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Abstract

:

Solar wind turbulence dominated by large-amplitude Alfvénic fluctuations, mainly propagating away from the Sun, is ubiquitous in high-speed solar wind streams. Recent observations performed in the inner heliosphere (from 1 AU down to tens of solar radii) have proved that also slow wind streams show sometimes strong Alfvénic signatures. Within this context, the present paper focuses on a comparative study on the characterization of Alfvénic turbulence in fast and slow solar wind intervals observed at 1 AU where degradation of Alfvénic correlations is expected. In particular, we compared the behavior of different parameters to characterize the Alfvénic content of the fluctuations, using also the Elsässer variables to derive the spectral behavior of the normalized cross-helicity and residual energy. This study confirms that the Alfvénic slow wind stream resembles, in many respects, a fast wind stream. The velocity-magnetic field (v-b) correlation coefficient is similar in the two cases as well as the amplitude of the fluctuations although it is not clear to what extent the condition of incompressibility holds. Moreover, the spectral analysis shows that fast wind and Alfvénic slow wind have similar normalized cross-helicity values but in general the fast wind streams are closer to energy equipartition. Despite the overall similarities between the two solar wind regimes, each stream shows also peculiar features, that could be linked to the intrinsic evolution history that each of them has experienced and that should be taken into account to investigate how and why Alfvénicity evolves in the inner heliosphere.
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1. Introduction


Solar wind turbulence is often found to be Alfvénic, i.e., in addition to displaying well-developed power laws in frequency (first observed by [1]), a high degree of magnetic field (b)-velocity field (v) correlations corresponding to waves propagating away from the Sun [2,3] is observed, typically in fast wind streams. Being the solutions of the magnetohydrodynamics (MHD) equations, Alfvén waves are characterized not only by v-b correlations but also by almost constant number density and magnetic field magnitude. More in general, the condition of quasi-incompressibility results in relative density fluctuations (computed as the RMS of the proton number density,   n p  , normalized to the average value),   δ  n p  /  n p   , smaller than the turbulent Mach number squared [4]. This comes directly from estimating the pressure fluctuations arising from the nonlinear interactions in the momentum equation and then assuming these fluctuations to be of the order of the density fluctuation times the sound speed squared [5]. The turbulent Mach number has been evaluated as the ratio of the RMS value of velocity fluctuations,   δ v  , and the sound speed,   c s   = (  2 γ k  T p  /  m p    )   1 / 2    , with  γ  the adiabatic index, set to 5/3 for the interplanetary plasma, k the Boltzmann constant,   T p   the proton temperature and   m p   the proton mass while factor 2 comes from taking the electron temperature equal to that for protons [6]. Moreover, for Alfvénic intervals, the RMS of the total magnetic field magnitude,   δ B  , fluctuates less than the RMS of the vector field components,   δ  b i   .



The Alfvénic content of the fluctuations is one of the differences distinguishing between fast and slow solar wind streams. Early studies showed that slow wind is characterized by more variable lower proton temperatures and higher density than the fast wind, which in turn is characterized by persistent particle distribution function thermal anisotropies [7]. Moreover, slow wind is usually described by more standard turbulence, characterized by power laws with Kolmogorov-type slopes [8], absence of outwardly propagating Alfvénic fluctuations, and larger density fluctuations [4]. However, [9] observed a peculiar slow solar wind at Helios 2 perihelion (around 0.29 AU), during the ascending phase of solar cycle 21, characterized by typical features observed in fast solar wind streams. Indeed, they found pronounced differential speeds between proton and alpha particle bulk flows and large proton temperature anisotropies along with the signature of Alfvénic fluctuations.



