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Abstract

Context. Magnetic switchbacks are large-amplitude magnetic field deflections of Alfvénic nature that are characterized by a high degree of correlation between the velocity and the magnetic field that are routinely detected in the inner heliosphere. Their timescales vary between hundreds of seconds to up to few hours, so that their role within the turbulent transfer of energy from large to small scales in the solar wind is a key question.

Aims. We investigate the contribution of switchbacks to the turbulence cascade in the magnetic and velocity fields. The considered interval was taken within the rarefaction region of the first stream of slow Afvénic wind observed by Solar Orbiter in the inner heliosphere.

Methods. The analysis was based on full-cadence measurements for the magnetic field vector from the fluxgate magnetometer MAG and reprocessed ion data sampled at a resolution of 4 s from the Proton and Alpha particle sensor (PAS) of the Solar Wind Analyser (SWA) suite. Alfvénicity, structure functions, and intermittency were evaluated to investigate the turbulence ands kinetic parameters to study the reaction of the plasma to the switchbacks.

Results. Switchbacks are observed as isolated structures or in well-localized patches that are generated by two (or more) interacting structures that cover a range from magnetohydrodynamic to kinetic scales. In this interval of the slow Afvénic wind, they mainly affect the magnetic cascade in the radial direction (which in this sample is almost parallel to the mean field direction) not only in terms of the energy content across the scales, but also in terms of the inhomogeneity (i.e., intermittency), which play a role in transferring magnetic and kinetic energies across scales. Moreover, switchbacks are characterized by a high anticorrelation between the magnetic and velocity field components, which implies that these structures are regions of a local alignment of v and b. Finally, no equipartition between kinetic and magnetic energy is found, which suggests that the emergence of magnetic structures is already well consolidated at about 0.6 au.

Conclusions. Our results in this interval of slow Afvénic wind suggest that an important role is played by switchbacks in the magnetic and velocity turbulent cascade in the flow direction. Moreover, by confirming and expanding previous features observed for a single case-study, our results support the idea that switchbacks strongly influence the surrounding plasma and play a different role on protons and alpha particles.
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1. Introduction
Magnetic field and plasma observations that are made in situ in the interplanetary space over a broad range of radial distances have reinforced the idea that the properties of the turbulent solar wind can vary with the radial distance from the Sun (Bruno et al. 2003; Perrone et al. 2019; Telloni et al. 2021) and also when different plasma parcels from different regions on the Sun are crossed (Perrone et al. 2022; Yardley et al. 2024). This implies that the solar wind changes its characteristics as a result of the dynamic evolution, but also keeps imprints that are closely connected to its source region. It is well assessed that during the solar wind propagation, turbulence passes from a more Alfvénic state close to the Sun toward states that are dominated by magnetic structures (Bruno et al. 2007) that emerge locally owing to the turbulent cascade. During its radial evolution from the Sun toward larger radial distances, the solar wind magnetic field has been observed to be characterized by sudden changes, foldings, and kinks by quite early spacecraft observations (McCracken et al. 1966; Borovsky 2016). Based on Parker Solar Probe (PSP) and Solar Orbiter measurements of the plasma in the inner heliosphere, it has more recently been possible to observe magnetic field reversals (the so-called switchbacks) over several timescales. They occur as isolated structures or in groups (Dudok de Wit et al. 2020; Laker et al. 2021; Pecora et al. 2022; Perrone et al. 2024). Rotations mainly affect the radial component of the magnetic field, while the magnitude of B remains almost constant. They are associated with jets of plasma (Bale et al. 2019; Kasper et al. 2019), and are of Alfvénic nature (Matteini et al. 2014; Johnston et al. 2022; Squire et al. 2022). Their origin is still under debate. Some observational evidence and numerical simulations associate the detection of switchbacks with a local evolution of the turbulent cascade (Squire et al. 2020; Shoda et al. 2021), while others claimed their formation in the solar atmosphere and that they are then advected by the wind through the heliosphere (Mozer et al. 2021; Telloni et al. 2022; Upendran & Tripathi 2022; Raouafi et al. 2023; Drake et al. 2021).
