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Turbulence is ubiquitous in space plasmas. It is one of the most important subjects in heliospheric physics, as it plays a fundamental role in the solar wind—local interstellar medium interaction and in controlling energetic particle transport and acceleration processes. Understanding the properties of turbulence in various regions of the heliosphere with vastly different conditions can lead to answers to many unsolved questions opened up by observations of the magnetic field, plasma, pickup ions, energetic particles, radio and UV emissions, and so on. Several space missions have helped us gain preliminary knowledge on turbulence in the outer heliosphere and the very local interstellar medium. Among the past few missions, the Voyagers have paved the way for such investigations. This paper summarizes the open challenges and voices our support for the development of future missions dedicated to the study of turbulence throughout the heliosphere and beyond.
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1 INTRODUCTION
Turbulence is one of the most important processes in the heliospheric and astrophysical plasmas, routing energy from the largest to the smallest scales and mediating the transport of energetic particles (Bruno and Carbone, 2013). It plays a critical role in the interaction of the solar wind (SW) with the local interstellar medium (LISM). However, its properties in the outermost regions of the heliosphere and beyond are poorly understood. Figure 1 shows the plasma mixture’s temperature and the neutral hydrogen density distributions along the BLISM−VLISM plane, obtained from the most recent MHD-plasma/kinetic-neutrals model employed in MS-FLUKSS, the Huntsville global heliosphere numerical code. It highlights the distinct regions that can be explored in situ by future missions: the supersonic solar wind (SW), the inner heliosheath (IHS), and the interstellar regions, including an outer heliosheath (OHS). The portion of the LISM affected by the presence of the heliosphere is called the very local interstellar medium (VLISM) (Zank, 2015; Zhang et al., 2020; Fraternale and Pogorelov, 2021). It can extend to hundreds of AU along the upwind direction and thousands of AU into the heliotail (Zhang et al., 2020). At the heliospheric termination shock (HTS) the SW violently transitions to a subsonic flow. The heliopause (HP) separates the SW from the VLISM. A heliospheric boundary layer (HBL) with decreased plasma density and draped magnetic field is adjacent to the HP on the VLISM side (Pogorelov et al., 2017b).
[image: Figure 1]FIGURE 1 | Heliospheric regions illustrated using a global heliosphere simulation with kinetic neutral H and He atome, and steady-state boundary conditions (Fraternale and Pogorelov, 2021; Fraternale et al., 2022b). Region (1a) includes the VLISM beyond the bow shock (BS) or bow wave (BW). Region (1b) represents the OHS (filled with the disturbed VLISM). Region (2) represents the IHS (subsonic SW). Region (3) represents the supersonic SW. The color plot shows the proton temperature distribution in the BLISM-VLISM plane, overlayed, in the bottom half, to the neutral hydrogen density distribution.
The global and fine-scale properties of these regions are significantly affected by the presence of pickup ions (PUIs), i.e., interstellar neutrals that were ionized as they flowed into the heliosphere, or neutrals of heliospheric origin that were deposited in the LISM (Möbius et al., 1985; Williams et al., 1995; Zank, 1999). Their thermal energy becomes dominant beyond ∼10 AU from the Sun (Zank et al., 2018; Zhao et al., 2018; Zhao et al., 2019a).
Much of our current understanding of the outer heliosphere and VLISM relies on a few missions, namely Voyager (V1, V2), Ulysses, IBEX, and New Horizons (NH). Ulysses has provided the first latitude scan of the heliosphere, sampling SW plasma and neutral atoms from the solar equator to the poles as far as 5 AU from the Sun. IBEX has been providing us with more than one solar cycle of remote observations of neutral atom fluxes, including Energetic Neutral Atoms (ENAs). The upcoming Interstellar Mapping and Acceleration Probe (IMAP) will further shed light into the global properties of the heliosphere and its interaction with the LISM through high resolution neutral atoms measurements (McComas et al., 2018). The Voyagers, launched in 1977, have paved the way to in-situ investigations of the distant SW and VLISM. To date, they are the only spacecraft that made in-situ measurements from the IHS, and they are both currently in the OHS. They have revealed the very dynamic nature of the SW and VLISM in these regions of space. The more recent NH mission has been measuring PUIs beyond 20 AU for the first time and is now at ∼50 AU from the Sun.
However, such missions have been limited in their ability to collect data because instruments doing the in-situ measurements were not specifically designed for turbulence analysis. Major limitations to turbulence measurements are related to the 1D sampling by a single-spacecraft; the cadence of measurements; and instrumental issues such as noise, limited telemetry coverage, failure or shutdown of subsystems, and partial availability of measurements (e.g., lack of PUI measurements at Voyager and of magnetic field measurements at New Horizons, low plasma cadence and reduced aphelion distance at Ulysses). Besides, it is still unfeasible to resolve turbulence directly over the whole range of scales in global models.
