe
1976; Isenberg 1986). While their number density is relatively low, their impact on the SW,
including its heating and gradual deceleration, is significant. The very high effective tem-
perature (~ 107 K) of pickup protons makes them the dominant component of the thermal
pressure in the distant SW (Burlaga et al. 1996). Speaking of global heliosphere numerical
simulations, the most obvious problem with adopting the single-fluid description for SW
plasma is that it implies an immediate assimilation of the newborn PUIs with thermal SW
protons. As a result, single-fluid models predict a steep increase of the plasma temperature
with radius beyond ~ 10 AU, where the pickup protons play a major role. A modest increase
in the temperature of SW protons is indeed present in V2 data beyond ~ 30 AU. However,
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the steep rise predicted by single-fluid models is in obvious disagreement with V2 observa-
tions. PUIs should, in principle, be modeled as multiple populations (Malama et al. 2006).
In the fluid approach, it is then important to model PUIs by a separate energy equation,
as shown by Isenberg (1986) and further elaborated by Zank et al. (2014a). After the first
1D fluid model of Isenberg (1986), 3D models were developed by Usmanov and Goldstein
(2006) and Detman et al. (2011), with PUISs treated as a separate fluid, but including only the
supersonic SW region. Later, the effects of pickup protons as a separate fluid were included
in the 3D heliospheric models of Pogorelov et al. (2016) (MS-FLUKSS code). For details
on global models, see Kleimann et al. (2022).

The approach used by Usmanov et al. (2014, 2016) to modeling turbulence effects in
the SW follows the transport theory, which describes the effects of transport, cascade, and
dissipation of incompressible MHD turbulence. The time-dependent turbulence transport
equations read

9Z2? , Z? 2 opZ?
St WVZ+ -V U+ =R VU - V.U-+2e,-(VxVy)
P
2 2 mpZ2
~(VarV)(Z200) + 220V - Vit = [24r(1 + o) + gpn(1 = o0)]
aft(o.)z?® .
:_&_‘_EPI, (13)
A
3(Z%0,) 2 Z%0, 2
o H WU VNZ0) + ==V U+ =R VY + 260 (VX U)
0
720, o f (0.)Z3
(Va-V)Z 4+ (1 —op)Z2V - Va + 2p°<2qT+qph>mp:—f+, (14)
oA AEp
—+WU-VA=BfT(0)Z — . 15
at+( ) BfT(oc) 72 (15)

where o and 3 are the Karman—Taylor constants. The term &, = (5u x §B) /+/4mp is the av-
erage induced fluctuation electric field, and f*(0.) = (1 =) ?*[(1+0.) 2 £ (1—0.)/?]/2
is a function of cross helicity that modifies the nonlinear decay phenomenology if o, # 0.
‘R is the Reynolds stress tensor, and gr and g, are source terms due to charge exchange
and photoionization. This model assumes the local incompressibility of fluctuations, and a
single characteristic lengthscale, A.

Having their focus on the heliospheric interface region, the existing global models of
the outer heliosphere typically employ simplified patterns for the SW and interplanetary
magnetic field parameters at their inner boundaries, which are usually placed between 10
and 50 AU. The most frequent assumption is that the SW is spherically symmetric (e.g.,
Washimi and Tanaka 1996; Pogorelov and Matsuda 1998; Ratkiewicz et al. 1998; Opher
et al. 2003; Izmodenov et al. 2005; Ratkiewicz and Ben-Jaffel 2002; Borrmann and Fichtner
2005; Pogorelov et al. 2006; Opher et al. 2009; Izmodenov et al. 2014). Latitudinal vari-
ations at the inner boundary consistent with Ulysses observations of the bimodal SW near
solar minimum have been included, e.g., by Pauls and Zank (1997), Linde (1998), Pogorelov
et al. (2013b), Provornikova et al. (2014). The first global heliospheric models that used ob-
servations of solar magnetograms to extrapolate time-dependent inner boundary conditions
at 0.1 AU is that of Detman et al. (2011). Later, Usmanov et al. (2016) were able to carry
solar corona/SW computations from the coronal base.
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Fig. 7 Distributions of computed mean-flow and turbulence parameters in the meridional plane containing
the interstellar upwind direction from 40 to 600 AU for an axisymmetric SW from a magnetic dipole on the
Sun aligned with the solar rotation axis: (a) radial velocity ur, (b) number density of thermal protons Ng,
(c) magnetic field magnitude B, (d) thermal proton temperature 7g, (e) electron temperature T, (f) pickup
proton density Ny, (g) turbulence energy per unit mass 72, (h) cross helicity o¢, and (i) correlation length
scale A. Reproduced from Usmanov et al. (2016)

Usmanov et al. (2016) further extended their three-fluid SW model by including the he-
liospheric interface region. This is the first attempt to include turbulence effects in global
simulations including the heliosheath and the VLISM. They constructed such a 3D model
taking into account turbulence transport and separate energy equations for thermal protons,
electrons, PUIs, and interstellar hydrogen, and then, using this model, studied the formation
of the heliospheric interface region. We note here that the Usmanov et al. (2016) turbu-
lence model is applicable to both super-Alfvénic and sub-Alfvénic flows. A shortcoming of
the model, as stated by the authors, is that it is suitable for incompressible turbulence, while
compressibility is a prominent feature of turbulence in the inner and outer heliosheath. Mod-
eling of these regions still represents a major challenge. Figures 7 and 8 show some results
from Usmanov et al. (2016) for plasma, magnetic field and turbulence parameters in the
outer heliosphere.

A turbulence model for the supersonic SW (Breech et al. 2008) has also been included
in a global, 3D data-driven simulation by Kryukov et al. (2012), assuming spherically sym-
metric SW at the inner boundary. While the data-driven, time-varying simulation produced
mostly realistic SW variations along the V2 trajectory out to 80 AU, there were still some
systematic discrepancies during certain periods when the assumption of spherically sym-
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Fig. 8 Radial profiles of the flow, magnetic field, and turbulence parameters along the VI trajectory for
the 0°-model from 40 AU to 1200 AU: (a) radial velocity u; and magnetic field strength; (b) thermal
proton Ng, pickup proton N, interstellar hydrogen Ny, and total proton Ns + Ny densities; (¢) pro-
ton Tg, electron Tg, pickup proton 7i, interstellar hydrogen Ty, and mean T temperatures, where
T = (TsNs + Tg Ng + TiNp)/(Ns + Ng + Np); (d) proton Pg, electron Pg, pickup proton Py, interstel-
lar hydrogen Py, and magnetic Py pressures; (e) turbulent energy density Z~ and correlation length A;
() cross helicity o¢ and relative amplitude of the magnetic field fluctuations § B/B. The vertical lines mark
the locations of the HTS, HP, and BS at ~ 105/140/290 AU, respectively. Reproduced from Usmanov et al.
(2016)

metric SW using near-Earth data was clearly inappropriate away from the ecliptic plane. To
alleviate such discrepancies, Kim et al. (2016, 2017b) introduced spatial variations across
the model inner boundary using Ulysses data as constraints, and the results showed excellent
agreements with Voyager and NH data. Subsequently, Kim et al. (2017a) used the improved
boundary conditions along with the Breech et al. (2008) turbulence model to reproduce the
temporal/spatial variations of SW and PUI between 1 and 80 AU. The simulated SW and
PUI temperatures are shown compared with the Ulysses Intriligator et al. (PUI from 2012),
V2 (SW only), and NH data (PUI from McComas et al. 2021) in Fig. 9.

Another class of turbulence transport models is based on the nearly incompressible (NT)
MHD phenomenology (Zank and Matthaeus 1992b, 1993; Hunana and Zank 2010; Zank
et al. 2017a). In contrast to incompressible MHD models of the fluctuations, NI MHD the-
ory assumes that the fluctuations are weakly compressible. The compressible MHD equa-
tions are separated into a set of core incompressible equations and a weakly compressible
fluctuating part. Core equations are obtained using the bounded time derivatives method
given by Kreiss (Kreiss 1980), a constraint that is imposed to ensure that the fast-timescale
magnetoacoustic waves vanish. The normalized equations for the fluctuations are expanded
with respect to the low Mach number, then terms of similar order are collected (Zank and
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Fig. 9 Simulated SW and interstellar PUI temperatures are shown in blue, compared with
UlyssessfSWOOPS/SWICS (top), V2/PLS (middle), and NH/SWAP data in red. Adapted from Kim et al.
(2018)

Matthaeus 1992b, 1993). Zank and Matthaeus (1993) considered three plasma beta regimes,
B« 1,B~1,and B> 1, respectively (8 = P/(B?/8m)). They showed that the leading
order incompressible MHD description is fully 3D for g > 1, while it reduces to 2D in
the plane perpendicular to the mean magnetic field for 8 < 1 and B ~ 1. Higher-order cor-
rections to the leading-order NI fluctuations are fully 3D. Based on the observed values of
the Mach number (NI expansion parameter) Zank and Matthaeus (1993) predicted that SW
turbulence in the B ~ 1 or 8 < 1 regimes is a superposition of the dominant (~ 80%) 2D
turbulence and a minority (~ 20%) slab turbulence.

Incompressible MHD turbulence models for SW fluctuations are formally applicable in
the high plasma beta regime (8 > 1) (although Squire et al. 2017, suggest, based on 2D
hybrid simulations, that a weakly collisional high beta plasma can possess a self-induced
pressure anisotropy not contained in the standard MHD closure) while the NI MHD turbu-
lence model of Zank et al. (2017a) is applicable in the low-beta regime (8 < 1) or when
B ~ 1. An important and practical distinction between the 8 >> 1 description and the 8 < 1
and ~ 1 descriptions is that the latter allows for a clear decomposition into a distinct major-
ity quasi-2D turbulence component and a distinct minority slab turbulence component that
responds dynamically to the majority component. This is the theoretical underpinning of
the well-known 2D+slab model (e.g., Bieber et al. 1996; Forman et al. 2011). By contrast,
the incompressible 8 >> 1 description can allow for both quasi-2D and slab components but
now on an equal footing and both dynamically coupled, for which descriptions such as crit-
ical balance (Goldreich and Sridhar 1995) or 2D + wave-like (Oughton et al. 2011) have
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been developed. This renders the study of anisotropy throughout the heliosphere (Adhikari
et al. 2017a), provided the plasma beta regime is appropriate, rather more straightforward
than use of the incompressible MHD model, provided in this case that 8 > 1. In addition,
according to incompressible MHD model, turbulence turns off for the unidirectional Alfvén
waves (in the homogeneous case), while it is not so in the NI MHD model (Adhikari et al.
2019). The model was able to reproduce the recent finding (Telloni et al. 2019) that the uni-
directional Alfvén wave can exhibit a Kolmogorov-type power law (Zank et al. 2020; Zhao
et al. 2020b).

In the NI MHD phenomenology for a 8 ~ 1 or < 1 plasma, the total Elsdsser variables
can be written as a summation of the majority quasi-2D and a minority NI/slab Elsésser
variables, i.e., zt = 7°°F 4+ z**, where z°* = u™ + B>/ /iop and 7t =u+ B*/./iop
(Zank et al. 2017a). Here, “c0” denotes the quasi-2D turbulence, and “*” the NI/slab com-
ponent. The transport equations for the quasi-2D Elsisser fields fluctuation z*°* read (Zank
etal. 2017a)

azoo:t zoo:t_zooq:
+ U - Vz®F 4 72°F . Vzo°F 4 2°F . VU + ?V-U

at

zoo:k: _ zooq: (16)

T .V ! V| P® -

TP =% ( N )
The difference between Eq. (9) and Eq. (16) is that the latter describes the convection of
locally quasi-2D Elsésser variables, and does not include Alfvén propagation effects. The NI
MHD approach is suitable for studying turbulence in SW, which is also supported by Zhao
et al. (2020a) and Chen et al. (2020), who found several quasi-2D structures in SW, namely
magnetic flux ropes. In addition, pressure-balanced structures (PBSs) or flux tubes (Burlaga
1968, 1995; Vellante and Lazarus 1987; Bavassano and Bruno 1991; Borovsky 2008; Sarkar
et al. 2014), are commonly observed in the SW, are equilibrium solutions of NI MHD (Zank
and Matthaeus 1992b). PBSs/flux tubes are highly dynamical structures in the presence of
quasi-2D turbulence (Zank et al. 2004). Zank et al. (2012) developed 6 coupled turbulence
transport equations by taking moments of Eq. (9), and Zank et al. (2017a) developed 12
coupled quasi-2D and NI/slab turbulence transport equations to describe the transmission of
energy in forward and backward propagating modes, residual energy, and the corresponding
correlation lengths.