Alfvénic slow wind intervals were considered to be rare peculiar flows until measurements at the Lagrangian point L1 during solar maximum revealed a statistically significant occurrence of such streams [10]. The similarities with the fast wind were also investigated statistically based on a wide range of parameters at 1 AU at solar maximum [11,12] and were analyzed also at a solar minimum by studying the Helios data collected in the inner heliosphere [13,14]. As a consequence, the Alfvénic content of the fluctuations rather than the flow speed seems to be a good parameter to classify the solar wind ([15], and references therein). Moreover, the similar composition signatures found in both fast and Alfvénic slow wind [12] suggest a similar origin, that is coronal holes or more in general open field regions with strongly diverging and expanding field lines as the low-latitude coronal holes and the boundaries of the polar coronal holes, which are both regions of anomalous (greater than average) areal expansion of magnetic flux tubes near the Sun. Being a more detailed overview of the solar source of this solar wind regime out of scope, we redirect the reader to a recent review on the Alfvénic slow wind [15].



The previous studies have been confirmed by recent observations by Parker Solar Probe (PSP). During its first perihelion passage occurred in November 2018, PSP was located at a heliocentric distance around 0.16 AU and was embedded mainly in an Alfvénic slow wind except for brief periods [16,17,18]. Strong Alfvénic fluctuations were observed also in the other encounters, suggesting that Alfvénic fluctuations might dominate the nascent solar wind quite generally except for the immediate surroundings of the heliospheric current sheet.



More recently, Solar Orbiter also crossed an Alfvénic slow wind stream at a heliocentric distance of 0.64 AU [19], which was found to resemble a fast wind stream from many perspectives: from large-scale properties (e.g., the qualitative behavior of the speed profile), to small scales (e.g., the presence of waves with a well-defined magnetic helicity signature) and a similar solar source. In this regard, it is worth mentioning that the Alfvénic slow wind seems to be related to the presence of large-scale pseudostreamer configurations, that present a strong non-monotonic expansion of the open magnetic field lines. This would slow down the fast wind, setting the conditions for the development of the Alfvénic slow solar wind [20,21]. Whether both fast and slow wind originates from open field regions, something must account for the difference in speed of the two solar wind regimes. This is why the study of the Alfvénic slow wind may provide a better understanding of the more general problem of the origin and acceleration of the solar wind.



The Alfvénic content of solar wind fluctuations decreases with the heliocentric distance [22,23,24,25,26,27]. This evidence has been interpreted as an increase in the production of the inward modes within those regions such as stream shears where some plasma instability is active. On the other hand, ref. [28] noticed that the decrease of Alfvénicity is closely related to magnetic field and/or density enhancements most of the time, relating this behavior to a lack of Alfvénicity in the fluctuations rather than the local generation of inward modes [29,30]. The radial evolution of Alfvénicity has been investigated using mainly Helios observations of fast and slow wind streams at different heliocentric distances in the inner heliosphere and more recently using PSP observations. Although slow wind can be quite Alfvénic closer to the Sun [9,16], the Alfvénic content of this solar wind regime is rapidly lost when moving to 1 AU [31,32]. As a consequence, observing an Alfvénic slow wind at 1 AU is both unexpected and uncommon and represents a good opportunity to understand the evolution of Alfvénicity in the inner heliosphere.



The aim of this study is to perform a comparative study between different Alfvénic streams (fast and slow) at 1 AU by means of relevant parameters to characterize Alfvénic fluctuations. This is extremely important for interpreting future observations of the same solar wind regime in future observations performed in the coming years. Indeed, we are approaching solar maximum which is characterized by a predominance of this solar wind regime [11,33].




2. Data Selection


The data analysis is based on on-board plasma moments from the Three-Dimensional Plasma and Energetic Particle Investigation (3DP) and magnetic field data from the Magnetic Field Investigation (MFI) on board Wind both at a 3 s resolution, when the spacecraft was in the solar wind at 1 AU. Although magnetic field measurements are available at higher resolution (92 ms), a constrain is given by the resolution of plasma moments computed on board which is indeed 3 s. Although plasma parameters suffer from instrumental discretization at this time scale, this has no impact on lower frequencies’ power spectral density (as already discussed in [34]). We selected one representative (corotating) fast wind stream detected during the minimum of solar cycle 22 and three Alfvénic slow wind streams selected during the maximum of solar cycle 23 (see Table 1 for average bulk parameters). This is motivated by the fact that, although in previous studies e.g., [12], the fast wind used for comparison was selected at a maximum of solar activity because it was found close to the Alfvénic slow wind, it is more appropriate to compare the Alfvénic slow wind to more standard corotating fast wind streams frequently observed during solar minimum e.g., [31,33], characterized by more stable solar sources.