Our understanding of turbulence in space plasmas would greatly benefit from new missions to the outer heliosphere, such as the Interstellar Probe (ISP) mission (Brandt et al., 2022; McNutt et al., 2022). It is desirable to have a variety of plasma conditions observed in the different regions of the heliosphere, covering particle composition, distribution functions, collisionality, ionization ratio, and their correlation with turbulence properties. In Table 1, we indicate the typical plasma parameters and relevant scales in different regions of the heliosphere and in the LISM. For turbulence studies, future missions should be equipped with both a high–cadence magnetometer and a plasma instrument with the capability to distinguish PUIs from thermal ions. Here in the following, we summarize some specific science objectives focused on the study of turbulence.
TABLE 1 | Typical plasma parameters in various regions of space. The values at 1 AU are average SW conditions in the Ecliptic from 2012 to 2022 (OMNI and Wind data https://omniweb.gsfc.nasa.gov/). At 45 AU, we report the SW and PUI observations made by New Horizons (McComas et al., 2021), and the magnetic field at V2. In the IHS, we use average V2 observations form 2008 to 2018 (e.g., Richardson et al., 2022). Since PUI were not measured by Voyager, we assumed the density fraction of 25% and TPUI = 5 × 106. There are no electron measurements in the distant SW. In the VLISM in proximity of the HP, we show the range of values observed by V1 and V2 (within 150 AU from the Sun). In particular, we present V1 and V1 magnetic field observations (e.g., Burlaga et al., 2022), temperature measured by V2 (Richardson et al., 2019), electron density from V1/PWS observations (Gurnett et al., 2021), flow speed from simulations (Pogorelov et al., 2017a; Kim et al., 2018). Lastly, about the LISM properties in the LIC, we indicate the range of values based on the extensive literature, see (e.g., see Slavin, 2009; Frisch et al., 2011; McComas et al., 2015; Zirnstein et al., 2016; Wood et al., 2019; Linsky et al., 2022, and references therein). Some of the LISM properties are subject to large uncertainties and still the subject of current research. Frequencies and scales are obtained using the above quantities (for the electron inertial length, we have assumed Te = Tp,th). For more details, see the Tables published by Fraternale et al. (2019a); Fraternale et al. (2019b); Fraternale and Pogorelov (2021).
[image: Table 1]This paper is also published as a white paper for the Heliophysics 2,024 Decadal Survey (Fraternale et al., 2022d), in support of future missions aimed at investigated turbulence from the Sun to the LISM.
2 SCIENTIFIC OBJECTIVES
2.1 Evolution of turbulence in the inner heliosphere, interplay of turbulence and structures
Turbulence observed in the SW can be divided into the pre-existing turbulence coming from the Sun and that generated locally by the complex small- and large-scale structures in the SW. Its radial evolution and the mechanisms that control it during the expansion are not fully understood. Our knowledge of turbulence mostly relies on observations within 1 AU form the Sun, where a wealth of available spacecraft including multi-spacecraft missions such as MMS, CLUSTER, and the upcoming HelioSwarm, have helped resolve the distribution of wave vectors and underlying dynamics. The SW has a complex magnetic structure from large to small scales that includes dynamically interacting spaghetti-like magnetic flux tubes separated by current sheets (CSs) (Borovsky, 2008; Greco et al., 2009; Borovsky, 2020), magnetic islands or plasmoids near the heliospheric current sheet (HCS) (Khabarova et al., 2015; Khabarova et al., 2016; Khabarova et al., 2021; Eriksson et al., 2022), compressive and Alfvénic coherent structures (Perrone et al., 2016; Perrone et al., 2017), plasma waves, and shocks (see Sections 2.3, 2.7). These structures show random, intermittent features with power-law spectral distributions (Sorriso-Valvo et al., 2005; Sorriso-Valvo et al., 2017; Bruno, 2019). The statistical nature has led to an apparent dichotomy between “random” turbulence and more “ordered” features possibly not manifestations of turbulence, thus posing challenging questions about their origin, interplay and roles in the SW heating and energetic particle transport and acceleration. Between ∼15 and ∼35 AU, corotating interaction regions (CIRs) coalesce, producing merged interaction regions (MIRs) where the plasma features broad pressure jumps and shock-like structures. Tangential discontinuities (TDs) within CIRs between the forgoing slow and following fast SW can contribute to the in-situ generation of turbulence (Ghanbari et al., 2019; Sorriso-Valvo et al., 2021). Plasma instabilities such as Rayleigh-Taylor (RT) and Kelvin-Helmholtz (KH) can set in due to shear layers in CIRs (Neugebauer et al., 1986; Odstrcil and Pizzo, 1999; Kieokaew et al., 2021). Beyond ∼10 AU, PUI thermal energy becomes dominant. As PUI are isotropized, they generate turbulence.