In a recent paper, Martinović et al. (2021) studied the turbulence properties within switchbacks and quiet regions based on a large number of intervals observed by PSP. They found that while the spectral properties did not differ inside and outside switchbacks, some kinetic properties and the level of intermittency changed significantly, so that they tend to regulate small-scale dynamics. We characterize the turbulence properties around switchbacks here and determine their contribution to the turbulent cascade, in the rarefaction region of a slow Alfvénic wind interval observed in the inner heliosphere. To do this, we use the second-order structure functions and the fourth-order moment (kurtosis), which is related to the intermittency, namely the degree of inhomogeneity of the distribution of magnetic energy as a function of the timescales. A kurtosis value that is higher than 3 suggests that magnetic energy is distributed in patches of large-amplitude spikes followed by voids. We also investigate the influence of the switchbacks (either isolated or in patches) on the kinetic plasma properties related to protons and alpha particles (Fedorov et al. 2021; Perrone et al. 2024).
2. Solar Orbiter observations
In July 2020, Solar Orbiter was embedded in a slow-wind stream at a radial distance of 0.64 au. This stream was characterized by a high level of Alfvénicity (D’Amicis et al. 2021). We focus on the portion of the rarefaction region of this slow Alfvénic wind between 22:12 UT on July 16 and 06:56 UT on July 17 to study the contribution of switchbacks to the turbulent cascade. Very recently, Perrone et al. (2024) have investigated the switchbacks in the same wind portion by restricting the study to an isolated magnetic deflection (∼7 minutes of data). They focused on its impacts on the kinetic properties of ions, namely protons and alpha particles. However, in the present analysis, we took all the switchbacks detected within the 9 hours of this slow Alfvénic interval into account and investigated the characteristic plasma parameters for protons and alpha particles inside and outside them. We also studied their role in the turbulent cascade.
We considered full-cadence measurements for the magnetic field vector (64 Hz) from the fluxgate magnetometer MAG (Horbury et al. 2020) and ion data at a resolution of 4 s from the Proton and Alpha particle sensor (PAS) of the Solar Wind Analyser (SWA) suite (Owen et al. 2020). In particular, the ion data were reprocessed by using the statistical technique of clustering on the full three-dimensional velocity distribution functions (VDFs) measured by PAS to separate the core and beam for both protons and alpha particles and to derive their moments (De Marco et al. 2023; Bruno et al. 2024).
2.1. Switchbacks
We detected several deflections in Br that were associated with strong fluctuations in the other two components while the magnitude was almost constant. These large deflections of the magnetic field, that is, switchbacks, can be isolated, as was the switchback described in detail by Perrone et al. (2024), or they can be found in patches. The switchbacks are associated with local enhancements of the radial component of the proton speed. However, strong fluctuations in the other two velocity components are also found (not shown).
To better identify switchbacks in the time series, we calculated the normalized deflection measure, z, as defined by Dudok de Wit et al. (2020),
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where α is the angle between the point-wise magnetic field, B, and a local average magnetic field, ⟨B⟩, evaluated on a running window of 6 hours. Panel a of Figure 1 shows the behavior of z in the analyzed stream. Several peaks of different intensity are recovered. As described by Perrone et al. (2024), we fixed the threshold for the switchback selection, z* = 0.18. This threshold, which corresponds to magnetic field deflections of 50° with respect to the locally averaged field, is shown in panel a as a dashed horizontal orange line. In addition to the isolated and strong (z > 0.5) peak that was recovered between 00:41 UT and 00:43 UT on July 17 (which was the subject of the study by Perrone et al. 2024), another two isolated magnetic deflections were detected, the first between 23:48 UT and 23:52 UT on July 16, and the second between 05:21 UT and 05:25 UT on July 17. These structures are highlighted in the figure by filled yellow bands and dashed vertical lines. Moreover, a group of switchbacks in a well-localized patch was observed between 03:30 UT and 04:20 UT on July 17 and is denoted by a filled green band and vertical dashed lines.
	[image: thumbnail]	Fig. 1. (a) Dimensionless normalized deflection, z. The dashed horizontal orange line indicates z = 0.18, which we used as the threshold to select switchbacks in this interval (see Perrone et al. 2024, for details). (b) Logarithmic contour plots of the local intermittency measure (LIM) of the total magnetic fluctuations and of the total proton (c) and alpha (d) velocity fluctuations. The curved lines at each side of the plots indicate the cones of influence. (e) Non-Maxwellian parameter, ϵ, for protons (green) and alpha particles (violet). (f) Temperature anisotropy for protons (green) and alpha particles (violet) with respect to the background magnetic field, evaluated over the entire interval. The filled yellow (green) bands and dashed vertical lines denote isolated (a patch of) switchbacks.