Most of the turbulence transport models mentioned in this section address the SW proton
heating. Figure 10 (left panel), confronts the SW proton temperature measured by V2/PLS
(blue line) with the result from different turbulence models implemented in a global, 3D
unsteady simulation of the heliosphere. The proton temperature equation can be expressed
as

JT, Y
LU VT, +(y-1T,V.-U=

ot

-1
7S a7

where y is a polytropic index, and S; is a turbulent heating term derived from a von Kdrman—
Taylor phenomenology (de Karman and Howarth 1938). For example, the heating term S;
using can be expressed as (Verdini et al. 2010; Zank et al. 2012; Adhikari et al. 2015)

+2y/,-2\1/2 =2y 424172
%[2& Lo o } a8)
B

S, =a

where « is a constant. Inside the square brackets of Equation (18), the first term is the
nonlinear dissipation term corresponding to the energy in forward propagating modes, and
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Fig. 10 Comparison between the thermal proton temperature observed by the Voyager 2 spacecraft and the
theoretical temperature from different models, as a function of heliocentric distance. The left panel compares
results from different incompressible MHD turbulence models in a 3D, global simulation (partially published
in Pogorelov et al. 2013a). The right panel (adapted from Adhikari et al. 2015, 2017a) shows the comparison
between an incompressible MHD turbulence model (Zank et al. 2012) and a NI MHD turbulence model (Zank
et al. 2017a). The dashed gray curve shows an adiabatic temperature profile, 7' ~ rm4/3

the second term the nonlinear dissipation term corresponding to the energy in backward
propagating modes. In Verdini et al. (2010), their Eq. (5) denotes the heating term, which
was derived by using the nonlinear dissipation terms corresponding to the energy in forward
and backward propagating modes. The first and second terms inside the square brackets of
Eq. (18) are larger than that of Verdini et al. (2010), resulting in a larger heating rate, and
therefore a larger SW temperature. In Adhikari et al. (2015), this is slightly ameliorated by
the inclusion of the residual energy term.

Using Eq. (17) and Eq. (18), Adhikari et al. (2015) investigated the heating of SW plasma
from 0.29 AU to 100 AU. Similarly, Adhikari et al. (2017a) studied the proton heating from
1 AU to 75 AU using the NI MHD turbulence model (Zank et al. 2017a). The temperature
profile from these two models is shown in Fig. 10 (right panel). The stream-shear source
is found to be important within 4-5 AU, while the PUI-related turbulent source term is
important beyond the ionization cavity boundary at ~ 10 AU. These sources drive turbulence
throughout the heliosphere, and offset the decay of turbulence energy. The dissipation of
turbulence, plus the additional driving of turbulence by the distributed heliospheric sources,
yields a plasma temperature profile that is significantly different and of course higher than
would be expected if only adiabatic cooling of the SW occurred (see the dashed curve in
the right panel of Fig. 10). Naturally, adiabatic cooling is included in the SW models with
turbulent heating. The increase of 7" beyond 20 AU can be considered due to the presence
of PUIs in the outer heliosphere. The results show that the theoretical proton temperature
(solid red curve) obtained by using incompressible MHD and NI MHD turbulence models
produce radial temperature profiles similar to the observed ones.

Pickup ions not only produce turbulence in the outer heliosphere, but also influence the
SW properties. Zank et al. (2018) extended the classical models of Holzer (1972) and Isen-
berg (1986) by coupling a NI MHD turbulence model of Zank et al. (2017a) to a multi-fluid
description of the SW plasma to properly examine the feedback between SW plasma heat-
ing, the modified large-scale SW velocity due to the creation of PUIs, and the driving of
the turbulence by SW and interstellar PUI sources. The theoretical model of Zank et al.
(2018) describes the evolution of the large-scale SW, PUIs, and turbulence from 1-84 AU.
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Fig. 11 Comparison between theoretical (NI MHD) and observed results derived from V2 measurements
between 1 AU and 75 AU (top panel), and NH/SWAP measurements between 11.26 AU and 38 AU (bottom
panel). Left: SW speed U. Middle: The fluctuating kinetic energy (uz) for the 2D (solid), slab (dashed), and

total (dash-dotted) components. Right: Thermal SW density variance (pé’oz). Reproduced from Zank et al.
(2018)

As shown in the left panel of Fig. 11, the theoretical SW speed (solid curve) gradually de-
creases with increasing heliocentric distance from 1 AU to 75 AU because the PUIs ions lead
to the decrease of the momentum of the SW (see also, Richardson and Wang 2003; Elliott
et al. 2019). The theoretical speed is compared with V2 measurement (blue plus symbols,
the top panel of Fig. 11) and NH SWAP measurements (green plus symbol, the bottom panel
of Fig. 11).

The middle panel of Fig. 11 shows the quasi-2D, NI/slab, and total fluctuating kinetic
energy with increasing heliocentric distance. The observed fluctuating kinetic energy ex-
hibits quite a large scatter. The theoretical results are slightly higher than the observed NH
SWAP values, although not significantly. This difference may be due to the fact that a single
boundary conditions is used to compare with the V2 and NH data sets. The V2 observations
are taken from 1983-1992 and those of NH from 2008-2017 for the radial heliocentric dis-
tance interval 11-38 AU, and the solar cycle observed by NH was much weaker than that
observed over this distance interval by V2 (Lockwood et al. 2011; Zhao et al. 2014). The
variance of the fluctuating thermal plasma density is displayed in the right panel of Fig. 11.
The theoretical fluctuating density variance ( pfoz) shows good agreement with V2 observa-
tions (Fig. 11, top right panel), but underestimates the SWAP derived values (bottom right
panel).

The PUI mediated model of Zank et al. (2018) predicted various turbulence quantities
from 1-75 AU, as shown in Fig. 12, which also shows the corresponding values derived
from V2 observations (see Adhikari et al. 2017a). These results are slightly different from
the results predicted by Adhikari et al. (2017a) assuming that the background radial SW
speed U is constant. Pickup ions lead to a gradual decrease of the SW speed, and the back-
ground density and magnetic field are modified accordingly. The radial dependence of the
background flow, density, and magnetic field influences the evolution of turbulence through-
out the heliosphere.

The energy density in the forward and backward Elsésser variables is displayed in the
top two plots of Fig. 12. Here, the solid curves denote the majority quasi-2D component, the
dashed curves the minority NI/slab component, and the dashed-dotted curves the quasi-2D +
NI/slab component. The V2 observations are shown with blue plus symbols. Although the
observed values have considerable dispersion, the predicted evolution in the forward, back-
ward, and total Elsidsser energy densities is consistent with observations. The normalized
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Fig. 12 Comparison between the theoretical (NI MHD) and V2 derived turbulence quantities as a function of
heliocentric distance. Solid and dashed curves correspond to 2D and slab turbulence quantities respectively,
and the dash-dotted curve to the sum of 2D and slab quantities. Top left: Variance of the outward propagating

Elsdsser variable energy density, (z+2). Top middle: Variance of the inward propagating Elsdsser variable

energy density, (z_z). Top right: Total energy in turbulent fluctuations ET. Second panel, left: Normalized
residual energy op. Second panel, middle: Normalized cross helicity oc. Second panel, right: Alfvén ratio
ra . Bottom middle: The variance in magnetic field fluctuations (B2). Reproduced from Zank et al. (2018)

residual energy op shows that both the theoretical quasi-2D and slab components decrease
towards a magnetically dominated state within ~ 7 AU. However, as the PUI-driven tur-
bulence becomes more important beyond the ionization cavity, op increase towards zero
with increasing heliocentric distance, i.e., turbulence becomes increasingly Alfvénic with
(u*) ~ (B%/(uop)). The normalized cross-helicity o. monotonically decreases to zero as
distance increases, indicating that the energy flux in forward and backward propagating
directions gradually becomes approximately equal, in accord with observations. Although
PUIs in the outer heliosphere drive the NI/slab component of turbulence, it remains a mi-
nority component.

The fluctuating magnetic energy is displayed in the bottom panel of Fig. 12, indicat-
ing that theory and observations are consistent (Zank et al. 1996a; Matthaeus et al. 1999;
Smith et al. 2001). Figure 12 provides a fairly complete characterization of the macroscopic
(energy-containing scale) turbulence state throughout the heliosphere from 1-75 AU.

The correlation length is an important quantity in turbulence because it helps control
the energy decay rates. Figure 13 shows the comparison between theoretical and observed
correlation lengths as a function of the heliocentric distance. The theoretical 2D correlation
length corresponding to the energy in forward propagating modes (solid black curve) and the
energy in backward propagating modes (solid red curve) increases gradually from 1 AU to
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Fig. 13 (Left panel) Correlation length corresponding to the energy in forward propagating modes (black
curves and triangles), the energy in backward propagating modes (red curves and triangles), and the residual
energy (blue curves and triangles). (Right panel) Correlation length corresponding to the fluctuating kinetic
energy (black curves and triangles), the fluctuating magnetic energy (red curves and triangles), and the cross-
correlation between covariance of velocity and magnetic field fluctuations (blue curves and triangles). The
solid curves denote 2D modes and the dashed curves are used for the slab component. Scatter triangles
indicate V2 observations. Reproduced from Adhikari et al. (2017a)

~ 20 AU, and then flattens with distance. However, since there is no turbulent shear source
in the NI/slab turbulence transport equation, the theoretical slab correlation length corre-
sponding to the energy in both forward and backward propagating modes increases initially,
and then decreases slightly due to the presence of pickup ions in the outer heliosphere. The
theoretical 2D and slab correlation length of the residual energy increases gradually as dis-
tance increases. In the right panel of Fig. 13, the theoretical 2D and slab correlation length
corresponding to the fluctuating kinetic energy and the cross-correlation between covariance
of velocity and magnetic field fluctuations increase with distance. However, the opposite be-
havior is shown by the theoretical 2D and slab correlation length of the velocity fluctuations.

Recently, Adhikari et al. (2021) found that the turbulence property of the SW in the
upwind direction is different from that in the downwind direction (along the Pioneer 10
trajectory), due to the different PUI production rates (Nakanotani et al. 2020). Therefore,
the turbulent heating rates in the upwind and downwind directions are different. Figure 14
shows the turbulence cascade rates as a function of heliocentric distance, in both the up-
wind and the downwind directions, and compares results of two transport models. The solid
curve corresponds to the turbulence cascade rate obtained from the turbulence transport
theory (Model 1, incompressible MHD, Zank et al. 2012), and the dashed curve corre-
sponds to the turbulence cascade rate obtained from the dimensional analysis between the
power spectrum in the energy-containing range and the inertial range (Model 2, NI MHD,
Adhikari et al. 2017b). The turbulence cascade rates corresponding to the (fluctuation) El-
sidsser energies, magnetic energy, and kinetic energy all decrease gradually until ~ 20 AU
and ~ 30 AU in the upwind and downwind directions, respectively. However, these turbu-
lence cascade rates increase or flatten after ~ 20 AU in the upwind direction, and flatten or
slowly decrease after ~ 30 AU in the downwind direction.