High-resolution plasma and magnetic field measurements obtained by new missions in the distant SW could be used to understand turbulence and SW structures in an environment where PUIs are energetically dominant. Since a spacecraft directed to the outer heliosphere will likely use gravity assistance (e.g., at Jupiter or Saturn), the mission can also provide an opportunity to study planetary magnetospheric turbulence.
2.2 Anisotropy of turbulence throughout the heliosphere
Solar wind turbulence is anisotropic with respect to the background mean magnetic field (B0). As a result, observed features of turbulence depend on the sampling angle between the SW velocity and the direction of the large-scale field. This is a consequence of Taylor’s hypothesis (Taylor, 1938), where the observed timescales are translated to length scales based on the flow velocity. The anisotropy shows several aspects. For example, the turbulence correlation function has a “Maltese cross” shape (Matthaeus et al., 1990), suggesting a superposition or alternation of the different modes with wavevectors perpendicular (k⊥) and parallel (k‖) to B0. The 2D + slab is a popular model of anisotropic turbulence, where the 2D component contains fluctuations with k⊥ and the slab component contains fluctuations with k‖. However, the presence of different plasma populations in mixed fast and slow SW conditions complicates the Maltese cross analysis and interpretation (Dasso et al., 2005).
The anisotropy also shows significant differences in the turbulence power density when they are measured parallel and perpendicular to B0. In the SW at 1 AU, fluctuation in modes with k ⊥B0 typically dominates over the parallel propagating modes, consistent with the dominance of 2D component as shown by Bieber’s “ratio test” (Bieber et al., 1996). Efforts to employ such method beyond 10 AU, however, have not been satisfactory (Pine et al., 2020b), which leaves an open question about the evolution of anisotropy with radial distance.
Another still active area of research focuses on the anisotropy of the spectral index. The spectral index clearly depends on the angle between the magnetic field and the radial direction. This makes it ambiguous in interpreting observations because any perceived change in turbulence properties can be interpreted as either due to intrinsic modification of the turbulence itself or simply due to the change in the sampling angle. Observations from the Sun to the VLISM can help us better understand how turbulence anisotropy evolves with external parameters by modeling the observed power spectrum to disentangle the effects of sampling angles. External parameters can include radial distance, SW speed, proton beta (βp), and solar activity.
2.3 Waves in the solar wind and very local interstellar medium
Waves in the SW are characterized by fluctuations that follow a certain dispersion relation (e.g., Gary, 1993). Waves with clear frequency and polarization signatures can sometimes be observed in SW in-situ measurements, including both magnetohydrodynamic- (MHD-) and kinetic-scale waves. Kinetic-scale waves are especially important for SW heating via wave-particle interaction and stochastic heating. These waves usually exist in imbalanced Alfvénic turbulence.
Different waves can be distinguished by the range of frequency or wavelength, wavevector direction, and polarization properties. For low-frequency MHD waves, Alfvén modes typically dominate in the supersonic SW, with a small fraction of fast or slow magnetosonic waves. However, this might not be true in the IHS (Borovikov et al., 2012; Fraternale et al., 2019a; Zieger et al., 2020). In the kinetic range, ion cyclotron waves (ICWs) propagate nearly ‖ B0 and possess a left-handed polarization in the SW frame; kinetic Alfvén waves (KAWs) propagate nearly ⊥ B0 and are right-handed polarized, and whistler waves are right-hand polarized and propagate quasi-parallel or obliquely to B0. They tend to have large magnetic compressibility with strong parallel fluctuations. In contrast, KAWs are mostly dominated by perpendicular fluctuations. In the distant SW, PUIs generate Alfvénic cyclotron, right-hand polarized waves during the process of isotropization (Lee and Ip, 1987). The exact mechanisms underlying this process and the role of either background or self-generated turbulence and eventually the heating of the SW due to PUIs are still the subject of current investigations. PUI waves have been detected in specific intervals as far as 45 AU from the Sun (e.g., Hollick et al., 2018) at frequencies near the ion cyclotron frequency. Why these waves are not always seen, if they exist in the IHS and VLISM, and what is their contribution to SW heating energetic and particle scattering (Engelbrecht, 2017) are open points.