In this section, we compare the time series of the fast wind (labeled ‘F’) and those corresponding to the Alfvénic slow stream labeled ‘AS1’, taken as an example.



Figure 1 gives an overview of the fast (left) and Alfvénic slow wind (right). The different panels show the time series of relevant parameters: (a) and (f) solar wind bulk speed,   V  s w   ; (b) and (g) v–b correlation coefficient (  C  v b   ) computed using a sliding window at 30 min scale; (c) and (h) the ratio of the RMS of magnetic field fluctuations,   δ  b i    and the RMS of the magnitude,   δ B  ; (d) and (i) the relative density fluctuations (RMS of   n p   computed at 30 min scale normalized to the proton number density)   δ  n p  /  n p    (black) and the turbulent Mach number squared    ( δ v /  C s  )  2   (shaded red); (e) and (j) the proton number density,   n p   and the magnetic field magnitude, B. The RMS of all the above parameters were computed at 30 min scale which is a typical characteristic time where solar wind fluctuations show a strong Alfvénic character [35].



In particular, the left side of Figure 1 displays a typical fast wind stream with well-recognizable features: (i) a compression region (DoY 28–30) characterized by an increase in magnetic field intensity and number density which is a result of the interaction between fast and slow solar wind that marks the transition between the two solar wind regimes; (ii) the main portion of the stream (from DoY 30 to 35) showing high speed and large amplitude Alfvénic fluctuations, as we will discuss in the paper; (iii) a rarefaction region (from DoY 35 to 36) where velocity decreases and fluctuations have smaller amplitude. The speed profile (panel a) within the main portion of the stream exhibits large velocity variations, called microstreams [36,37,38] attributed to the in situ signature of reconnection jets, due to newly emerging brightpoint loops present in the chromospheric network [39]. This stream can be compared to the fast wind described in [34], showing similar features but with a different length characterizing each sub-interval. This might be related to a different way the spacecraft crosses the stream or to the intrinsic features of each stream.



  C  v b    (panel b) is a measure of the degree of Alfvénicity and its value changes when moving across the three regions described above. Indeed, while the compression region ahead of the stream is characterized by uncorrelated velocity and magnetic field components (  C  v b    with fast oscillations from negative to positive values), the highest values of   C  v b    correspond to the main portion of the stream. The rarefaction region is again characterized by no v-b correlations (apart from the interval DoY 36–36.5 showing some v-b correlations). The polarity inversion occurring during the last day of the interval clearly marks the passage to another solar wind regime.



A prominent feature of Alfvénic fluctuations in the presence of quasi-incompressible conditions, as explained in the introduction. We verified these conditions in panels c, d, and e. In the main portion of the stream, the following evidences stand: (i)   δ  b i  / δ B > 1   with values oscillating around 10 and, sometimes, as high as 40; (ii) although    ( δ v /  c s  )  2   significantly fluctuates, during DoY 31.5–33 the condition   δ  n p  /  n p  <   ( δ v /  c s  )  2    is satisfied (by considering also that the scale is logarithmic). However, there is not a perfect correspondence with the highest values of   C  v b    or with the occurrence of condition (i); (iii) number density and magnetic field magnitude are quite constant. It is worth noting that in the interval DoY 33–34,   C  v b    is less stable and oscillates,   δ  b i  / δ B   decreases but still remaining > 1, while   δ  n p  /  n p    becomes comparable with (  δ v /  c s    )  2    or even larger, in contrast with expectations.