4 Turbulence at the Heliospheric Termination Shock

The HTS plays a fundamental role in shaping the nature of turbulence in the inner he-
liosheath (Zank et al. 2006, 2010, 2018). In front of the HTS, turbulence consists of both
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Fig. 14 Turbulence cascade rate as a function of heliocentric distance. Panels (a) to (f) show the turbulence
cascade rate corresponding to the energy in forward propagating modes, energy in backward propagating
modes, fluctuating magnetic energy, fluctuating kinetic energy, normalized residual energy, and normalized
cross-helicity, respectively. The blue curves denote the turbulence cascade rate corresponding to the upwind
direction, and the red curves the turbulence cascade rate corresponding to the downwind direction. The solid
and dashed curves represent the turbulence cascade calculated by models 1, and 2, respectively. The upwind
results are along the trajectory of V2. The downwind results are along the trajectory of Pioneer 10 (from
10 AU to 60 AU, HGI longitude from 320° to 360°, HGI latitude from 7° to 3°). Reproduced from Adhikari
et al. (2021)

preexisting SW fluctuations advected at the shock and locally generated fluctuations due to
kinetic processes, and reflected fluctuations.

The third HTS crossing observed by V2 (hereinafter TS3, 2007 August 30, 84 AU; Stone
et al. 2008) allowed to detect magnetic field fluctuations inside the shock structure (Burlaga
et al. 2008). Since the shock thickness was estimated to be ~ 6,000 km (~ d;), these ob-
servations are only possible when using data of the highest resolution (0.48 s). Intense
quasi-periodic fluctuations of B with wavelength ~ 0.2 d; characterize the shock ramp (see
Fig. 15). Spectral analysis of turbulence for this specific crossing were recently conducted
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Fig. 15 (a) V2 observations of magnetic field at the HTS (third crossing; Burlaga et al. 2008). (b) Turbulence
power spectra in the PUI foot (green), ramp (red), and downstream (black) regions. The wavenumber at the
upstream PUI Larmor scale is shown in blue, while the (inverse) inertial length and Larmor radius of thermal
protons in the upstream and downstream regions are shown in green and black, respectively. Adapted from
Zirnstein et al. (2021)

by Zhao et al. (2019b) and Zirnstein et al. (2021). Figures 15-17 are reproduced from these
studies.

Zhao et al. (2019b) analyzed turbulence at relatively large scales using V2 data of 1 day
resolution. Two intervals of 122 days were selected immediately upstream and downstream
of the HTS. Power spectra are obtained from wavelet analysis, and show that magnetic
turbulence on both sides exhibits a f /3 power law in the frequency range 10~° Hz < f. <
107 Hz, as shown in Fig. 16. The downstream spectrum is enhanced by a factor of ~ 10
with respect to the upstream spectrum.

Zirnstein et al. (2021) computed magnetic turbulence spectra using V2 data at the highest
resolution of 0.48 s and considered short time intervals that include the shock’s PUI foot
(green curves in Fig. 15), the ramp (red), and the downstream region (black), excluding the
overshoot. The wavenumber range for the spectra shown in Fig. 15(b) include the gyroscale
of PUIs with speed A 335 kms ™! (Rg, in Fig. 15), the inertial length, and the Larmor radius
of the thermal protons (d;, r¢; = 5300, 1600 km in front of the HTS and 5800, 2300 km be-
hind of it, respectively). The flatter upstream spectrum for k > 1073 km~! may be due to the
presence of 1/f noise from the fluxgate magnetometers. Interestingly, the turbulence power
in the ramp is higher by a factor of ~ 100 as compared to the upstream k—/3 spectrum. Zirn-
stein et al. (2021) investigate the effect of turbulence at the HTS on PUIs acceleration using a
test-particle model. According to these simulations, the turbulence intensity observed by V2
at the PUI gyroscale upstream of the HTS, (§B2)/ Bg ~ (.01, is not sufficient to explain the
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Fig. 16 PSD of magnetic field Global wavelet spectrum
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observed suprathermal tail in the proton spectrum measured by /BEX at energies = 2 keV.
Values similar to those extrapolated using the ramp spectrum, (8 B%)/ Bg ~ (.1, may be nec-
essary to explain /BEX observations. Giacalone and Decker (2010) and Giacalone et al.
(2021) investigated particle acceleration at the HTS up to energies of 50 keV via 2D hy-
brid simulations, and included background upstream SW turbulence in the form of random
circularly polarized Alfvén waves with a Kolmogorov spectrum and normalized variance
(8B?)/BZ = 0.5. Note that this intensity refers to the total background turbulence spectrum
and is a function of the chosen value for the correlation length (0.17 AU). Their results sug-
gest that large-scale turbulence (k < Rg”) may also affect the particle distribution (see also
Giacalone 2005).

It should be noted that even without the background turbulence, fluctuations at the ion
scale can be self-generated due to temperature anisotropy in the downstream region imme-
diately behind the shock (e.g., Wu et al. 2009; Liu et al. 2010; Wu et al. 2010; Kumar et al.
2018; Gedalin et al. 2020), by instabilities of the shock front (e.g. Burgess et al. 2016), and
by proton beams in the upstream region that are associated with protons reflected from the
shock if the angle between the shock normal and the magnetic field is not too large (e.g.
Gedalin et al. 2021).

The HTS crossing was also investigated via three-fluid simulations by Zieger et al.
(2015). They highlighted the role of nonlinear, dispersive fast-magnetosonic modes asso-
ciated with PUIs and thermal SW. Their coupling may results in a large-amplitude wave
train downstream of the HTS that can evolve into shocklets. It would be interesting to com-
pare these solutions with the results of hybrid simulations. The relative importance of self-
generated and background turbulence at the HTS and collisionless shocks is a topic of great
interest and still an open challenge.

Remarkably, Gutynska et al. (2010) were able to investigate the B—n cross correlations
from V2 MAG and PLS data in two regions downstream of TS3, and found surprisingly large
cross correlation coefficients (~ 0.8). These values are large as compared to the typical
correlation found in the Earth’s magnetosheath (~ 0.4), at frequencies near 10~* Hz to
4 x 1073 Hz. However, the mixed signs of the correlations suggest that there was no preferred
wave mode in those intervals.
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Fig. 17 The left panels show the normalized reduced magnetic helicity oy, normalized cross helicity oc, and
normalized residual energy op spectrograms from a wavelet analysis for 124 days after the HTS crossing.
The right panels show the reconstruction map (top) and P¢ vs. A curve (bottom) of the GS reconstructed
magnetic flux rope behind the HTS. Adapted from Zhao et al. (2019b)

4.1 Flux Ropes and Their Role in the Transport of Energetic Particles at the HTS

Zhao et al. (2019b) also identified magnetic flux rope or magnetic island structures behind
the HTS.

These structures are identified as patches with enhanced magnetic helicity (|o,| > 0.7),
labeled as A-D in the top panel of Fig. 17. Since the feature of enhanced magnetic helicity is
shared with circularly polarized Alfvén waves, a small cross helicity (o, ~ 0) and negative
residual energy (op < 0) are required for identifying magnetic flux ropes confidently. The
Grad-Shafranov (GS) reconstruction technique further confirms the finding by providing a
reconstructed 2D cross section for one of the flux ropes as an example (bottom left panel).
The bottom right panel shows the P, — A curve from the GS reconstruction, where P, = p +
Bf /210 is the total pressure and A(x, y) is the magnetic flux function. The double-folding
pattern with a fitting residual of R ; = 0.08 indicates a good fit quality. The flux rope appears
to have a scale size of ~ 0.4 AU. The origin of flux ropes is unknown. In the supersonic
SW small-scale magnetic flux ropes are often recognized as a representation of quasi-2D
turbulence that is a majority component of the SW turbulence in this region (e.g., Zank et al.
2017a). The flux ropes identified in the IHS may be evidence for 2D fluctuations in the outer
heliosphere as they are transmitted and amplified downstream of the HTS. The compression
at the HTS may also lead to enhanced magnetic reconnection, which generates multiple
magnetic flux ropes. Zank et al. (2018) described the transmission of MHD turbulence across
the PUI-modified HTS using the NI MHD model. On the shock passage, the model predicts
a strong amplification of the 2D component of turbulence, consistent with observations of
flux ropes. The model also predicts a downstream state in which the turbulent kinetic energy
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dominates over the magnetic energy. However, the observed increase of magnetic turbulence
variance is larger than predicted, which is possibly due to the presence of compressive modes
not accounted for in Zank et al. (2018).

Zank et al. (2021) have recently analyzed in detail the transmission of 2D MHD modes
(including acoustic, entropy, vortical, and magnetic island modes) across collisionless
shocks. The agreement with V2 observations presented above suggest that these structures
are an important component of MHD turbulence at the HTS.

It has been suggested that magnetic flux ropes generated by magnetic reconnection may
accelerate particles in a stochastic fashion, which may be partially responsible for the gen-
eration of anomalous cosmic rays in the inner heliosheath (Drake et al. 2010, 2017; Zank
etal. 2015; le Roux et al. 2016). The idea is that enhanced magnetic reconnection in the IHS
due to the compression associated with crossing the HTS leads to the generation of multiple
magnetic flux ropes. The interaction between flux ropes then leads to particle acceleration.
Zank et al. (2014b) presented a theoretical framework describing the acceleration and trans-
port of particles in regions of interacting magnetic flux ropes, taking into account processes
of magnetic island contraction and merging. The theory was applied by Zhao et al. (2018,
2019a) to an energetic particle event observed by Ulysses near 5 AU. In the event, the ener-
getic particle fluxes are found to be strongly enhanced after the crossing of an interplanetary
shock and the peak enhancement occurs ~ 5 days after the shock crossing.

The Zank et al. theory was also applied to the ACR proton flux enhancement behind the
HTS by Zhao et al. (2019b). Figure 17 presents evidence of magnetic flux ropes after the
HTS crossing, obtained from V2 LECP data. In Fig. 18, the ACR fluxes are shown for differ-
ent energy channels between 1.8 MeV and 17.9 MeV. The measurements are fitted quantita-
tively to the Zank et al. (2014b) theory using a Monte Carlo Markov Chain (MCMC) tech-
nique, as shown by the solid lines in the figure. The fitted lines successfully reproduce that
(i) there is enhancement of the ACR flux behind the HTS; (ii) the enhancement is stronger
for higher energy particles within the considered energy channels; and (iii) the location of
peak flux enhancement is further away from the shock for higher energy particles. We note
that the analysis here applies only to the region very close to the HTS (within ~ 1 AU). It is
likely that other acceleration mechanisms such as the diffusive shock acceleration are active
deeper in the heliosheath. For recent reviews on ACRs and particle acceleration processes
at collisionless shocks, see Giacalone et al. (2022) and Perri et al. (2022) in this journal.

5 Turbulence in the Inner Heliosheath

In the IHS the solar wind plasma is subsonic, having been decelerated at the HTS. Much
of our current knowledge of turbulence in the IHS has been acquired via in situ (Voyager)
observations. In particular, analyses of Voyager measurements suggest that significant lev-
els of compressible fluctuations are present in the IHS (Burlaga et al. 2006a, 2008; Fisk
and Gloeckler 2008; Burlaga and Ness 2009, 2012b,a; Burlaga et al. 2014; Richardson and
Burlaga 2013; Fraternale 2017; Fraternale et al. 2019a). Thus, the nature of the turbulence
there differs from that in the supersonic SW upstream of the termination shock, where the
fluctuations are predominantly incompressible (e.g., Tu and Marsch 1994; Roberts et al.
2018).