In the VLISM, low-frequency, quasi-periodic oscillations in B have been identified out to 150 AU form the Sun (Burlaga and Ness, 2016; Fraternale and Pogorelov, 2021; Burlaga et al., 2022). The wavelength is ∼0.2–3  AU and they contribute significantly to the power spectrum on frequencies fsc ≲ 10−6 Hz, at in the relatively narrow heliospheric boundary layer adjacent to the HP, whose thickness along the heliospheric nose direction may be of the order of [image: image] AU. Moreover, a spectral coherence has been recently detected between magnetic field parallel fluctuations and oscillations of galactic cosmic ray (GCR) fluxes (Fraternale et al., 2022c). What is their origin and how they evolve with distance and interact with turbulence remain outstanding questions. At kinetic scales, open questions regard the instability and isotropization of PUI distributions and associated wave modes (Florinski et al., 2016; Roytershteyn et al., 2019; Mousavi et al., 2020), and the mechanisms of generation of Langmuir waves and associated radio emissions require further investigation (Gurnett et al., 1993; Cairns and Zank, 2002; Gurnett et al., 2015, 2020; Pogorelov et al., 2021).
Future missions should enable us to identify both low-frequency and kinetic-scale waves form the near-Sun to the VLISM environments. A study of growth/damping rate of various kinetic wave modes under different plasma conditions would also be beneficial. The connection between different wave modes and particle scattering also ought to be the subject of detailed investigations.
2.4 Cosmic ray scattering
The transport of energetic cosmic ray (CR) particles throughout the heliosphere relies on the large-scale SW flow and on the magnetized turbulence embedded in it (Schlickeiser, 2002; Zhang, 2006; Shalchi, 2009; Oughton and Engelbrecht, 2021). Two important processes responsible for the modulation of GCRs are drift along the HCS and diffusion caused by SW turbulence. The role of stochastic acceleration by plasma turbulence in the production and transport of energetic particles has been reviewed in Zhang and Lee (2013).
The most successful models of CRs propagation are based on Parker (1965), which essentially includes all important modulation mechanisms such as outward convection by the SW, diffusion through the turbulent interplanetary magnetic field (IMF), gradient and curvature drifts, and adiabatic deceleration from the divergence of the expanding SW. The diffusive shock acceleration (DSA) at supernova remnant shocks produces GCRs. The same mechanism operates at interplanetary shocks producing relatively low-energy particles and at the HTS, producing some fraction of the anomalous CRs (ACRs). The key to the DSA mechanism for generating energetic particles is plasma turbulence that can scatter particles across the shock repeatedly.
The diffusion coefficient κ quantifies the scattering of energetic particles by fluctuations in the irregular IMF. A well-known approach for evaluating the diffusion of charged particles is quasi-linear theory (QLT; Jokipii, 1966) based on a resonant wave-particle interaction. QLT requires that waves have a finite propagation speed along the magnetic field but they do not need to be parallel. Ensembles of both Alfvén waves and magnetosonic waves with different levels of anisotropy have been considered (Shalchi and Schlickeiser, 2004). The diffusion coefficient is usually expressed in terms of the turbulence power spectrum, often assumed to be in the Kolmogorov’s form at inertial scales, with a flatter energy-containing range. Such approximation is insufficient when the low-energy particles’ speed is comparable to the wave propagating speed, such as PUIs, as they may resonate with fluctuations in the dissipation range. QLT is inaccurate for parallel diffusion if turbulence is not Alfvénic, and the effects of gyro-resonance and transit time damping need to be clarified. Moreover, compressible turbulence is very effective in scattering and accelerating energetic particles, in particular the fast-modes waves provide the dominant contribution to CR scattering (e.g., Yan and Lazarian, 2002; Lazarian and Beresnyak, 2006; Zhang, 2006). Compressive modes may be an important component of turbulence in the IHS and VLISM.
Using observations from the outer heliosphere, it will be possible to determine in which regimes and regions turbulence is dominated by Alfvén waves or by compressible fluctuations, and improve the derivation of CR diffusion coefficients. There are still open questions on particle scattering due to turbulence. For instance, it remains unclear under which conditions compressible fluctuations needs to be taken into account, and how much they affect the CR transport; how the efficiency of scattering depends on the fluctuation properties at different radial distances; what is the role of SW structures such as CIRs and shocks in the CRs cross field scattering; and how VLISM fluctuations affect the small-scale variations of CR fluxes.
2.5 Dissipation and heating
Understanding the pathways of energy dissipation into ion and electron heating is one of the most fundamental and long-standing challenges of space plasma physics. The ion “dissipation range” is described as fsc > f (di) and at 1 AU it is generally characterized as a steepening of the power spectrum (Figure 2). This terminology refers to the onset of dissipation effects, besides the cross scale transfer, at sub-ion scales in weakly collisional plasmas (Howes et al., 2011; Matthaeus and Velli, 2011; Matthaeus, 2021).