The switchbacks can affect the turbulent properties of the solar wind. To gain information about the details of turbulence and not only of its global properties, we studied the distribution in time and frequency of the magnetic and ion velocity field energies by using a local analysis of the fluctuations. Panels b–d of Figure 1 show the evolution of the local intermittency measure (LIM; Farge 1992) for the total magnetic (b), proton (c), and alpha particle (d) velocity field fluctuations, |𝒲ℱ(τ, t)|2 = ∑i|𝒲ℱi(τ, t)|2, with ℱ = B, Vp, Vα, and i = r, t, n, defined as (Farge 1992)
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where the brackets indicate a time average, and 𝒲ℱi(τ, t) are the Morlet wavelet coefficients for different timescales τ and time t (Torrence & Compo 1998),
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Here, ψ* is the conjugate of the wavelet function. The curved lines on each side of the plots represent the cone of influence, where the Morlet coefficients are affected by edge effects (Torrence & Compo 1998).
Panel b of Figure 1 shows the LIM for the total magnetic field fluctuations, IB. A nonuniform energy distribution is observed with the appearance of localized energetic events, which cover a broad range of scales. The events are easily recognized in red. These structures are strictly connected with the strong variations of the magnetic field components, and they indeed appear exactly at the location of the switchbacks. Thus, switchbacks play a role in transferring magnetic energy across scales, participating in the turbulent cascade. Moreover, the patch of switchbacks seems to consist of two stronger switchbacks at the edges and weaker fluctuations in the middle. Finally, other energetic events are recovered in the magnetic LIM (see, e.g., the events at the end of the interval). They might be related to coherent structures, such as current sheets and vortices (Greco et al. 2016; Perrone et al. 2020; Finelli et al. 2021; Perrone et al. 2023). Panels c and d of Figure 1 display the LIM for the total proton, IVp, and alpha particle, IVα, velocity fluctuations, respectively. We considered the moments of the total VDF (core plus beam) for both protons and alpha particles. As in the case of magnetic fluctuations, we recovered a nonuniform distribution of the energy with strong events that span almost all available frequencies. For the velocity fluctuations, the frequency range is limited to one decade, where the signal-to-noise ratio remains high enough to cover magnetohydrodynamic (MHD) scales. On the other hand, the magnetic fluctuations are affected by noise at shorter timescales, so that they span a range of timescale that reaches from MHD to ion kinetic scales. The most energetic events in panels c and d, namely in the proton and alpha velocity fields, are located at the switchback time of occurrence. This supports the idea that they play a role in the magnetic and velocity turbulent cascades. Within the patch of switchbacks, two main switchback structures can be recognized in the LIM signal that is relevant to the velocity fields.
Panels e and f of Figure 1 show the impact of switchbacks on the kinetic physics of the protons (green) and alpha particles (violet). In panel e we present the parameter ϵ, namely the non-Maxwellianity (Greco et al. 2012; Valentini et al. 2016), which indicates the deviation of the ion VDFs from the thermodynamic equilibrium. It is defined as
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where ns is the density for a species s, fs is the measured VDF, and gs is the associated Maxwellian distribution with the same density, temperature, and velocity as in the observed distribution. For a dimensionless quantity, the values of ϵ for the protons and alpha particles were multiplied by [image: equation], where VA is the background Alfvén speed (Valentini et al. 2016), calculated by using the total ion mass density (Marsch et al. 1982). The increase in ϵp is related to both isolated and grouped switchbacks, while alpha particles are not strongly affected by the magnetic deflections. This feature was also observed for the single switchback studied by Perrone et al. (2024). The alpha particles are only ∼3% of the proton population; thus, their signal is more affected by noise because of lower counts for their VDF. However, in general, ϵα > ϵp, as was also observed numerically (Valentini et al. 2016). This suggests a differential heating process caused by the alpha particle vortical motion, or a heating process that can affect this motion. Finally, ϵp increases significantly at the beginning of the interval. However, this is not related to the switchbacks (z ≃ 0), but some energetic magnetic events at about the ion characteristic scales are recovered (panel b). This feature is beyond the scope of this paper.