Unfortunately, this compressible turbulence in the IHS is still poorly understood, from
both the observational and the theoretical perspectives. Observationally, this is mainly due to
the well-known limits of 1D measurements, unavailability of PUI measurements and plasma
data (V1), and the level of noise. Consequently, to date, the dissipation regime of turbulence
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Fig. 18 ACR proton flux evolution during the period from 2007 July 1 to 2008 February 1. The uncertainties
of the observed proton flux are plotted as error bars. The dashed vertical line represents the HTS crossing, and
the smooth curves behind the HTS show our theoretical modeling results. Adapted from Zhao et al. (2019b)

has been inaccessible to our investigations. On the theory side, compressible MHD turbu-
lence is clearly richer than its incompressible counterpart having additional parameters such
as the sonic Mach number and the plasma beta, 8 = 2c2/(y V?). Aspects that can play im-
portant roles include the sub or supersonic character of the system, the size of the j relative
to unity, and the nature of any driving of the velocity field (e.g., is it the solenoidal velocity
that is driven, the compressive component, or a combination). Simulation studies investi-
gating various features of compressible MHD, such as energy transfer (both across scales
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Vr, km/s
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Fig. 19 Density distribution (left panel) and radial component of the velocity (right panel) in the meridional
plane for the solar cycle 23 minimum as the result of corotating streams propagating into the IHS. Entropy
and fast magnetosonic perturbations are shown. Reproduced from Borovikov et al. (2012)

and between magnetic, internal energy, incompressible v, and compressive v components),
and variance and spectral anisotropy have been reported on and these may provide starting
points for understanding IHS Voyager observations (e.g., Ghosh and Matthaeus 1990; Cho
and Lazarian 2002, 2003; Vestuto et al. 2003; Carbone et al. 2009; Kowal and Lazarian
2010; Banerjee and Galtier 2013; Oughton et al. 2016; Grete et al. 2017; Hadid et al. 2017;
Yang et al. 2021). However, further studies are surely needed, including ones tailored to IHS
conditions.

5.1 An Overview of the Observed Structures in the IHS

In general, turbulence is present in the IHS and consists of both random fluctuations and
coherent structures. The HTS is certainly the major source of turbulence in the IHS, at least
in the direction of the heliospheric “nose”, as it transmits and possibly amplifies the full
spectrum of fluctuations from the supersonic SW to the IHS (e.g., Zank et al. 2018, 2021).

5.1.1 Large-Scale Fluctuations

On large scales, transient structures of solar origin such as global merged interaction regions
(GMIRs) have been observed in the IHS (Burlaga et al. 2011, 2016; Richardson et al. 2017).
They are associated with strong magnetic fields and enhancements of plasma density and
temperature, and may be moving fast enough to generate shocks or pressure pulses. When
GMIRs interact with the HP, they produce transmitted shocks or compression waves in the
VLISM, and reflected perturbations in the IHS. Figure 19 from Borovikov et al. (2011)
shows an example of the complex patterns and the different fluctuation modes that can arise
as a consequence of corotating streams interacting with the HTS. Time dependent and data-
driven 3D simulations are necessary to understand the dynamics and time-space evolution of
the large-scale structures in the outer heliosphere. A recent study by Pogorelov et al. (2021),
provides animations of magnetic and thermal pressure along VI and V2 trajectories from
earlier numerical solutions of Pogorelov et al. (2017b), Kim et al. (2017b). Large-scale fea-
tures include the sector structure, however it is well known that the periodic sector structure
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no longer exists beyond ~ 20 AU (e.g., Burlaga 1994; Pogorelov et al. 2017a). In fact, in
the THS, sectors and regions with mixed polarity show complicated polarity patterns. VI and
V2 have observed regions of mostly unipolar fields and “sector regions” of mixed polarity,
statistically characterized by Richardson et al. (2016). The sector region is the region swept
by the HCS. The presence of two topologically different regions within the THS suggests
that the properties of turbulence should also change across these regions, with implications
for the transport of energetic particles (Burlaga et al. 2009; Opher et al. 2011; Florinski
et al. 2013b; Hill et al. 2014). The properties of turbulence in the heliotail are unknown and
will not be discussed here. Numerical models show the strong, likely dominant effect of
the solar cycle variations on the generation of large-scale structures in the tail (Pogorelov
et al. 2017a) and the possible onset of large scale instabilities of various nature of the colli-
mated SW lobes at high latitudes, a prominent feature of steady-state, spherically-symmetric
solutions (Yu 1974; Pogorelov et al. 2015; Opher et al. 2021).

Besides the structures of solar nature, instabilities at the HP may also play an important
role in the injection of fluctuation energy in the heliosheath at large scales (2 5 AU) and the
generation of structures in the IHS. Long before VI actually observed signatures of HP insta-
bility (Burlaga et al. 2013b, August 2012, DOY 210-238), Fahr et al. (1986) first suggested
that the HP may undergo Kelvin—Helmholtz (KH) instability at the HP flanks, and may also
be Rayleigh—Taylor (RT) unstable due to local accelerations of the HP, especially when the
heliospheric magnetic field (HMF) is weak. Early studies on this topic were conducted by
Baranov et al. (1992), Chalov (1994, 1996), Liewer et al. (1996), Zank et al. (1996b), Belov
and Myasnikov (1999), Zank (1999a), Pogorelov (2000), Ruderman (2000), Florinski et al.
(2005), Ruderman and Brevdo (2006), Borovikov et al. (2008). In particular, Liewer et al.
(1996) and Zank et al. (1996a) highlighted the role of the ion-neutral drag on the possible
development of RT near the nose. Zank (1999a) have shown that charge exchange between
neutrals and ions acts essentially as an effective gravitational term that can trigger the RT
instability. Borovikov et al. (2008) further identified a mixed RT-KH form of instability on
the HP flanks, assisted by hot secondary neutrals created by charge exchange in the SW.
As shown by Borovikov et al. (2008) the absence of HMF can increase the instability dra-
matically. Borovikov and Pogorelov (2014) simulated a 3D heliosphere and demonstrated
that the RT instability is considerably suppressed near the HP nose by the unipolar, unreal-
istically large, HMF in steady-state models, but is triggered in the presence of solar cycle
effects. This is why accounting for solar cycle in simulations is not important per se, but
because it creates favorable conditions for the instability to develop, when B is small due
to the presence of sector regions (see also Pogorelov et al. 2021). Analytic studies of the
RT instability have also been carried out (Avinash et al. 2014; Ruderman 2015). Results
in Pogorelov et al. (2015) indicate that only the KH instability is found in the tail region.
Eventually, solar cycle simulations of Pogorelov et al. (2017b) suggested that at the time of
the HP crossing the KH/RT instability was more likely to occur at northern latitudes, while
magnetic reconnection may reveal itself as a tearing mode (plasmoid) instability at southern
latitudes (see Fig. 31). A situation similar to the RT instability is found in the magnetic flux
tube interchange instability, proposed by Krimigis et al. (2013) to explain VI observations
and investigated theoretically by Florinski (2015). This instability may develop on smaller
scales (~ 0.2-5 AU), and results from the positive plasma pressure gradient and the ISMF
curvature.

5.1.2 Fine-Scale Fluctuations

Ton-scale coherent features observed in situ in the IHS include current sheets (CS) described
by Burlaga and Ness (2009, 2011) as proton boundary layers, magnetic holes, and magnetic
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humps. Their typical size lies in the range of ~ 1-30 rg mix, Where rimix is the proton
cyclotron radius of the plasma mixture (T & 5 x 10° K). The exact nature of these structure
is unknown, but an hypothesis was advanced by Burlaga and Ness (2009) that they originate
from mirror mode instability and evolve nonlinearly as solitons, and eventually as pressure
balanced structures. A theory of solitary waves has been proposed by Avinash and Zank
(2007). Mirror mode instabilities have been identified near the HTS (Liu et al. 2007; Génot
2008; Fahr and Siewert 2007) and within the IHS by Tsurutani et al. (2011a) and Tsurutani
et al. (2011b), who also pointed out the role of PUIs in the amplification of this instability.

As discussed in Sect. 3, models aiming at a quantitative treatment of turbulence in the en-
tire inner heliosheath are sparse. One of the first was presented by Usmanov et al. (2016) who
used a four-fluid model to simulate the heliosphere and nearby LISM, including the transport
of turbulence in this whole region. The turbulence is modeled using a one-component model
for incompressible MHD turbulence, and thus, as the authors explicitly state, cannot address
the presence or role of compressive fluctuations. Nonetheless, the work demonstrates the
principal feasibility of such extensions of previous inside-the-HTS transport modeling to
regions beyond the HTS. Despite its limitations the model provides a valuable reference
case for forthcoming simulations. A second model by Fichtner et al. (2020) has recently
addressed the problem of generating compressible fluctuations throughout the whole THS.
It applied the quasilinear theory to the initial evolution of compressible wave modes using
initial values obtained from a simulation of a 3D model of the SW/LISM interaction. The
basic idea is that the compressible fluctuations are a result of the proton mirror instability,
which is a consequence of a perpendicular temperature anisotropy A := T, /T > 1 (with
I, L referring to the orientation relative to the local magnetic field direction B/B). The re-
sulting fluctuations én, in proton number density n, are anticorrelated with the associated
magnetic fluctuations § B via the relation (e.g., Liu et al. 2007)

dnp 8B

—=—A-1)—. (19)

np, B
To compute these fluctuations throughout the IHS the structure of the latter was determined
from a numerical simulation of the 3D large-scale heliosphere using the MHD code CRONOS
(Kissmann et al. 2018) for the model equations formulated in Wiengarten et al. (2015). These
equations are the usual MHD equations for the large-scale quantities and Eqgs. (13) to (15)
with the simplifying assumptions &, = 0, gt = gpn = 0, and the choice « =23 = 0.8. Using
the solutions of this model obtained for the IHS Fichtner et al. (2020) applied the theory of
temperature anisotropy-driven kinetic instabilities reviewed by Yoon (2017).

The central results are summarized with Fig. 20. The upper right panel reveals that the
quasilinear evolution results in anisotropy values (that were initially A 2 1.25) a little above
unity across most of the IHS, which is consistent with the findings by, e.g., Liu et al. (2007)
and Fahr and Siewert (2007). The corresponding magnetic energy density of the mirror
mode-induced compressive fluctuations (lower left panel) and, via Eq. (19), the associated,
locally generated density fluctuations (lower right panel) are significant in large regions of
the THS, particularly also below a latitude of about 45°, i.e., in the region probed by the
Voyager spacecraft. At high northern latitudes and within the equatorial plane, the energy
density is decreasing towards the heliopause, which appears to reflect the distribution of the
plasma beta. A comparison of the magnetic energy density associated with the mirror-mode
instability with that associated with the MHD fluctuations as obtained from the CRONOS
simulation revealed that the compressible fluctuations indeed dominate in most parts of
the inner heliosheath: only in the equatorial and high-latitude downstream vicinities to the
termination shock do the incompressible fluctuations prevail.
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Fig. 20 The quasilinear evolution of the mirror-mode instability in the inner heliosheath (the inner/outer
boundary of the color-coded region is the HTS/HP) in the equatorial plane (% = /2, left subpanels) and
in the meridional plane (¢ = 0, right subpanels): The final 8| (upper left panel) and the final temperature
anisotropy A (upper right panel), of the quasilinear evolution and the (normalized) energy density Wmm
of the magnetic fluctuations (lower left panel), and the corresponding (normalized) amplitude of the cor-
responding fluctuations in number density (lower right panel). The thin equatorial streak of very high beta
values (green stripe in the upper left panel) occurs in an interface region slightly beyond the HTS character-
ized by very small magnetic field, which is likely to be an artifact of finite numerical resolution. Therefore,
correspondingly high values of Wmm of up to ~ 2.3 are neglected in the color bar of the panel below to allow
the spatial structure to become fully discernible (Reproduced from Fichtner et al. 2020)

The computed the energy density of the locally generated magnetic fluctuations and the
associated density fluctuations may serve as source terms in forthcoming models of the
actual turbulence transport in the IHS.