[image: Figure 2]FIGURE 2 | Scheme of the magnetic power spectrum of SW turbulence at 1 AU. The correlation scale (LC), proton gyrofrequency (fci), proton Larmor radius (rci) and the proton and electron inertial lengths (di and de, respectively) derived from the Doppler-shift relation are also shown. Reproduced from Fraternale et al. (2022a).
Smith et al. (2006) found that the steepness of the ion dissipation spectrum depends on the strength of the inertial range energy transport and can be absent beyond ∼2 AU (Pine et al., 2020a). At higher frequencies there is an electron inertial range where the dynamics are supported by the thermal electrons until dissipation occurs. Many aspects of how the cascade operates in the kinetic regime are unknown, especially in the outer heliosphere. Debated topics include the preferential ion heating vs. the electron heating and temperature anisotropy (Breech et al., 2009; Boldyrev et al., 2020; Phillips et al., 2022; Sioulas et al., 2022; Squire et al., 2022); specific phenomenology dominating in the kinetic regimes; role of turbulence in driving ion beams (Sorriso-Valvo et al., 2019a, Sorriso-Valvo et al., 2019b) and kinetic microinstabilities (Bowen et al., 2020); role of ICWs (Bale et al., 2019), and PUI-driven instabilities (Florinski et al., 2016; Roytershteyn et al., 2019).
Understanding turbulent dissipation may also shed light into some global features of the heliosphere. It was argued, based on 3D, time-dependent simulations, that small magnetic fields in the IHS may be a signature of the presence of dissipation due to turbulence, reconnection, or both (Pogorelov et al., 2017b). High-cadence measurements of ions and electrons are needed together with magnetic field measurements to reveal the dissipation mechanisms at far distances.
2.6 Compressible turbulence
Compressible turbulence in space plasmas has long been investigated (e.g., Marsch and Mangeney, 1987; Zank and Matthaeus, 1993; Matthaeus et al., 1996; Cho and Lazarian, 2002; Kowal and Lazarian, 2010; Oughton et al., 2016; Ferrand et al., 2020; Yang et al., 2021). Despite supersonic SW turbulence being mostly incompressible, low-frequency compressive fluctuations have been found in the slow wind (Perrone et al., 2016) and near ion scales (Alexandrova et al., 2013). Compressible turbulence is more efficient in accelerating energetic particles than incompressible turbulence (e.g., Bykov and Toptygin, 1982, 1993; Fisk and Gloeckler, 2006; Fisk and Gloeckler, 2008; Fisk et al., 2010; Zhang, 2010; Zhang and Schlickeiser, 2012). In regions where strong compressible turbulence is generated, particle acceleration can occur so efficiently that energetic particles can automatically establish a ∝ p−5 distribution function (p particle momentum), a spectral shape containing critical amount of energy. Compressible turbulence is still an open problem. Relevant questions regard the existence of universal scaling laws; role and formation of shocklets; channels of energy dissipation and existence of exact laws; role of the forcing; nature of intermittency and locality of the energy cascades; and role in star formation (e.g., Carbone et al., 2009; Aluie et al., 2012; Banerjee and Galtier, 2013; Falgarone et al., 2015; Banerjee et al., 2016; Yang et al., 2016; Andrés et al., 2018; Andrés et al., 2021; Simon and Sahraoui, 2022). It is important to stress that turbulence transport models applicable beyond the HTS have not been developed yet (Oughton and Engelbrecht, 2021), even though the first steps have been taken (Fichtner et al., 2020). The outer heliosphere is an ideal laboratory for addressing these questions, as discussed in details in a recent review paper by Fraternale et al. (2022a).
In the IHS, the nature of “turbulence” appears to be fundamentally different than that in the supersonic SW (Burlaga and Ness, 2009). Here turbulence still coexists with coherent structures and certainly there is no single physical mechanism that describes all observed characteristics. Our current understanding of IHS turbulence includes: Differences in sector and unipolar IHS regions (Burlaga et al., 2009); multifractal, intermittent, and compressible fluctuations (e.g., Burlaga and Ness, 2009; Burlaga and Ness, 2010); different power-law spectral regimes and anisotropy (Fraternale et al., 2019a; Fraternale et al., 2019b); coherent structures and current sheets (Burlaga and Ness, 2011; Zhao et al., 2019a); and possible PUI-mediated regimes including mirror mode or soliton waves (e.g., Avinash and Zank, 2007; Fahr and Siewert, 2007; Liu et al., 2007; Burlaga and Ness, 2009; Tsurutani et al., 2011; Fichtner et al., 2020). Open questions remain regarding the nature of the observed turbulence spectra; the sub-ion regime of turbulence, still entirely unexplored; role of magnetic reconnection at the HCS in generating turbulence in the outer heliosphere (e.g., Eyink, 2015; Pogorelov et al., 2017b; Drake et al., 2017); and the role of PUIs in both energy release and mediation of turbulence and waves, existence, and formation of flux ropes and CSs in sector and unipolar regions (Burlaga and Ness, 2010; Richardson et al., 2016); the generation of shocks, their reflection at the HP (Washimi et al., 2011; Pogorelov et al., 2021), still not detected in observations but predicted by global models.