Another quantity we used to investigate the effect of switchbacks on the ion VDF is the temperature anisotropy, T⊥/T∥. The parallel and perpendicular directions are evaluated with respect to the background magnetic field over the entire interval (panel f in Figure 1) because the mean field direction is rather stable throughout the entire dataset (D’Amicis et al. 2021; Perrone et al. 2024). From the overall behavior of T⊥/T∥ for the protons (green) and alpha particles (violet), we deduced a parallel anisotropy (T∥ > T⊥). Indeed, we considered a total (core plus beam) VDF for ions, and thus, the secondary beam forces the VDF to be elongated in the parallel direction. However, it is clearly observed for protons that where isolated switchbacks appear, the direction of the temperature anisotropy changes, that is, T⊥ > T∥. This may be due to the local rotation of the field. In the case of the patch, we found two peaks for T⊥/T∥ > 1 that were located at the edges, while inside, T⊥/T∥ remains < 1. For the alpha particles, the local changes in the anisotropy sign are similar to those observed for protons (even though they are less clear because the fluctuations are stronger), but the general behavior is different. Even if T⊥/T∥ is lower than 1 at the beginning and end of the interval, the alpha VDF is more isotropic in the middle of the period.
2.2. Statistical correlations
Within the analyzed interval, we investigated the correlations between the z values and the plasma quantities to characterize the kinetic properties of the plasma during the occurrence of the magnetic field deflections in a more statistical sense. This extends the results presented by Perrone et al. (2024), who used a single switchback as a case study. Figure 2 shows the scatter plots of z versus density (a and f), radial velocity (b and g), temperature (c and h), non-Maxwellianity (d and i), and temperature anisotropy (e and j) for the protons (top) and alpha particles (bottom). The orange dots show the values of z that are above the selected threshold z*. In the panels in Figure 2, gray dots (values below z*) present a high degree of dispersion. The orange dots are characterized by a certain linear correlation for most of the plasma quantities. This is based on a smaller number of points for z > z*, but a certain degree of correlation can be recognized in Figure 2.
	[image: thumbnail]	Fig. 2. Scatter plots of the z parameter as a function of density (a and f), radial velocity (b and g), temperature (c and h), ϵ (d and i), and temperature anisotropy (e and j) for protons (top) and alpha particles (bottom). The orange dots show the values over the threshold z* for which the Pearson correlation coefficient, Rp, is also provided.



For the orange dots (i.e., for values of z above the threshold), we provide the Pearson correlation coefficient, Rp, which gives a measure of the linearity of the relation between z and the ion quantities in the figure. The linear correlation at the 95% degree of confidence is consistent with |Rp|> Rp*, where [image: equation] (Borovsky et al. 1998, and references therein), and N = 104 is the number of data points above the threshold. z and the radial component of the velocity are clearly linearly correlated for the protons (panel b) and alpha particles (panel g). This is consistent with the Alfvénic nature of the switchbacks, that is, the deflection of the magnetic field occurs simultaneously with a sudden increase in the velocity. Panels a and f suggest a certain correlation also between z and ion density, which suggests wave activity (Stix 1992). The correlation between density and magnetic field variations can indeed be used to identify wave modes, such as fast magnetosonic waves or slow modes. Chaston et al. (2020) applied this method to PSP measurements during the first encounter. By employing wave decomposition under MHD approximation, they concluded that the predominant wave mode corresponds to shear Alfvén waves. Moreover, panel h of Figure 2 gives an indication of a certain correlation between z and alpha particle temperature, but not with proton temperature (panel c), suggesting that magnetic field deflections play a role in preferentially heating heavy ions, namely alpha particles. On the other hand, an opposite behavior is found between z and the non-Maxwellian parameter, ϵ (d and i). In particular, magnetic deflections seem to play a role in the deformation of the proton VDF, but not for alpha particles. This feature confirms and expands the results discussed by Perrone et al. (2024). The kinetic properties related to switchbacks we observed in this study are consistent with the detailed analysis performed in the case study. This suggests a typical behavior of the plasma when switchbacks are present. Finally, a clear linear correlation is recovered between z and the proton temperature anisotropy (e), with a change in the sign of T⊥/T∥ when strong magnetic deflections are observed. For alpha particles, instead, the correlation is weak and the VDF is more isotropic (j). These results suggest that switchbacks can affect the shape of the proton VDF (see ϵ and T⊥/T∥), while they can induce some mechanisms for preferentially heating heavy ions (see the total temperature). The noise in the alpha-particle signal needs to be taken into account.