5.2 A Statistical Description of IHS Fluctuations
The description of turbulence obviously also requires a statistical approach. A series of stud-
ies (Burlaga 1991; Burlaga et al. 2003a; Burlaga 2004; Burlaga et al. 2006b; Burlaga and

Ness 2010; Macek et al. 2012; Macek and Wawrzaszek 2013; Burlaga et al. 2013b; Macek
et al. 2014) demonstrated the existence of a multifractal scaling symmetry for large-scale
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fluctuations (> 1 day) in the distant SW and IHS. The multifractal formalism is a pow-
erful classical tool to describe the structure of the dissipation rate in turbulence (see, e.g.,
Meneveau and Sreenivasan 1987; Frisch 1995). The analysis of the fluctuations of B led to
remarkable outcomes, such as demonstrations of (i) the existence of a P ~ f~! power spec-
tral regime on scales in the range of 1-100 days (e.g, Burlaga and Ness 2013) and (ii) the
presence of large-scale intermittency, although at lower levels with respect to the supersonic
SW (see Richardson et al. 2022). Burlaga and Ness (2013) applied the “g-triplet” concept
from the nonextensive statistical mechanics (Tsallis 2009) to provide evidence that fluctua-
tions in the ITHS are in a quasi-stationary, metaequilibrium state. Other studies (Burlaga and
Ness 2009; Burlaga et al. 2013b, 2019b) indicate that magnetic field increments for time
lags from 48 s to 1 day are well described by the ¢g-Gaussian distribution with parameters ¢,

Ay, /3(,:
f,(ABJo) = A,l1 + (g — DB, (ABJo) T, 20)

with the parameter ¢ is related to the kurtosis (or flatness) and is found to be as large as 1.6
in the IHS (¢ = 1 corresponds to Gaussian statistics). Burlaga et al. (2009, 2010, 2017) have
also shown that the daily distributions of B are typically log-normal in the sector regions,
but Gaussian in unipolar regions.

The presence of intermittency and scaling laws are key ingredients of turbulence. To the
best of our knowledge, evidence for the existence of different power-law regimes throughout
the THS was provided for the first time by Fraternale (2017) and Fraternale et al. (2019a,b).
They conducted a spectral analysis of VI and V2 high-resolution (48 s) magnetic field data
in several sector and unipolar regions identified by Richardson et al. (2016) and Burlaga
et al. (2017). Results are set forth in terms of power spectra and structure functions up to
the fourth order. Such analysis is challenging because of the sparsity of the 48 s data. After
the HTS, about 70% of data points are missing due to tracking issues, noise, instrumental
interference, and other reasons. Therefore, the combined use of different spectral estimation
techniques becomes mandatory to rule out the numerous artifacts in the statistics. In par-
ticular, compressed sensing, a recent paradigm in signal processing (Donoho 2006; Candes
et al. 2006a,b), was successfully applied to SW turbulence analysis for the first time by Gal-
lana et al. (2016) and Fraternale (2017), and subsequently applied to the analysis of IHS and
VLISM Voyager data, and magnetospheric turbulence (Sorriso-Valvo et al. 2019).

Figure 21 shows two examples of magnetic field turbulence spectra computed using 2
years of V2 observations in a sector region at 106 + 3.5 AU (top panels) and 120 days of
VI data at 109 0.5 AU (bottom panels). The PSD is shown in the left panels, while the
right panels show the scale-dependent variance anisotropy and the magnetic compressibility.
The Larmor radius of thermal protons, r; & 2900 km, the ion inertial length d; ~ 5200 km,
and the Larmor radius of 1 keV PUISs (7 | kev &~ 45,000 km) are shown in the top panels.
The Taylor (frozen flow) hypothesis is applied only at V2, to obtain a rough estimate of the
wavenumber perpendicular to B, under the assumption of wavenumber anisotropy, k| > k.
Clearly, 1D spectra contain contributions from all wave vectors. However, as pointed out
by Fraternale et al. (2019a) and Zieger et al. (2020), its application in the IHS is more
critical than in the supersonic SW. The main reasons for this are the lower bulk flow speed
(U ~ 150 kms~! at V2), the presence of shocks and, possibly, finite-amplitude fluctuations
of dispersive nature, whose propagation speed is affected by the energetically dominant
population of PUIs.

At the large scales, Fraternale (2017) and Fraternale et al. (2019a) confirmed the exis-
tence of a 1/f spectral regime in the frequency spectrum, which is typically observed for
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Fig. 21 (Left panels) Examples of magnetic turbulence spectra in the IHS at V2 (top) and VI (bottom).
(Right panels) Scale-dependent variance anisotropy and magnetic compressibility (black curve) for the same
intervals. The gray bands indicate the range that may be affected by noise in the measurements. Top panels
show results from V2 data in a sector region, bottom panels show analysis of VI data in a unipolar zone. The
green vertical line indicates the frequency corresponding to fluctuations that experienced one “eddy-turnover”
if they were generated at the HTS. Adapted from Fraternale et al. (2019a,b)

fsc < 107 Hz. They discussed the extension of this regime in the frequency space. A new
finding was that a spectral break (labeled as fj; in Fig. 21) separates the 1/f regime from
other power-law regimes observed at smaller scales. The 1/f regime may be considered as
a reservoir of energy for the turbulent cascade. Its frequency span was found to decrease
with distance and to be larger in unipolar regions than in sector regions. In the example of
Figs. 21(top) and 22, the spectral break is seen at f,; &~ 107® Hz (£, =2n/k, ~ 1 AU).
There is a possibility that the 1/f regime originates from SW turbulence being processed
by the HTS (see also Fig. 16). It may include perturbations such as those shown in Fig. 19
and all large-scale structures described previously, but its nature remains unclear.

At higher frequencies (fy; < fie <5 x 107 Hz) an inertial cascade regime was iden-
tified. In the unipolar regions sampled by VI, the (absolute) spectral index becomes large,
o ~ —2.5, which is mainly ascribed to the dominant 6 B component. At V2, a second spec-
tral knee ( f32, in the figures) is observed at fi. &~ 107* Hz (£, =~ 0.015 AU, ~ 50 7 | kev)-
This separates a Kolmogorov-like regime where o ~ —5/3 from a steeper, power-law
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Fig. 22 (Left panel) Analysis of structure functions of magnetic field turbulence in the IHS (V2,
2013.83-2016, sector region). (Right panel) Scale dependent kurtosis, K = S4/ S%. Adapted from Fraternale
et al. (2019b)

regime where o &~ —2. A remarkable finding is that both the magnetic compressibility (black
curves in the right panels of Fig. 21) and the intermittency (Fig. 22) reach a maximum at this
scale. Fraternale et al. (2019a) and Fraternale et al. (2019b) have suggested the possibility
that the spectral steepening may be ascribed to PUI-scale kinetic processes, even though
these studies did not provide a model. In compressible turbulence, the presence of a vari-
ety of compressible and incompressible coherent structures, dispersive waves (e.g., Perrone
et al. 2016) and magnetic reconnection (Loureiro and Boldyrev 2017) may all contribute to
an increased turbulence cascade rate at scales smaller than the typical size of CSs, ~ 10r;.
Although the gyroscale of thermal protons lies in the last frequency decade in Voyager mea-
surements, PUI-related effects might be observed at smaller frequencies near f,. > 10~* Hz.
The spectral knee may then be ascribed to the typical size (passing times, at Voyager) of the
kinetic structures described previously in this section (Burlaga et al. 2006a). This may rep-
resent a “transition scale” from the MHD to the kinetic regime of turbulence, similar to what
was observed (e.g., Alexandrova et al. 2008) near the ion scale in the supersonic SW. How-
ever, here the transition would occur between the PUI gyroscale and the thermal ion scale.
The reduction of compressibility and intermittency at higher frequencies is also a known
feature in the SW near 1 AU, ascribed to kinetic wave activity (e.g., Kiyani et al. 2009; Wu
etal. 2013; Alexandrova et al. 2013; Sorriso-Valvo et al. 2017; Bale et al. 2019). Here, it may
be related to PUI kinetic activity but it may also be an artifact of noise in the measurements,
and deserves further investigations.

At finer scales in the range fi. > 5 x 107* Hz, all spectra flatten significantly. Cer-
tainly, this regime is affected by the presence of noise in the measurements (1o errors
are in the range of 0.02-0.05 nT, Berdichevsky 2009), including the 1/f noise from the
fluxgate magnetometers (Behannon et al. 1977). It should also be noted that the spikes at
harmonics of 3.25 x 10~* Hz are certainly instrumental artifacts. Some spectral techniques
may make them appear broader then they are. Interestingly, during some intervals, a fur-
ther spectral steepening can be observed near the cyclotron frequency of the thermal plasma
(fie 22 x 1073 Hz). A clear example is provided in the bottom panels of Fig. 21 for VI
data in 2009. Using multi-ion fluid simulations, Zieger et al. (2020) suggested that fast-
mode turbulence originating from nonlinearly steepened fast-magnetosonic waves may ex-
plain V2 observations in the high-frequency regime near the HTS. Further investigations are
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needed to understand which processes dominate the transitional and the dissipation regimes
of turbulence in the THS. Gutynska et al. (2010) observed a damping of higher frequencies
with distance, which supports the idea that fluctuations are generated and/or amplified at
the HTS. However, the persistence of large magnetic compressibility deeper in the IHS, as
shown in Fig. 21, poses a number of questions about the physical processes responsible for
the production of high-frequency fluctuations and the turbulent energy transfer across scales.

Second order statistics (i.e. PSDs) are not sufficient to assess the presence of turbulence.
The evidence of turbulence in the IHS is supported by the existence of clearly defined
power-law regimes in higher order statistics such as the structure functions, S,[B;](t) =
(AB;’(I; t)). An example is provided in the left panel of Fig. 22 for V2 data in a sec-
tor region. Fraternale et al. (2019b) also shown that the extended self-similarity principle
(Benzi et al. 1993) can be successfully used to obtain the SF relative scaling exponents from
Voyager data. The black curve in the insert shows that at V2 the low-frequency spectral
break occurs when the condition Z = (|AB|/By) ~ 1 is met. As described by Matteini et al.
(2018) in the case of supersonic SW turbulence, the “saturation” of the turbulent cascade at
f < f(Z =2) is the result of incompressible fluctuations being bounded on a sphere of ra-
dius equal to B, which introduces another scale in the system. This condition is not reached
in unipolar regions at VI, where the maximum intensity is about 0.7 in the energy injection
regime.

The above observations are suggestive of the presence of a highly structured, anisotropic
magnetic turbulence cascade in the IHS, but are far from being conclusive on the nature
of turbulence in this region. What happens in the transitional regime near the ion scale
and at sub-ion scales is a topic of particular interest in theoretical analysis (e.g., Chen and
Boldyrev 2017; Chen et al. 2020; Bowen et al. 2020a,b). Further analyses of compressible,
IHS turbulence are necessary to improve our theoretical understanding of MHD turbulence
and its impact on the global shape of the heliosphere.

6 Turbulence in the Very Local Interstellar Medium

The interstellar medium has been long recognized to be turbulent on scales up to ~ 1000 pc
(Lee and Jokipii 1976; Armstrong et al. 1981). A signature of turbulence is the impressive
power-law spectrum of density fluctuations (dubbed “The Big Power Law”) obtained by
Armstrong et al. (1995) and extended later by Chepurnov and Lazarian (2010) (see Fig. 23).
The density spectral index is between —11/3 and —4, which is consistent with the presence
of Kolmogorov-like turbulence on scales from 10° m to 10'® m, but does not exclude the
presence of shock-like structures. Such insights on the ISM irregularities have been obtained
via remote observations, such as radio scattering and scintillations, dispersion measures,
Faraday rotation measures, spectroscopy, etc. In the ISM, energy is injected over a wide
range of scales from different processes, and turbulence is certainly not statistically homo-
geneous, as discussed in the extensively by Ferriere (2001), Elmegreen and Scalo (2004),
Scalo and Elmegreen (2004), see also Redfield and Linsky (2004). Recent findings on inho-
mogeneities in the Local Interstellar Cloud (LIC) in which the heliosphere is immersed, are
discussed by Linsky et al. (2022) in this journal.

The LISM properties are affected by the presence of the heliosphere over distances of the
order of several hundred AU (Holzer 1989; Zank 2015), or exceeding 1000 AU, from the
perspective of TeV GCRs (Zhang et al. 2020). It is reasonable to believe that the properties
of interstellar turbulence may change with the distance from the HP. Therefore, is should be
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clarified that the in situ observations are likely not representative of the entire VLISM, but
of a narrow, very dynamic region near the HP.