We suggest that future missions should be capable of resolving power spectral densities of ∼10−8 nT2Hz−1 to fully describe the turbulence magnetic spectrum in the IHS and VLISM. The noise level for B at Voyager reaches Pnoise [B] ∼ 10−2−10−1 nT2Hz−1. For density fluctuations, the spectral noise level at V2 is Pnoise [np] ∼ 5 × 10−4−10−3 cm−6Hz−1. For velocity fluctuations, [image: image] Hz−1. This translates into the fact that plasma turbulence in the IHS can be investigated only along the V2 trajectory and at frequencies fsc ≲ 10–5 (ℓ⊥≳ 0.07 AU), which includes only partially the inertial regime of turbulence (Fraternale et al., 2019a; Fraternale et al., 2019b).
2.7 Interaction of turbulence and shocks
The distant SW offers an opportunity to investigate turbulence and waves at interplanetary collisionless shocks, including PUI-mediated shocks recently observed at New Horizons (McComas et al., 2022), and at collisional VLISM shocks and compression waves, whose dissipative structure is still the subject of current investigations (Mostafavi and Zank, 2018; Fraternale et al., 2020; Burlaga et al., 2022; Mostafavi et al., 2022). The presence of turbulence responsible for scattering energetic particles is central to understanding particle acceleration at shocks and energy partition of ions and electrons (e.g., Wilson et al., 2019; Guo et al., 2021). The HTS is perhaps most complicated multi-ion shock in the distant heliosphere. Compressible turbulence in the IHS is critically controlled by processes occurring at the HTS. The question of if and how the HTS might accelerate ACRs (Pesses and Eichler, 1981; Zank et al., 2015; Zhao et al., 2019b) and electrons remains open. The structure of the HTS is mediated by both PUIs (Mostafavi and Zank, 2018; Zank et al., 2018) and energetic particles accelerated near the shock (Decker et al., 2008; Florinski et al., 2009). To date, the HTS has only been observed by the Voyagers. Enhanced compressible fluctuations were detected inside the HTS structure (Burlaga et al., 2008), which still lack an explanation and may be critical to explain observed ENA fluxes, as suggested by Zirnstein et al. (2021). However, the possible effects of turbulence within the structure of collisionless shocks, in addition to the contribution of pre-existing upstream turbulence, is still unclear and should be the subject of future studies.
2.8 Data-driven approaches throughout the heliosphere
Data-driven modelling of the SW has been conducted for many years. In recent years, turbulence in the SW has been studied using data-driven modelling, including machine learning (ML) and artificial intelligence (AI) approaches (Feng et al., 2015). Roberts et al. (2020) harness unsupervised k-means clustering to output unbiased states of the SW, providing a novel framework for automated classification of solar structures and events. Further, neural network-based techniques (multilayered ML, see Ishikawa et al., 2022) have enabled accurate prediction of multi-scale turbulent convection in the photosphere. In the next decade, it will be important to address interpretability in deep learning (Zhang et al., 2021) to ensure sustainable and trustworthy science advances at the intersection of ML, high performance computing, and turbulence anisotropy. MHD models studying the corona and inner heliosphere have been a focus of recent research. Next-generation supercomputing capabilities will enable modeling from the chromosphere through the heliosphere, yielding novel insight into the generation of coronal turbulence in the SW and its evolution (Mostafavi et al., 2021).
2.9 Interstellar turbulence
2.9.1 Turbulence of the very local interstellar medium observed in situ
Being about 150 AU away from the Sun, the Voyagers are still in the OHS, in particular within the dynamical HBL. This region is filled with the VLISM, but its properties are significantly different from those of the VLISM at much farther distances. The medium is collisional with respect to Coulomb collisions. Charge-exchange collisions are fundamental, especially in the OHS where they effectively slowdown the interstellar flow, creating a region with compressed plasma, draped magnetic field, and the hydrogen and helium walls. Since the VLISM is partially ionized, elastic collisions associated with the presence of neutral atoms are also expected to play a role. These processes, solar activity and geometric effects can affect the properties of fluctuations and turbulence in the VLISM in vicinity of the heliosphere. The possible presence of a bow shock at about 350–450 AU along the upstream direction (Figure 1) is another factor, as suggested by studies of other stellar bow shocks using remote observations (Ocker et al., 2021).