The right side of Figure 1 shows an example of Alfvénic slow solar wind with a non-Alfvénic slow wind preceding it. The Alfvénic slow wind displays a speed profile very similar to that of the fast wind being characterized by a compression region (DoY 152.25–153.25, although not as clear as in the fast wind case), followed by the main portion of the stream (DoY 153.25–155.75) and then a rarefaction region (DoY 155.75–157.75), as already pointed out by [12]. Obviously, the absolute value of the speed is lower than the one in a fast stream, ranging between 400 and 500 km/s. A similar wind profile is seen also in other Alfvénic slow wind streams (as the ones selected in this analysis) and for instance also in the case study described by [34]. However, the presence of the rarefaction region is not common to all the Alfvénic slow streams analyzed so far, probably due to the way the spacecraft crosses the different streams. This is an issue deserving further investigation.



Panel (f) shows large velocity variations similar to the fast wind in the interval DoY 153.25 to 155.75 delimiting quite well the most Alfvénic part of the stream (high values of   C  v b   , panel g). At the same time,   δ  b i  / δ B > 1   (panel h) in the same interval while, remarkably,   δ  n p  /  n p    is comparable to    ( δ v /  c s  )  2  , rather than being lower, but in a reduced interval, say from 154 to 155.5 (panel i) which corresponds also to the largest velocity variations. Panel j, on the other hand, shows a quite constant number density while the magnetic field magnitude is more variable but quite constant in the interval 154–155.5. After DoY 155.5 (corresponding to the rarefaction region), the velocity spikes disappear abruptly, along with a decrease in the v-b correlation decrease, of   δ  b i  / δ B   which approaches 1 and   δ  n p  /  n p    much larger than    ( δ v /  c s  )  2  .



Finally, we note that, for both fast (left panels of Figure 1) and Alfvénic slow wind (right panels of Figure 1) regimes, in the main part of the stream when the amplitude of the fluctuations is the largest, the magnetic field intensity (bottom panel) remains relatively stable; this is a consequence of the Alfvénicity of the fluctuations and the low level of B variations associated to it.



These features suggest a clear similarity between the fluctuations in the Alfvénic slow and fast wind. However, it is remarkable that the incompressible conditions seem to be weak in certain Alfvénic streams as we will discuss in Section 4.



The results of this preliminary analysis on the behaviour of   C  v b   ,   δ  b i  / δ B   and   δ  n p  /  n p    compared to    ( δ v /  c s  )  2   motivated us to select the intervals indicated in Table 1 for the analysis performed in the following section.




3. Spectral Analysis


To characterize velocity and magnetic field fluctuations, we perform spectral analysis. To better highlight the similarities and differences of streams with different bulk speeds and average magnetic field magnitude, we compute normalized power spectra in a way similar to [34,40] to obtain the relative amplitude of the fluctuations vs. frequency, normalized to their respective fields (e.g.,   δ V ( f ) / < V >   and   δ B ( f ) / < B >   for relative velocity and magnetic field fluctuations, respectively). The amplitude of magnetic (velocity) fluctuations   δ B ( f )   (  δ V ( f )  ) at a given frequency were computed considering that   δ B ( f )   (  δ V ( f )  ) and the Fourier power spectral density    P B   ( f )    (   P V   ( f )   ) are linked by the following relationship:   δ B  ( f )  =   2 f  P B   ( f )      (analogously for velocity fluctuations).    P B   ( f )    and    P V   ( f )    were computed from the trace of the power spectral density of B and V components, respectively, after smoothing each spectrum over 7 points.   δ B ( f )   and   δ V ( f )   were then normalized to the corresponding average magnitude of the velocity or magnetic field in the selected interval, as shown in Figure 2. In the panels below, the fast wind case (red) is compared to each Alfvénic slow wind stream (blue) both for velocity (left) and magnetic field (right) fluctuations.



