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Editorial on the Research Topic 
Advances in Space Plasma Turbulence: Theory and Observations

The Solar System is permeated by a continuous flow of a supersonic highly ionized gas (plasma) that gives rise to the heliosphere. This extends up to about 150 AU from the Sun, eventually interacting with the plasma forming the local interstellar medium (Burlaga et al., 2008; Burlaga et al., 2020). Since the beginning of the satellite era, it has been observed that the interplanetary plasma is in a turbulent state (Coleman and Paul, 1968) dominated by nonlinear interactions that induce a cross-scale transfer of energy, the so-called turbulent cascade, over a broad range of scales. These interactions have been reproduced in numerical simulations both at macroscopic scales, where the plasma can be treated as a magnetofluid and the dynamic is governed by the magnetohydrodynamic (MHD) equations (Biskamp, 2003), and at smaller scales, where particles become demagnetized and kinetic process are dominant. Since the matter in the Universe is predominantly in the plasma state, the opportunity to analyze in-situ the heliospheric plasma is of great interest for the study of physical processes in distant objects, such as supernova remnants blast waves, the hot gas within cluster of galaxies and the interstellar medium. It is widely accepted that the magnetic turbulent cascade in space plasmas (i.e., in the solar wind, in the plasma close to the Earth, and in the planetary magnetospheres) spontaneously generates coherent structures, also called magnetic discontinuities, over a broad range of scales where magnetic energy tends to clusterize, giving rise to magnetic intermittency (Marsch and Tu, 1997; Sorriso-Valvo et al., 1999; Perri et al., 2012; Perrone et al., 2020). In the last years, several methodologies have been developed for detecting such structures (Tsurutani and Smith, 1979; Greco et al., 2008; Li, 2008; Greco et al., 2018). Coherent structures can also be observed in numerical simulations and are characterized by the enhancement of the work done by the fields on the particles, measured via J·E (where J is the current density vector and E is the electric field). This quantity represents the magnetic energy dissipation within the structure (Wan et al., 2015). Distortions of the particle distribution function are also observed at kinetic level (Valentini et al., 2016). Therefore, coherent structures represent locations where dissipation and acceleration processes are likely to occur. For example, at ion and electron scales a fraction of magnetic discontinuities are expected to reconnect and convert magnetic energy into plasma heating and particle acceleration. On the other hand, in the kinetic range of turbulence the interaction between charged particles and plasma wave modes contribute to the energy transfer, and eventually to the energy dissipation (Leamon et al., 2000; Gary and Smith, 2009; Schekochihin et al., 2009; Sorriso-Valvo et al., 2019). Recent high-resolution spacecraft observations provided new insights in cross-scale connection of intermittent discontinuities, going from proton down to electron scales (Burch et al., 2016; Yordanova et al., 2016; Vörös et al., 2017). The investigation of kinetic turbulence in the near-Earth environment is today boosted by the Magnetospheric Multiscale (MMS) mission, which has permitted high resolution measurements of electric, magnetic fields, ion and electron velocity distribution functions (VDFs). Additionally, the recent launch of Parker Solar Probe and Solar Orbiter are advancing our understanding of solar wind turbulence both at large, intermediate, and small scales in a region of the interplanetary space close to the source of solar wind plasma.
This Research topic in Frontiers in Astronomy and Space Sciences gathers research papers on pioneering observations, theories, and numerical models that describe physical processes related to the space plasma turbulence cascade and heating, to the magnetic structure formation, and addressing new perspectives in such a research field.
Solar wind structures that are not affected by the radial evolution of the plasma turbulence from the solar corona to 1 AU are analyzed in the review paper by Borovsky. An comprehensive overview of large scale and inertial range structures is reported. These include corotating interaction region stream interfaces, periodic density structures, anisotropic magnetic structures, non-evolving Alfvénic structures, ion composition boundaries with associated current sheets, electron-strahl-intensity boundaries and associated current sheets. According to the author, observations suggest that they are not destroyed by the magnetic turbulence evolution in the inner heliosphere. Such results call for a more in depth investigation on the nature of fluctuations in the solar wind and their role in the survival of structures in the plasma. Implications for future solar-wind measurements are also discussed.