Observations indicate the presence of low-intensity, compressible turbulence of the VLISM (Burlaga et al., 2015). The observed spacecraft-frame frequency range is 10−8 < fsc < 10−2 Hz, as shown in the power spectrum of Figure 3A. This figure also shows the limits of magnetic field measurements, and some of the typical scales associated with the thermal plasma, energetic particles and Coulomb collisions. The properties of turbulence evolve with distance and are reviewed in Fraternale et al. (2022a). The current consensus, built on observational evidence and theoretical analyses, is that the observed turbulence is forced by the SW-driven motion of the HP and superimposed on the pristine LISM turbulence (Zank et al., 2017; Matsukiyo et al., 2019). Perhaps, the outer scale of the locally injected turbulence is ∼100 AU (Zank et al., 2019). This scenario is supported by electron density spectra (Lee and Lee, 2019; Lee and Lee, 2020; Ocker et al., 2021) derived recently from V1/PWS data, showing that the local spectrum is enhanced by a factor ∼100 with respect to the ISM spectrum, “The Big Power Law” first derived by Armstrong et al. (1995) and recently updated by Ocker et al. (2021) with new data. At low frequencies, fsc ≲ 10−6 Hz, magnetic spectral indices range from −3/2 to −2. The latter index may be associated with the presence of steepened waves and a coherent-cascade, Burgers-like, phenomenology as argued by Fraternale and Pogorelov (2021), instead of a classic Kolmogorov-like cascade. However, the possibility for a wave-turbulence phenomenology for the local, forced turbulence should also be investigated, which requires a careful evaluation of the forcing and the strength of nonlinear interactions.
[image: Figure 3]FIGURE 3 | VLISM turbulence. (A) Power spectra of magnetic field fluctuations observed in situ by V1 at ∼135 AU from the Sun (reproduced from Fraternale et al., 2022a).(B) Turbulence properties inferred from absorption line observations (reproduced from Redfield and Linsky, 2004a).
The magnetic compressibility, as defined by the ratio of the power spectrum of |B| and the trace power spectrum, decays with distance (Burlaga et al., 2018; Zank et al., 2019; Burlaga et al., 2020b; Zhao et al., 2020; Fraternale and Pogorelov, 2021), but surprisingly remains large at fine scales, at V1 (Fraternale and Pogorelov, 2021). Intermittency of VLISM fluctuations and fine-scale features (0.01 ≲ k⊥di ≲ 1) have been observed only recently by Fraternale et al. (2019a); Fraternale et al. (2020b); Burlaga et al. (2020a). This results suggest that local processes may operate at scales below the proton-proton Coulomb-collisional mean free path (∼0.3–5 AU, for temperature values between ∼7,500 and ∼40,000 K). Two hypothesis that have been advanced include the presence of instabilities associated with PUIs created from charge-exchange collisions between fast neutrals of SW origin and OHS protons, and shock-related kinetic processes. Is still unclear, however, if broad and weak interstellar shocks can effectively accelerate ions and electrons (a discussion can be found in the recent review paper by Mostafavi et al., 2022).
Future missions will shed light into the nature of compressible and Alfvénic turbulence of the VLISM; collisionality of plasma in the partially ionized medium and the possibility that the VLISM is collisional on larger scales and collisionless on smaller scales (Mostafavi and Zank, 2018; Fraternale et al., 2020); self-generated turbulence due to the instability of PUI distributions (Florinski et al., 2016; Roytershteyn et al., 2019); and the contribution to VLISM turbulence by shocks due to major solar eruptive events or solar cycle effects.
2.9.2 Turbulence measurements of the very local interstellar medium from absorption line observations
Interstellar absorption in the spectra of nearby stars offers opportunities to measure the turbulence in the absorbing medium. Frisch et al. (2011) provided a recent review of the physical properties of the VLISM. Spectral observations represent a valuable comparison to the in-situ observations. Absorption line observations can probe a wider range of environments along many different sight lines, but the measurements are line-of-sight-averaged, providing only a smeared combined picture of various regions. Therefore, it is valuable to obtain and compare both kinds of measurements to get a complete picture of the nature of turbulence in nearby plasmas. In simulations of the ISM, turbulence drives a wide range of values for local temperature, density, magnetic field strength and kinematics (de Avillez and Breitschwerdt, 2005).