2.3. Alfvénic content
Because switchbacks are characterized by a high degree of correlation between the radial components of the magnetic and the velocity field, we calculated the Alfvénicity by means of the Elsässer variables (Elsasser 1950),
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where v and b are the perturbations of the velocity and the magnetic field, respectively, and b is expressed in Alfvén units, (b = B/(4πρ)1/2, where ρ is the mass density). The Elsässer variables allowed us to separate the outward from the inward contribution in the solar wind Alfvénic fluctuations, where δv = ∓δb is expected: For a magnetic field directed outward with respect to the Sun, a negative correlation between velocity and magnetic fluctuations indicates a mode propagating away from the Sun, while a positive correlation represents a mode directed toward the Sun (Barnes & Hollweg 1974). When the magnetic field is directed toward the Sun, the correlation sign reverses with respect to the previous cases (Roberts et al. 1987a,b). In this way, z+ and z− always refer to outward and inward modes, respectively. Figure 3 shows for three different timescales, namely 10 (blue), 50 (red), and 100 (green) τ/τcp, where τcp is the proton cyclotron period, the normalized cross helicity, σC (a), defined as
[image: thumbnail](6)
	[image: thumbnail]	Fig. 3. Time evolution of the (a) normalized cross helicity, σC, and (b) the normalized residual energy, σR, computed at three different values of the timescale, τ/τcp, namely 10 (blue), 50 (red), and 100 (green). The filled yellow (green) bands and dashed vertical lines denote isolated (patch of) switchbacks, as in Figure 1.



where e+ and e− are the energies per unit mass associated with the Elsässer variables, namely the power spectra (Tu et al. 1984; Roberts et al. 1987b; Tu & Marsch 1995; Lucek & Balogh 1998), and the normalized residual energy, σR (panel b), defined as
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where ev and eb are the kinetic and magnetic energy per unit mass of the fluctuations, respectively. Because they are normalized quantities, σC and σR vary from −1 and +1, and they indicate the predominance of inward modes with respect to outward modes and the excess of magnetic or velocity fluctuation energies, respectively. An ideal Alfvén wave satisfies the following conditions: σC = ±1 and σR = 0, that is, equipartition between kinetic and magnetic energy (Bruno & Carbone 2013).
Panel a of Figure 3 shows the behavior of σC. It suggests that switchbacks, regardless of whether they are isolated or grouped (yellow and green bands, respectively), are characterized by values of σC very close to −1 at the three timescales we selected (from almost 2 minutes up to fraction of a hour). Therefore, we find that the magnetic and velocity field components within the switchbacks are highly anticorrelated and thus are an indication of Alfvénicity. At the borders of the switchbacks we selected in our interval, the degree of correlations between magnetic and velocity fluctuations decreases (i.e., |σC|< 1), probably because the radial magnetic field component varies rapidly. This is particularly true at timescales of ∼10 τcp, and it implies that switchbacks are regions of local alignment of v and b.
On the other hand, panel b Figure 3 shows the behavior of σR, where no equipartition between kinetic and magnetic energy is observed, as is instead expected for Alfvén waves. When a switchback occurs, σR < 1, and on average, an excess of magnetic energy at long timescales is observed within the entire interval, except at the very beginning. This result indicates that the emergence of magnetic structures is already well consolidated at ∼0.6 au (Bruno et al. 2007) and that switchbacks are characterized by this imbalance. No significant differences were found among different timescales and during switchbacks because the three curves in Figure 3 tend to almost overlap within the highlighted portions of the signal. Thus, this characteristic is persistent at all scales.
2.4. Structure functions and intermittency
To study the role played by switchbacks within the turbulent cascade, we used the structure functions Sq(τ) of the magnetic field, which are defined via the magnetic field increments at a certain timescale τ,
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with i = r, t, n, and the brackets indicate the time average. In order to infer the contribution of the magnetic deflections to the turbulent transfer of magnetic energy, we modified the original dataset by removing magnetic field fluctuations associated with switchbacks that showed values of z higher than the threshold we selected. The new dataset was interpolated. The switchbacks represent ∼1.3% of the entire time series. Possible spurious effects due to the interpolation procedure are therefore negligible. It is worth pointing out that removing the switchbacks from the dataset is the only approach that can be used to study the difference in the turbulent properties with or without these magnetic deflections in the interval. The second-order structure functions as well as intermittency cannot be computed within each single switchback because in order to have a statistical meaning, these quantities must be evaluated over intervals of at least a few correlation lengths (the correlation length is about 10 minutes).