The first in situ observations of interstellar turbulence have been made after the crossing
of the heliopause (HP) by the VI spacecraft in 2012 August (122 AU) and by V2 in 2018
November (119 AU) (e.g., Stone et al. 2013; Burlaga et al. 2019a). A currently accepted
hypothesis is that turbulence in this region consists of a superposition of the unperturbed
LISM turbulence and fluctuations induced by heliospheric processes on scales ranging from
the ~ 11 year solar cycle to plasma kinetic scales (Burlaga et al. 2015, 2018; Zank et al.
2017b; Fraternale et al. 2019a; Matsukiyo et al. 2019; Lee and Lee 2019, 2020; Fraternale
and Pogorelov 2021).

Major shock/compression waves have been observed at VI (Burlaga et al. 2013a; Burlaga
and Ness 2016; Burlaga et al. 2017, 2021). They are transmitted into the VLISM when SW
perturbations such as GMIRs hit the HP on the inner side, as was first suggested by Gur-
nett et al. (1993) and later demonstrated in several simulations (Steinolfson et al. 1994,
Pogorelov 1995, 2000; Zank and Miiller 2003; Washimi et al. 2011; Borovikov et al. 2012;
Pogorelov et al. 2013b; Fermo et al. 2015; Kim et al. 2017b). Compressible, finite-amplitude
waves may undergo nonlinear steepening and interactions and can occasionally merge to
produce larger waves (e.g., Pogorelov et al. 2021). These shock-like perturbations are asso-
ciated with plasma wave events and 2-3 kHz radio emissions first detected at 1 AU by Kurth
et al. (1984), Gurnett et al. (1993) and recently observed in situ by Voyager’s Plasma Wave
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Subsystem (PWS) (Gurnett et al. 2015; Gurnett and Kurth 2019; Kurth and Gurnett 2020).
It is believed that radio emissions can be excited by interstellar shocks provided that primed
nonthermal electrons exist in that region. In fact, electrons can be primed via resonant ac-
celeration by a lower hybrid wave (LHW) mechanism which, in turn, may be driven by in-
stabilities of ring-beam PUI distributions (Omelchenko et al. 1989; Cairns and Zank 2002).
In addition, shocks and compression waves may induce the observed anisotropy of GCR
proton fluxes (Gurnett et al. 2015; Rankin et al. 2019). Details are discussed in Mostafavi
et al. (2022) and Richardson et al. (2022) in this journal.

An important contribution to building a theory of interstellar (Alfvénic) turbulence was
given by Sridhar and Goldreich (1994), Goldreich and Sridhar (1995). A model of VLISM
turbulence has not been developed yet. A number of physical processes and factors should
be considered to understand and model turbulence and dissipation in the VLISM. These
include:

1. Motion of the HP, i.e. the “forcing effect” associated with the solar activity and HP in-
stabilities;

2. Bow wave/shock effect on the VLISM turbulence;

3. Shock/turbulence interactions, at MHD and kinetic scales;

4. Coulomb collisions;

5. Charge exchange collisions, kinetic instabilities due to the presence of supra-thermal
particles;

6. GCR/turbulence interaction;

7. Partial ionization of the medium.
6.1 In Situ Observations of Magnetic Field Turbulence in the VLISM

Burlaga et al. (2015) presented the first in situ observations of magnetic turbulence in the
VLISM from VI MAG data at the 1 day resolution. (Burlaga et al. 2015) and Burlaga
et al. (2018) investigated two relatively “quiet” intervals between shocks at a distance of
~ 125 AU and ~ 135 AU, respectively. It was shown that (i) the intensity of turbulence
is low, (|6 B|/B) =~ 0.02, which is close to the estimated level of systematic uncertainties
(~0.03 nT or larger for the Bg component) and to the magnetometer’s limit (Burlaga and
Ness 2014a). (ii) the trace power spectra exhibit a power law with a Kolmogorov-like spec-
tral index; (iii) on relatively large scales (~ 1-100 days), the fluctuations were highly com-
pressive in the 2013-2014 interval, closer to the HP, but (iv) the compressibility decreased
in 2015-2016, which suggested an evolution toward an Alfvénic state with distance.

It should be noticed that the terminology “weak” is often used improperly to indicate a
low intensity of local fluctuations with respect to the average field. This condition is satisfied
in the weak (wave) turbulence phenomenology (e.g., Zakharov et al. 1992; Galtier et al.
2000; Schekochihin et al. 2012), but is not sufficient. The strength of nonlinear interactions
must also be evaluated (see discussion in, e.g., Oughton and Matthaeus 2020), as well as
the kind of turbulence forcing. So far, this investigation has not been possible from Voyager
data in the VLISM. To date, detecting weak turbulence regimes in the VLISM turbulence
remains an open challenge.

Another open science question concerns the properties of the unperturbed LISM turbu-
lence. Burlaga et al. (2015) considered the possibility that in the 2013 quiet interval turbu-
lence was not much affected by the solar activity, and extrapolated the Kolmogorov spectrum
to reach the saturation condition § B/ By sm ~ 1, assuming By sy = 0.5 nT. Updated results
presented by Burlaga et al. (2018), show that the outer scale obtained from the extrapola-
tion is ~ 0.01 pc. It was suggested that this scale may be interpreted as the outer scale of
turbulence in the VLISM.
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Some recent studies suggested that the observed turbulence is indeed affected by the
presence of the heliosphere, as far as 25 AU from the HP. In particular, Zank et al. (2017b)
analyzed theoretically the “radiation” of small-amplitude waves by the HP into the VLISM.
They have shown that IHS fast- and slow-mode waves incident on the HP generate only
fast-mode waves that propagate into the VLISM. This result was confirmed by hybrid sim-
ulations of Matsukiyo et al. (2019), and provides a plausible explanation for the observed
large values of compressibility of VLISM turbulence observed by Burlaga et al. (2015). Fig-
ure 24 from Zank et al. (2019) illustrates a possible scenario where the transmitted spectrum
is superimposed on a Kolmogorov-type model spectrum (Giacalone and Jokipii 1999) of
LISM turbulence, that would have an outer scale of 2 pc. Notice that this scale is smaller
than the largest ISM scales shown in Fig. 23, but may be consistent with the size of the
LIC. Interestingly, the recent investigations of the LIC properties reviewed by Linsky et al.
(2022) reveal the presence of temperature inhomogeneities in the LIC on scales smaller than
4,000 AU. According to the scenario depicted in Fig. 24, the outer scale of the locally trans-
mitted turbulence may be of the order of ~ 100 AU, compatible with frequencies of the
order of the solar cycle.

Fraternale et al. (2019a) analyzed four V1 intervals out to 135 AU, including two new
periods in post-shock, “disturbed”, regions. They used 48 s resolution data and were able
to detect the presence of intermittency in the frequency range 107¢ < f,. < 107* Hz, which
is mostly observed in the transverse components of B. Spectral indices, structure function
exponents, and the turbulence intensity for the parallel and perpendicular components are
summarized in Table 5 of Fraternale et al. (2019a). It was noted that a common feature of
all periods is the high magnetic compressibility in the high frequency regime. For instance,
see panel (d) in Fig. 27. This is relevant because (i) it may indicate that physically relevant
information may be obtained using high resolution Voyager data, despite the high level of
noise, and (ii) new questions arise about the turbulent injection and dissipation of fine scale
compressible modes. It was also suggested that interstellar shocks might affect the properties
of turbulence.

Zank et al. (2019) investigated theoretically the nonlinear interaction of linear wave
modes in the VLISM, in the NI MHD framework. In particular, two cases were considered.
The first case is that a fast-mode wave with a 2D, zero-frequency mode to generate a slow-
mode wave. In this scenario, the wavenumber of the latter mode would be larger by a factor
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Fig. 25 The wavelet spectrogram of the magnetic compressibility for VI data from 2013 to 2019. Adapted
from Zhao et al. (2020c¢)

~ Vi/ Va. The second case is that a fast mode wave plus a zero-frequency mode generates an
Alfvén mode with similar wavenumber. Here, the predominantly fast-mode spectrum trans-
mitted at the HP would be replaced by an Alfvén-mode spectrum within a certain distance
from the HP, estimated to be ~ 10 AU by Zank et al. (2019). Both mechanisms may play a
role in the VLISM.

Fraternale et al. (2020) provided the first evidence of fine-scale intermittent turbulence
with |§B| ~ 0.1B in the precursor of the shock wave that crossed V] on day 236 of 2014.
In this case, the frequency range of scales of interest is fi. > 107 Hz (1072 < kyry <1,
where 7y &~ 345 km was estimated using 7 = 30,000 K). The turbulent cascade exhibits
coherent fine-scale structures compatible with a filamentary topology, and an unexpectedly
steep spectrum for the transverse fluctuations. A relevant implication of this study is that
the heliospheric boundary layer (HBL, Pogorelov et al. 2017b) is not featureless on scales
smaller the thermal proton-proton Coulomb collisional mean free path (AP? &~ 0.5-4 AU for
T ~10,000-30,000 K). Moreover, a question is raised about if the weak subcritical shocks
in the VLISM are capable of accelerating ions in their foreshock. A detailed discussion
of this specific turbulence event is presented in Sect. 4.4 of Mostafavi et al. (2022) in this
journal. Here, the trace PSD is shown in panel (d) of Fig. 27.

Zhao et al. (2020c) performed a wavelet and Hilbert spectral analysis of three “quiet” pe-
riods using daily data, focusing on the evolution of the magnetic compressibility. Figure 25
from that study shows the wavelet spectrogram of the magnetic field strength, normalized by
the trace spectrogram. Zhao et al. (2020c) concluded that a conversion from compressible
to incompressible turbulence occurs within the first interval, in particular the compressive
fluctuations are confined within a spatial region of ~ 2 AU from the HP. This seems in agree-
ment with Zank et al. (2019) for wavenumbers in the range k € [10~!!, 1071°] m~'. Such
a decrease of compressibility with distance was also addressed by Burlaga et al. (2020b).
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Fig.26 Time-domain magnetic compressibility from high-pass filtered data (the filter window size is 90 days)
along the V1 trajectory. (Top panel) Magnetic compressibility in the time space obtained from three different
proxies (Egs. (3)—(5) in Fraternale and Pogorelov (2021)). (Bottom panel) Normalized intensity of the fluc-
tuations of |B|. The vertical lines indicate the 2014 shock wave and the 2017 pressure front. Adapted from
Fraternale and Pogorelov (2021)

However, some questions are still open regarding this point. Fraternale and Pogorelov (2021)
pointed out that the decrease of compressibility with distance is not smooth, and is largely
due to an increase of §B,, rather than a decrease of §B). During 2018-2019, the level
of compressibility was larger than during 2015-2016 due to the presence of compressible
waveforms with similar amplitude and periodicity of those observed in 2013-2014 (see
Fig. 26). Compressible wave-like structures have been observed by VI during 2021 out to
~ 150 AU from the Sun (Burlaga et al. 2021). The data analyses of post-shock intervals by
both Fraternale et al. (2019b) and Zhao et al. (2020c) suggest that time dependent effects
and shock-wave interactions may both affect Voyager observations, in addition to the mode
conversion processes described by Zank et al. (2019). Data-driven, global simulations of
Kim et al. (2017b) have shown that the largest compressible perturbations can reach far dis-
tances, beyond 200 AU. An interesting aspect not yet fully understood is the scale-dependent
evolution of the magnetic compressibility. In fact, Cy, is found to grow with the frequency,
reaching a maximum of ~ 0.55 in the high-frequency regime near MHD/ion-kinetic transi-
tional scales (see Fig. 27(c)), which is unlikely to be an artifact of noise.