The origin of solar-wind magnetic fluctuations as a result of an active turbulent cascade has been investigated by Borovsky through a statistical study of the orientation of strong current sheets (CSs). CSs have been found to be mostly perpendicular to the Parker-spiral direction (Borovsky, 2008). Thus, if the CSs are generated by the turbulent cascade, the passage of a shock wave would destroy and reconstruct them isotropically. In this paper the author analyzed 109 interplanetary shock crossings to check whether compression isotropizes the direction of the CSs or not. Indeed, the compression occurring at the shock crossing should reduce the angular change. The change in the normal orientation between successive CSs is computed. The statistical analysis performed upstream and downstream of the shocks for strong CS structures shows that the angular change maintains the same distribution both closer to the shock front or further out downstream. Therefore, compressions do not isotropize the CS direction, suggesting a possible solar origin of such structures.
Another investigation on the characteristics of magnetic field fluctuations is performed in the paper by Carbone et al. They introduce a Brownian–like framework to describe the high–frequency dynamics of turbulent magnetic fluctuations. In the presented model, the complex nonlinear plasma dynamics is described as a stochastic process via a random forcing term, whereas the dissipative collisionless processes are represented by a linear damping term. This approach is able to describe the main properties of the magnetic energy spectra observed at high frequency in the solar wind.
A fundamental plasma process that leads to energy dissipation in a collisionless turbulent plasma is presented in Califano et al. They show results from a thorough numerical study of electron-only reconnection, a mechanism contributing to plasma energization that has been recently observed by the MMS spacecraft (Phan et al., 2018). They simulate freely decaying, 2D-3V turbulence by solving the hybrid-Vlasov–Maxwell equations, coupled to a generalized Ohm’s law that decouples the magnetic field from the ion dynamics at ion scales, while allowing complete unfreezing of the magnetic flux with respect to the electron fluid motion at electron scales. By comparing the statistical and geometrical properties of current structures generated in the two simulations (a snapshot of which is shown in Figure 1), the authors demonstrate that electron-only reconnection is only observed when the energy is injected at small scales, while ion and electron reconnection is present for the standard simulation. They conclude that some small-scale mechanism, as for example micro-instabilities or shocks, need to be present in order to generate electron-only reconnection in a turbulent environment.
[image: Figure 1]FIGURE 1 | A snapshot of the hybrid-Vlasov–Maxwell numerical simulation showing shaded iso-contours of the out-of-plane electron flow. Adapted from Califano et al., this volume.
The interrelation between turbulence and magnetic reconnection is further explored in Zharkova and Xia, although from a different perspective. These authors use particle-in-cell numerical simulations with a strong guide field to describe the generation of turbulence by particle beams accelerated during reconnecting current sheets. The proposed mechanism produces ion-scale and electron-scale turbulence at some distance from the reconnection site. The authors describe the statistical properties of the turbulent fluctuations so generated, and discuss the possible scenarios for their role in the small-scale energy cascade process.
Finally, Réville et al. have adopted a shell turbulence model to investigate the origin of the first ionization potential (FIP) effect. The FIP effect refers to the enrichment of elements that have low FIP with respect to photospheric abundances. It is believed to be indicative of chromospheric conditions and one of the current theories is that the FIP-bias has its origin in the turbulence and resulting ponderomotive force acting at the top of the chromosphere. The different amount of FIP effect observed in fast and slow wind has been considered an indication for a different origin of slow and fast wind. However, turbulence is known to contribute to solar wind acceleration, bearing the question of whether FIP fractionation occurs in open field regions as well. To address this problem Réville et al. perform a parameter study by combining global MHD simulations with a nonlinear shell model to simulate incompressible turbulence, and compare the effect of the turbulence properties on the FIP fractionation in both open field lines and coronal loops. This work shows that turbulence can explain the observed FIP-bias, depending on the injection scale of the turbulence, and that the FIP effect is observed not only in loops, but also in open field regions.
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