High spectral resolution observations of nearby stars at ultraviolet (UV), optical, and infrared (IR) wavelengths all show interstellar absorption. The absorption lines are broadened by thermal motions and turbulence. These two broadening mechanisms can be decoupled if absorption is measured for ions of different masses. The broadening due to thermal motion will anticorrelate with the mass of the ion, whereas broadening due to turbulent motion will typically be constant for all ions. Figure 3B, from Redfield and Linsky (2004a) shows the measured width of several observed ions for all observations of the VLISM, which results in an average T = 6,900 K and a turbulent velocity (ξ) of 1.67 km s−1. The decreasing impact of the thermal broadening is evident, as is the plateau of constant broadening, independent of mass, for the heavier ions. The turbulent measurements of 50 VLISM absorbers were presented in Redfield and Linsky (2004b), showing the turbulence was subsonic. The RMS velocity estimated using magnetic field fluctuations measured by V1 near the HP is 1.2–1.7 km s−1 (Fraternale and Pogorelov, 2021), but it includes only scales smaller than ∼ 10 AU. This speaks in favour of the scenario of enhanced VLISM turbulence in the OHS described in the previous Section. Spangler et al. (2011) found that VLISM does not have turbulent properties similar to the solar corona, namely temperature anisotropy, mass-proportional temperatures, and velocities aligned with the magnetic field direction. This is likely due to the prevalence of ion-neutral collisions in the partially ionized plasmas of the VLISM.
There are exciting new opportunities to couple small scale, in-situ spacecraft observations with the line-of-sight-averaged measurements of nearby stars. One example was explored by Zachary et al. (2018), where UV observations of nearby stars by the Hubble Space Telescope were taken along the same sight lines in which Voyagers are traveling. Electron density measurements were obtained by Voyager using electron plasma oscillations by Gurnett et al. (2013), and compared to electron density measurements along the same sight line using interstellar absorption line widths of the excited and resonance transitions of ionized carbon. Similar comparative studies could be made regarding the turbulence measurements. Linsky et al. (2022) look for correlations of turbulent measurements with a variety of parameters, including temperature, direction of strong photoionization, cloud boundaries, and interstellar flow directions.
3 CONCLUSION
The solar wind and the very local interstellar medium surrounding our heliosphere are turbulent plasmas featuring a vast range of parameters in terms of thermodynamic quantities, composition, degree of ionization, bulk properties, particle distribution function and magnetic fields. Only a tiny portion of space and time has been explored so far by in-situ spacecraft, and a substantial imbalance exists between the number of missions orbiting at heliocentric distances within 1 AU and those directed to the outer heliosphere. The former include several spacecraft that are suitable to investigate turbulence, including multi-spacecraft missions and near-Sun missions (e.g., PSP, SolO). They have been providing us with critical insights into the nature of turbulence in the inner heliosphere. The latter include in-situ missions such as Voyager, New Horizons, and remote ones such as IBEX and HST, that continue to provide evidences of the complex physical processes governing the far regions at the interface between the heliosphere and interstellar space. Such missions were not specifically designed for investigating turbulence, nonetheless they have demonstrated the existence of a turbulent energy cascade, the presence of waves, coherent dynamic structures, and opened a number of science questions about their relative roles and nature. We do not know exactly for how long V1 and V2 will remain operational. Perhaps, they will be able to send data until 2027 or 2028 (Richardson et al., 2022). In the extended mission, NH will make distant observations of Uranus and Neptune. It is also expected that NH will be able to reach the TS in the next decade. In this case, it will be able to provide unique measurements of the TS crossing by PUIs, which is a topic of great scientific interest in the heliospheric community, and further sample the IHS plasma. Therefore, data of these missions, together with IMAP scheduled to launch in 2025, still state the nearest future.
In this brief review paper, we have illustrated the major compelling challenges associated with the study of turbulence and fluctuations of various nature in the heliosphere and beyond, and present our perspective about which investigations future missions should carry out. The range of scales in which turbulence is observed from both in situ and remote measurements is staggering. Understanding turbulence in the closest astrophysical plasmas is a challenging and rewarding task. This topic also touches a wide range of phenomena of interest for both the Space Science and Astrophysics communities. In fact, future missions expected to reach ∼500 AU will reveal the properties of a less perturbed state of LISM turbulence. Traversing such immense distances will thus offer critical insights into one of the dominant phases of the interstellar medium. Pursuing the investigation of turbulence in the distant SW and VLISM may lead our community to a better understanding of plasma turbulence itself as a universal and ubiquitous process, and of its influence on the macro- and micro-scale features of the heliosphere and nearby interstellar medium.
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