Figure 4 shows the second-order structure functions for the radial (blue line), tangential (red), and normal (green) components of the magnetic field. The structure functions calculated for the three components of the interpolated magnetic field (ns) are also shown in Figure 4 by dashed lines. While structure functions do not exhibit significant changes for the tangential and normal components, a significant variation can be detected in the radial component (the y axis is in log scale). This implies that even though large-amplitude magnetic field deflections represent almost 1% of the dataset, their contribution to the turbulent transfer of the magnetic energy is non-negligible. This mainly affects the radial field component.
	[image: thumbnail]	Fig. 4. Second-order structure functions for the radial (blue), tangential (red), and normal (green) components of the magnetic field. The dashed curves represent second-order structure functions calculated over the interpolated region after removing switchbacks.



The differences between the original and the switchback-cleaned datasets can be further enhanced by computing the fourth-order moment of the magnetic field increments, that is, the flatness (or kurtosis) Fi(τ). This measure also provides information about the intermittency level of the magnetic field fluctuations (Carbone et al. 2004; Bruno & Carbone 2016),
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where S2i(τ) and S4i(τ) are the second- and fourth-order structure functions, respectively. The flatness calculated for the radial (blue line), tangential (red), and normal (green) components of the magnetic field is reported in Figure 5. The dashed lines refer to Fi(τ) for the three components of the interpolated magnetic field (ns). The Gaussian level of 3 is indicated by the horizontal dash-dotted line. We highlight that the radial and normal component fourth-order moments are highly sensitive to large-amplitude magnetic deflections. Not only is the amplitude of the flatness lower when it is computed on the switchback-cleaned dataset, but the increase rate in Fi(τ) as a function of the timescale changes as well. In the original dataset, Fr(τ) and Fn(τ) increase more rapidly from large toward shorter timescales. This implies a higher intermittency level in the turbulent cascade in the presence of switchbacks. No significant changes are observed for Ft(τ). In addition, the fits calculated in the range of timescales (6 − 90)τcp show that the level of intermittency is in general greater for the tangential and normal components than for the radial component. This implies a higher level of inhomogeneity of the turbulent cascade in the components perpendicular to the radial direction, which is almost aligned with the mean field direction.
	[image: thumbnail]	Fig. 5. Flatness of the increments as a function of the timescale (τ) computed for the (a) radial, (b) tangential, and (c) normal components of the magnetic field. The dashed lines indicate the flatness calculated for the three components of the interpolated magnetic field (ns). The horizontal dash-dotted line corresponds to the Gaussian level of 3.



3. Summary
We have characterized turbulence properties that result from switchbacks and their contribution to the turbulent cascade in the rarefaction region of a slow Alfvénic stream observed by Solar Orbiter at 0.64 au. Switchbacks are detected as isolated structures, such as the structure described in detail by Perrone et al. (2024), or in well-localized patches, which are generated by two (or more) close switchbacks that can interact and produce strong fluctuations between them at smaller scales. In general, switchbacks appear as localized energetic events, and they span a broad range of timescales in magnetic and velocity fields. They cover a range from MHD to kinetic scales for the magnetic fluctuations. Because the resolution of the particle measurements is limited (i.e. 4 s), the available frequency range for the velocity fluctuations only covers MHD scales.