Lee and Lee (2020) and Fraternale and Pogorelov (2021) performed a detailed spectral
analysis of magnetic turbulence observed by VI until 2019. They described the fluctuations
in the frequency range 107 * Hz < fic < 102 Hz (107" m™! <k <3x10°m~!) using 48 s
data at V1, providing further evidence of the heliospheric influence on the observed VLISM
turbulence out to 150 AU. Examples of magnetic energy spectra are shown in Fig. 27. Char-
acteristic scales of the thermal plasma and energetic particles are reported in panel (a), in-
cluding also the proton and electron GCR gyroscales obtained by Rankin et al. (2020). Lee
and Lee (2020) also performed a combined analysis of magnetic field and plasma wave data
and analyzed short time intervals in the wavenumber range 1071 m~! <k < 107 m~!. By
comparing observations and the theoretical dispersion relations of MHD modes, they con-
cluded that at these scales no linear modes can explain Voyager observations, and turbulence
might be associated with arc/spherically polarized Alfvén wave modes.

Fraternale and Pogorelov (2021) have shown that the spectrum of fluctuations on fre-
quencies f,. < 107% Hz is dominated by quasi-periodic waveforms with the period of
~ 10-100 days (£, =~ 0.2-2 AU). Such oscillations determine the breaks in multi-scale
statistics. Often, they have a mixed compressive/transverse nature and display “N-wave”
profiles that may be ascribed to nonlinear steepening (Whitham 1974; Webb et al. 1993).
Wave trains are particularly intense in post-shock intervals, as noted by Burlaga and Ness
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Fig. 27 Magnetic field spectra in the VLISM from VI data during a quiet interval (panels a, b, and ¢) and
during a post-shock interval (panel d). Panel (c¢) shows the scale-dependent magnetic compressibility. Some
relevant scales are reported in panel (a). Adapted from Fraternale and Pogorelov (2021), Lee and Lee (2020)

(2016), Burlaga et al. (2019b), and also by Burlaga et al. (2021). From an estimate of the tur-
bulent Alfvén Mach number (M4 i, ~ 0.025-0.1), Fraternale and Pogorelov (2021) argued
that such fluctuations may have been amplified locally due to the encounter with one or more
shocks but their nature is still unclear. They estimated that the magnetic pressure fluctuations
in quiet intervals, § P, ~ 1.5 x 1074 Pa, is a significant fraction (up to 50%) of the pressure
jump associated with the shocks. In analogy with well known results of shock/turbulence
interaction in fluids (e.g., Lele and Larsson 2009) or collisionless plasmas (e.g., Trotta et al.
2021), this suggests that the structure and propagation of interstellar shocks/compression
waves may be affected by turbulence (and vice versa).

Panels (a), (b), and (c) of Fig. 27 show results for the 2015.5-2016 quiet interval at V1.
Panel (b) is taken from Lee and Lee (2020), and also shows the PSD obtained by Burlaga
et al. (2018). Panel (d) shows spectra during 2017-2018. This interval follows a large pres-
sure pulse that crossed VI in 2017.0. At frequencies fsc > 5 x 107® Hz (k; ~ 107° m™"),
a Kolmogorov-like spectral form is generally observed. However, Fraternale and Pogorelov
(2021) pointed out that interpreting fluctuations as a classic Kolmogorov turbulence may
be too simplistic a view, at least in the HBL. Both spectral index anisotropy and vari-
ance anisotropy are observed. Occasionally, the spectral index is close to -2, which may
be partially ascribed to a coherent-cascade scenario, an example of which is the Burg-
ers’ turbulence phenomenology. A common feature in all VI intervals is the flattening at
fsc =5 x 107° Hz. Certainly, the presence of noise in MAG data and the may affect this
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range of frequencies (Burlaga et al. 2014). Burlaga et al. (2018) applied a low-pass filter
to exclude this range. Being aware of that, one can notice that significant anisotropy and
variations of the power laws are observed in the high frequency MHD regime. Since these
features are not typical of random noise, recent studies suggest that physically relevant fluc-
tuations in the microscale regime (£ &~ 1-1000 d;) may be present in Voyager data. A striking
example is the intense foreshock turbulence event (see the light-blue curve in Fig. 27(a)).
A similar intensification of fine-scale turbulence was also observed in late 2018 (panel d).
Therefore, a question arises regarding whether local mechanisms may be responsible for the
injection of wave power in this regime.

A relevant physical aspect that may affect turbulence in the VLISM is the plasma colli-
sionality with respect to Coulomb collisions. Recent estimates for the transport coefficients
parameters can be found in Baranov and Ruderman (2013), Mostafavi and Zank (2018),
Fraternale and Pogorelov (2021). The collisional transport theory holds if £, > /AP 1,
and ¢; 2 AP?, where we indicate with £, (¢) the fluctuation scale in the direction per-
pendicular (parallel) to B, and with A”? the proton—proton Coulomb collisional mean free
path. Since VI is likely sampling mostly £, Fraternale and Pogorelov (2021) argued that
part of observed fluctuations in the high frequency range of the spectrum do not satisfy the
first condition. The cutoff perpendicular scale would be in the range of ~ 1-3 x 1073 AU
for T ~ 7,500-30,000 K (AP? =~ 0.5-4 AU). This is reported in Fig. 27(a). According to
Baranov and Ruderman (2013), the Reynolds number based on the bulk VLISM flow and a
reference length of 100 AU is relatively low, Re ~ 100-1000, while the magnetic Reynolds
number is Rey, ~ 10'“~10". The later estimates of Fraternale and Pogorelov (2021) con-
firm the huge separation of viscous and resistive scales (large magnetic Prandtl number,
Pry, > 1). These peculiar conditions have been investigated by means of numerical sim-
ulations of compressible turbulence by Cho and Lazarian (2002), and a model that was
proposed by Cho et al. (2003) (see also Biskamp 2003, and references therein). They found
the existence of a viscosity-damped regime where magnetic field fluctuations follow a shal-
lower, ~ k=, spectral form at scales smaller than viscous cutoff, where the velocity field is
smooth. Such spectral behavior resembles Batchelor’s (1959) viscous—convective subrange
for a passive scalar in hydrodynamics. However, the magnetic field is dynamically impor-
tant and the analogy with the passive scalar cascade may not always be appropriate. The
relevance of these finding to the observed VLISM turbulence is the subject of current in-
vestigation. An estimate of the effective Reynolds number (Matthaeus et al. 2005) based
on the observed correlation scale and the ion inertial length gives Rees = (£./ d)*? ~ 107
(Fraternale and Pogorelov 2021).

Intermittency in the VLISM has been observed by Fraternale et al. (2019a), and a de-
tailed investigation of quiet intervals was carried out by Burlaga et al. (2020a) using 1 h
increments. They have shown that the intermittency in the transverse component is domi-
nant in the VLISM beyond several AU from the HP. The kurtosis reaches values up to 7.
Burlaga et al. (2020a,b) also provide the first observation of VLISM turbulence at V2. Here,
intermittency is significantly larger than at VI, the compressible fluctuations are dominant
at f,. < 107> Hz and the intermittency is greater for the compressible component than for
the transverse one, with kurtosis values exceeding 12. In the high-frequency regime, it is
typically very difficult to observe intermittency due to noise in the measurements. We note
that so far such observations have only been made in the regions of enhanced fluctuations
described previously, and that the actual levels of intermittency may be higher than the ob-
served ones.
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6.2 In Situ Observations of Electron Density Fluctuations in the VLISM

Recently, Lee and Lee (2019), Lee and Lee (2020) and Ocker et al. (2021b) computed spec-
tral density functions (SDFs) of electron density fluctuations using VI PWS data, and com-
pared them with the far ISM spectrum. Both enhanced plasma wave events and the recently
discovered continuous emission line (Ocker et al. 2021a) have been used for the analysis.
To date, these are the only available observations in the kinetic regime, at scales as small
as ~ 1000 m. The physical mechanisms responsible for the persistent plasma waves is not
entirely clear, but Gurnett et al. (2021) suggested that the emission is driven by suprather-
mal electrons that excite Langmuir waves, with minimum wavelength A &~ 700-2300 m and
phase speed ~ 3000 kms~!. These oscillations are comparable to the quasi-thermal noise
(QTN) but, according to Gurnett et al. (2021), QTN from a Maxwellian electron velocity
distribution (with either 7 = 7000 K or 30,000 K) cannot be detected by the effective 7.1 m
dipole antenna of Voyager, since the Debye length is estimated to be 35 m. Figure 29(top)
from their study shows that a core-Maxwellian and kappa distribution may explain VI PWS
observations (bottom panel). In this case, suprathermal electrons may contribute signifi-
cantly to the pressure in the VLISM. Meyer-Vernet et al. (2022) instead predict that a minute
concentration of suprathermal electrons, may be sufficient to explain the observed VI emis-
sion line. What is the origin of the suprathermal tail? Is the narrowband emission caused by
Brownian-motion-like fluctuations in the phase-space density of the high-energy tail, or it is
due to fluctuations caused by the a turbulent cascade? These questions are subject to current
scientific debate.

The SDF obtained by Lee and Lee (2020) is shown in Fig. 28. At kinetic scales, a bulge of
enhanced power is observed at k > 107> m~! (kd; > 1), which can indicate the presence of
high frequency wave activity that may include Langmuir waves, ion and electron cyclotron
waves, mirror waves, or compressive kinetic Alfvén waves. The shallower spectral slope at
such scales was also found by Ocker et al. (2021b), who also warn about the possibility
that quantization of the PWS data in this regime might bias the density fluctuations. At
MHD scales (k < 1079 m™!), the in situ spectrum obtained in the VLISM by Lee and Lee
(2020) follows a Kolmogorov-like power law ( Py insira = 1070365004 ;=20/3§=5/3) "and its
intensity is higher than the remote spectrum of Armstrong et al. (1995) by a factor of ~ 90
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(Pin.remote = 1072324006 19 =20/3=5/3) The power excess of in situ data was later confirmed
by Ocker et al. (2021b) and is consistent with the presence of compression waves. Ocker
et al. (2021b) have also investigated the electron density turbulence near the Guitar Nebula
and other stellar bow shocks, providing evidence that density fluctuations near such bow
shocks may be significantly amplified with respect to the diffuse, warm ionized medium.

6.3 Microinstability of PUI Distributions and the IBEX Ribbon

A kinetic process expected to take place in the VLISM is the instability of the ring-beam dis-
tributions of PUIs born in the VLISM by charge exchange between SW neutrals and VLISM
ions. The issue of PUI isotropization in the VLISM is still highly debated. Models predict
that the ring-beam distribution is subject to a number of instabilities such as beam-driven
Alfvén ion cyclotron (AIC), mirror and ion Bernstein (IB), magnetosonic, ion-ion beam-core
modes, reviewed by Gary (1991, 1993), Gary et al. (1984). Hybrid simulations and instabil-
ity analysis have been presented, e.g., by Florinski et al. (2010), Summerlin et al. (2014),
Florinski et al. (2016), Min and Liu (2018), Roytershteyn et al. (2019), Mousavi et al. (2020).
Florinski et al. (2016) discovered a stability gap for the AIC instability. However, here mirror
and IB modes may be unstable, as shown by Min and Liu (2018). Roytershteyn et al. (2019)
simulated realistic pickup ion distributions inferred from the MS-FLUKSS global model.
They found that the instability reaches the saturation condition on short time scales of hours
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Fig. 30 Amplitudes of magnetic field self-generated turbulence due to PUI instability from hybrid simula-
tions and comparison with VI observations in the VLISM. (Panels a, b) Results from 1D hybrid simulations
of Roytershteyn et al. (2019) and 2D simulations of Mousavi et al. (2020). The realistic PUI density in panel

(b) corresponds to the density amplification factor R, = 1. (Panel ¢) growth rate contours of three instabili-
ties in the k| — k. space from the linear stability analysis of Min and Liu (2018) (case (vtrkl]nﬁ/ VA)2 =0.01).