We selected switchbacks by taking into account the threshold in the normalized deflection measure that clearly separates two peaks in its PDF (Perrone et al. 2024). The identification of a suitable threshold in the switchback selection is crucial for a correct interpretation of the statistical correlations. By expanding the results described by Perrone et al. (2024) to a statistical analysis, we found that switchbacks appear to be characterized, as expected, by a clear correlation with spikes in the ion speed, which is due to their Alfvénic nature. Regardless of whether they are isolated or grouped, the MHD region is characterized by a high anticorrelation between the magnetic and velocity field components. However, kinetic and magnetic energy are not equipartitioned, as expected in case of Alfvén waves. This suggests that the emergence of magnetic structures (Bruno et al. 2007) is already well consolidated at 0.64 au. A good degree of correlation was also found with the densities of protons and alpha particles. This feature suggests wave activity (Stix 1992). However, the most interesting features are observed in the quantities related to the heating and deformation of the ion VDFs. By confirming the results for a single case study (Perrone et al. 2024), we found that protons and alpha particles react differently to the switchbacks. Proton VDFs appear to be highly deformed during strong magnetic deflections (high values of ϵp and anisotropic temperature). Alpha particles are more isotropic within these magnetic structures. However, we found an indication of a certain correlation with increasing alpha particle temperature. Therefore, the statistical correlations suggest that switchbacks can play a role in the preferential heating of heavy ions.
Finally, although the switchbacks in this interval represent only 1.3% of the entire time series, they contribute strongly to the turbulent cascade. The second-order structure function of the radial component significantly changes when it is calculated for the original dataset and for the switchback-cleaned dataset, which implies that these deflections carry a non-negligible fraction of magnetic energy in the cascade. When we computed the fourth-order moment, which quantifies the degree of intermittency in the turbulent cascade, the switchbacks not only maintained a far higher flatness than the Gaussian threshold of 3, but the increase rate of this quantity as a function of the timescale was higher than when we removed large-amplitude magnetic field deflections. This is particularly clear again in the radial direction, as expected. Thus, the degree of inhomogeneity of the turbulent magnetic energy transfer is strongly influenced by the switchbacks. More solar wind samples need to be investigated in order to draw a more robust conclusion of the switchback role in the turbulent cascade. Their effect on heavy ions likewise needs to be confirmed.
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All Figures
	[image: thumbnail]	Fig. 1. (a) Dimensionless normalized deflection, z. The dashed horizontal orange line indicates z = 0.18, which we used as the threshold to select switchbacks in this interval (see Perrone et al. 2024, for details). (b) Logarithmic contour plots of the local intermittency measure (LIM) of the total magnetic fluctuations and of the total proton (c) and alpha (d) velocity fluctuations. The curved lines at each side of the plots indicate the cones of influence. (e) Non-Maxwellian parameter, ϵ, for protons (green) and alpha particles (violet). (f) Temperature anisotropy for protons (green) and alpha particles (violet) with respect to the background magnetic field, evaluated over the entire interval. The filled yellow (green) bands and dashed vertical lines denote isolated (a patch of) switchbacks.
In the text



	[image: thumbnail]	Fig. 2. Scatter plots of the z parameter as a function of density (a and f), radial velocity (b and g), temperature (c and h), ϵ (d and i), and temperature anisotropy (e and j) for protons (top) and alpha particles (bottom). The orange dots show the values over the threshold z* for which the Pearson correlation coefficient, Rp, is also provided.
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	[image: thumbnail]	Fig. 3. Time evolution of the (a) normalized cross helicity, σC, and (b) the normalized residual energy, σR, computed at three different values of the timescale, τ/τcp, namely 10 (blue), 50 (red), and 100 (green). The filled yellow (green) bands and dashed vertical lines denote isolated (patch of) switchbacks, as in Figure 1.
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	[image: thumbnail]	Fig. 4. Second-order structure functions for the radial (blue), tangential (red), and normal (green) components of the magnetic field. The dashed curves represent second-order structure functions calculated over the interpolated region after removing switchbacks.
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	[image: thumbnail]	Fig. 5. Flatness of the increments as a function of the timescale (τ) computed for the (a) radial, (b) tangential, and (c) normal components of the magnetic field. The dashed lines indicate the flatness calculated for the three components of the interpolated magnetic field (ns). The horizontal dash-dotted line corresponds to the Gaussian level of 3.
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        Time evolution of the (a) normalized cross helicity, σC, and (b) the normalized residual energy, σR, computed at three different values of the timescale, τ/τcp, namely 10 (blue), 50 (red), and 100 (green). The filled yellow (green) bands and dashed vertical lines denote isolated (patch of) switchbacks, as in Figure 1.
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        Flatness of the increments as a function of the timescale (τ) computed for the (a) radial, (b) tangential, and (c) normal components of the magnetic field. The dashed lines indicate the flatness calculated for the three components of the interpolated magnetic field (ns). The horizontal dash-dotted line corresponds to the Gaussian level of 3.
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