(Panel d) Normalized 20d_order structure functions of magnetic field fluctuations at VI in the VLISM, in
different periods between 2013 and 2019 (labeled as 11-15), adapted from Fraternale and Pogorelov (2021)

or days, with low magnetic fluctuation amplitudes, but no isotropization was achieved on
the time scales accessible to the simulations. Recently, Mousavi et al. (2020) explored the
excitation of possible oblique instabilities using the same distributions of Roytershteyn et al.
(2019) and a larger 2D simulation domain. They have shown that mirror mode waves are
also unstable, initially with a larger growth rate than AIC waves. The mirror modes were re-
ported to produce additional scattering of PUIs and to eventually result in additional growth
of AIC waves that dominate late in the simulations. It is important to emphasize that major-
ity of existing simulations report behavior on relatively short time scales (compared to the
charge exchange time in the VLISM, see below). A longer time-evolution is likely accessi-
ble only to quasi-linear analysis of the type undertaken by Min and Liu (2018), rather than
to direct kinetic simulations. Can Voyager observe signatures of PUI self-generated turbu-
lence? The above studies agree in that the range of parallel wavenumbers of interest for the
instability is 0.1 Sk di S 1.

As shown in Fig. 27(a) and Fig. 30(d), such a wavenumber range may have been partially
observed by V1. The above studies agree that the instability amplitudes at saturation condi-
tions are in the range of § B/ By ~ 5 x 1075=5 x 10~*, for realistic PUI densities. Burlaga and
Ness (2014b) and Florinski et al. (2016) compared the instability amplitudes with VI obser-
vations and estimated that the instability amplitude should be much larger than the level of
turbulence observed by Voyager. However, this conclusion had to be revised because of a
normalization error in the PSDs of Burlaga et al. (2015). A new comparison has been made
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recently by Fraternale and Pogorelov (2021). Interestingly, the normalized intensity of mag-
netic field fluctuations at VI in the VLISM seems to be compatible with the expected am-
plitudes of PUI waves. Panels (a) and (b) of Fig. 30 report the normalized amplitude of self-
generated turbulence in the hybrid simulations of Roytershteyn et al. (2019) and Mousavi
et al. (2020). Panel (d) shows the normalized 2" —order structure functions of magnetic field
fluctuations in different intervals at VI from 288 s averaged data. Since Voyager MAG mea-
surements in the microscale regime lie in the noisy band and are very close to the sensitivity
of the magnetometers, further investigations are needed to draw conclusions on this topic.

The VLISM turbulence and the instability process of PUI distributions are both key in-
gredients of the existing theories for the formation of the /IBEX “ribbon” of enhanced ENAs,
as discussed in Sect. 3.2.3 of Galli et al. (2022) in this journal.

Essentially, the fundamental and still open question is whether a quasi-anisotropic PUI
pitch angle distribution in space can be reached in the VLISM, what is the role of preexisting
turbulence and kinetic instabilities in the isotropization of the PUI distribution, and what is
the typical time scale of the isotropization, as compared to the charge exchange collision
rate.

Both the weak scattering (e.g., Zirnstein et al. 2018, and references therein) and the
strong scattering limits have been considered. In the latter case, one theory predicts that the
ribbon is formed within a “retention region”, in directions perpendicular to the ISMF, where
newly ionized atoms are temporarily contained due to the enhanced scattering by the local
turbulence (Schwadron and McComas 2013; Isenberg 2014; Schwadron et al. 2018). Gi-
acalone and Jokipii (2015) suggested that magnetic mirroring may play an important role in
trapping particles in pre-existing, small-amplitude compressible turbulence. Zirnstein et al.
(2020) extended the work of Giacalone and Jokipii (2015) by simulating the 3D transport of
PUI in the VLISM in the presence of Kolmogorov-like, homogeneous, and isotropic turbu-
lence with a power spectrum that fits V/ observations by Burlaga et al. (2018). Interestingly,
it was found that the structure of the ribbon can be well reproduced only if the magnetic
turbulence correlation scale is smaller than 50 AU. This result is consistent with the idea
that the ribbon source lies within a few tens of AU from the HP (Swaczyna et al. 2016), and
fits well the turbulence scenario the that is emerging from the recent studies.

7 Magnetic Reconnection

It has long been suggested that magnetic reconnection at the heliopause may play a signifi-
cant role in determining the overall morphology of the magnetic field, as well as the plasma
transport across the heliopause (e.g. Fahr et al. 1986). Indeed, simulations of Pogorelov et al.
(2017b) confirmed that the HP is subject to MHD instabilities and magnetic reconnection
(see Fig. 31, left panel). Further, the sector structure of the HMF in the IHS is inherently
favorable to magnetic reconnection due to both the compression of sectors and the increase
of d; with distance (right panel in Fig. 31), which may play a role in accelerating ACRs (e.g.
Lazarian and Opher 2009; Drake et al. 2010; Opher et al. 2011).

As discussed by Burlaga et al. (2020a), there is no compelling direct evidence in Voyager
data for magnetic reconnection, even in the distant IHS. On the other hand, observations
alone are not sufficient to conclude that magnetic reconnection does not occur and, arguably,
reconnection cannot really be separated from turbulence (Lazarian and Vishniac 1999; Eyink
et al. 2011; Eyink 2015). Some of the principal points of discussion in the literature on
magnetic reconnection in the IHS include:
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V1v2 Plane
=
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Fig. 31 (Left panel) Instability and reconnection at the HP, visualization of B in the V1-V2 plane (from
Pogorelov et al. 2017b). (Right panel) Transition to chaotic behavior in the IHS (from Pogorelov et al. 2013b).
Magnetic field distribution (in uG) is shown in the meridional plane defined by the Sun’s rotation axis and
the LISM velocity vector V. The angle between the Sun’s rotation and magnetic axes is 30°

1. The magnetic flux RBVyg apparent decrease at VI, not observed at V2 (Burlaga et al.
2019b). We emphasize that this flux should be conserved only for a radial, steady flow,
and azimuthal magnetic field, in absence of dissipative processes. None of these condi-
tions are actually satisfied in the IHS. On the other hand, Drake et al. (2017) have shown
that the magnetic flux is not necessarily reduced in a reconnecting current layer.

2. A few “D-sheets”, supposed to be a manifestation of reconnection in the supersonic SW,
have been observed in the IHS (Burlaga et al. 2006a; Burlaga and Ness 2009; Burlaga
et al. 2017). Such events are rare in the data, but it may not be surprising because the
spacecraft sample a tiny portion of space and time.

3. Less HCS crossings than expected have been detected at VI (Richardson et al. 2016).

4. Anticorrelation of magnetic field and density fluctuations was occasionally observed
at V2 (Drake et al. 2010), consistently with reconnection. However, as discussed in
Sect. 5.1.2, other physical mechanisms have been proposed.

5. The HMF magnitude near the HP obtained from global simulations is in agreement with
observations only in time dependent simulations where the HCS is allowed to dissipate
(by numerical viscosity). In the assumption of unipolar HMF, its strength in the IHS is
5-7 times stronger than observed (see Pogorelov et al. 2021; Kleimann et al. 2022). This
suggests that HMF dissipation occurs in the real system but quantifying the dissipation
rate and pathways remains a challenge.

Description of magnetic reconnection in the IHS and at the HP is an extremely difficult
problem in both global and kinetic models. Indeed, significant progress has been achieved
in recent decades in understanding of magnetic reconnection in weakly collisional plasma,
such as the solar wind (e.g. Yamada et al. 2010; Ji and Daughton 2011; Burch et al. 2016).
At the most fundamental level, the reconnection in such regimes proceeds by compressing
current sheets — the regions of very large magnetic shear — all the way down to electron
scales. However, in high Reynolds number systems turbulence, either self-generated or pre-
existing, plays an essential role (e.g. Lazarian and Vishniac 1999; Eyink et al. 2011; Eyink
2015; Daughton and Roytershteyn 2012; Lazarian et al. 2020, and references therein) to
enable magnetic reconnection on global scales. Such a coupling between microscopic and
macroscopic dynamics is impossible to describe in global models.
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Even the influence of turbulence may be difficult to capture properly due to the limited
resolution of such models. The only feasible approach consists of identifying potential re-
connection sites in global models based on simple analytical criteria (such as large shear
of magnetic field) and then studying these regions using local models with boundary and
driving conditions corresponding to the regions of interest. It is beneficial to employ kinetic
formalism in the local simulations and utilize fully kinetic and hybrid kinetic (kinetic ions +
fluid electrons) particle-in-cell codes to study magnetic reconnection on microscopic (below
100 d;) and mesoscopic scales (up to ~ 1000 d;).

Even though the PUIs have relatively low density in the regions of interest, they are
energetically dominant beyond the HTS. Meanwhile, previous investigations of magnetic
reconnection in the THS and at the HP either ignored the presence of PUIs, or modeled
them in highly simplified manner (e.g. as an isotropic Maxwellian population with higher
temperature than the background (e.g. as an isotropic Maxwellian population with higher
temperature than the background, Drake et al. 2010). Some relevant clues to the possible in-
fluence of PUIs are offered by the previous investigations of the role played by heavy ions,
in particular O+, in the reconnection process in the Earth’s magnetosphere. Such investiga-
tions revealed existence of a separate, larger, O+ diffusion region in addition to proton and
electron diffusion regions, as well as offered evidence that the presence of O+ may signifi-
cantly affect reconnection dynamics (Liu et al. 2015). As such, one might expect that PUIs
also have a substantial effect on the structure of reconnection regions, onset of reconnection,
and other important properties of the reconnection regions.

8 Concluding Remarks

Turbulence is critical to various heliospheric processes accompanying the SW-LISM inter-
action on scales ranging from ~ 100 AU to the electron kinetic scales.

In this paper, we attempted to give an overview of the evidence of turbulence in the
distant, supersonic SW, heliosheath, and VLISM regions. A long-standing problem of iden-
tifying the channels of energy transfer and turbulent heating rates of ions and electrons
is perhaps the most fundamental open challenge in all regions. Understanding the energy
reservoirs in the outer heliosphere is also critical. Energetically dominant PUIs inject turbu-
lent energy at small scales through several instability processes, but large-scale structures,
instabilities, and shock waves are also present. At inertial range scales, the study of vari-
ance anisotropy measurements at large heliocentric distances have not provided sufficient
insight into the geometry of turbulence, which raises a question about the applicability of
the “standard” paradigms based on near-Earth observations.

In the IHS and VLISM, the best evidence of turbulence so far has been the observation
of intermittency of magnetic field fluctuations, power-law regimes for spectra and higher
order structure functions, and multifractal statistics. The prominent feature of turbulence
in these regions is its compressible nature. This also constitutes the major challenge from
the modeling perspective. Recent theoretical and numerical investigations have provided us
with convincing explanations on how the termination shock and the heliopause can generate
compressible turbulence in the IHS and VLISM.

However, the mechanisms responsible for the in situ origin of microscale compressible
fluctuations are less clear. In the IHS, they have been associated with local temperature-
anisotropy-driven instabilities. What is the contribution of these structures to the overall
cascade rate? How are large-scale traveling wave modes coupled to turbulence? How do
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turbulence and reconnection operate to dissipate the HCS, especially near the HP? To date,
these questions remain largely unsolved.

Recent studies suggest that the turbulence observed in the VLISM is a superposition
of the fluctuations emanated by the HP and the background LISM turbulence. However,
discriminating between these two components has not been possible so far, which leaves the
question about the properties of the unperturbed LISM turbulence open. Some features of the
VLISM turbulence remain obscure. For instance, what is the dissipation rate of compressible
turbulence? What is the origin of quasiperiodic oscillations and N-wave profiles observed at
MHD scales? What is the role of turbulence in the VLISM shock formation, structure and
propagation? What processes are dominant at ion scales and what are the isotropization time
scales of suprathermal particle distributions? What is the origin of suprathermal electrons
and Langmuir waves? What specific turbulence cascade phenomenology can describe the
VLISM turbulence?

We only have partial answers to these questions. Pursuing the investigation of turbulence
in the outer heliosphere will allow the space physics community to make a step forward in
the understanding of turbulence as a basic physical process. Such progress should shed light
on the mechanisms of magnetic field dissipation in the IHS and on the dynamical effects of
turbulence on the SW flow.
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