Figure 2 shows that the normalized power associated with the trace of magnetic and velocity fluctuations is comparable to results displayed in [34]. It is worth noting, however, that each interval has different spectral behavior. Interval ‘AS1’ is characterized by slightly larger velocity fluctuations and slightly lower magnetic field fluctuations.   δ V ( f ) / < V >   in interval ‘AS2’ superimposes on the same quantity related to the fast wind case while magnetic field fluctuations are slightly lower than the fast wind case. To conclude, the normalized spectra of V and B for interval ‘AS3’ are lower than the fast wind case. The result of this analysis and the ones in [34] suggest that, although the relative fluctuations in the Alfvénic slow wind are larger than in the typical slow wind, each stream has a typical signature. This consideration can be extended to fast wind streams as well.



We recall that   δ B ( f )   corresponding to the Kolmogorov scaling (   P B   ( f )   ∼  f  − 5 / 3   ), is   f  − 1 / 3    while the Kraichnan scaling (   P B   ( f )   ∼  f  − 3 / 2   ) is   f  − 1 / 4   , both included as dashed lines in panel (a) and (b). The two scalings are usually invoked to reproduce the slope of the turbulent inertial range [31] that results to be closer to   f  − 5 / 3    for the magnetic field and closer to   f  − 3 / 2    for the velocity [41,42,43,44]. However, observations by Voyager have shown that the power spectrum of velocity fluctuations evolves toward a Kolmogorov scaling at heliocentric distances larger than 1 AU [23]. The flattening observed at low frequencies corresponds to the   f  − 1    scaling, which has been interpreted as a saturated amplitude of the Fourier modes [40,45]. Although we do not intend to study in detail the location of the spectral break separating the   f  − 1    and the inertial range, we observe that it is located around   2  –  3 ×  10  − 4     Hz, in agreement with [34].



The Alfvénic content of the fluctuations can be investigated using the Elsässer variables [46], introduced for the first time in the analysis of interplanetary data by [4,47]. The Elsässer variables are defined as:    z ±  = v ± b  , where b is the magnetic field vector in Alfvén units, i.e.,   b = B /    μ 0  ρ    , with   μ 0   the vacuum magnetic permeability,  ρ  the mass density evaluated taking into account both protons and alpha particles as    m p   (  n p  + 4  n α  )    (with   n α   the alpha particles number density), and B the magnetic field vector. This definition refers to a background magnetic field pointing to the Sun, while    z ±  = v ∓ b   holds for the opposite polarity. With these definitions,   z +   always corresponds to an outward propagation (with respect to the Sun) while   z −   identifies inward-going fluctuations.



The total energy and the cross-helicity, which are invariants for the ideal Magnetohydrodynamic equations, can be expressed in terms of the Elsässer variables. In particular, we focus on the cross-helicity and derive the residual energy from the total energy. Indicating   e ±   as the energy (per unit mass) associated to   z ±   modes, and   e v   and   e b   the kinetic and magnetic energy (per unit mass), respectively, we can then define the normalized cross-helicity,    σ C  =  (  e +  −  e −  )  /  (  e +  +  e −  )   , and the normalized residual energy,    σ R  =  (  e v  −  e b  )  /  (  e v  +  e b  )    [48].   σ C   and   σ R   vary from −1 and +1, being normalized quantities. In particular,   σ C   indicates the balance between   z +   and   z −  , while   σ R   is a measure of the balance between kinetic energy and magnetic energy (in Alfvén units).   σ C   is equal to 1 (−1) if only the outward (inward) component is present, while absolute values below 1 correspond to a mixture of the two components and/or to non-Alfvénic fluctuations. The absence of magnetic (kinetic) fluctuations correspond to   σ R   equal to +1 (−1), while equipartition gives    σ R  = 0  . The v-b correlation coefficient   C  v b    is related to   σ C   by:    C  v b   =  σ C  /   ( 1 −  σ R 2  )     provided that    σ R  ≠ ± 1   or, in other words, if both kinetic and magnetic fluctuations are present [23,49]. Therefore,   C  v b    and   σ C   are coincident if    σ R  = 0   namely, if there is balance between magnetic and kinetic energy. For a given value of   C  v b    a departure from the equipartition of energy leads to a reduction of   σ C  . As a consequence, correlated v and b fluctuations of different amplitude (i.e., showing some energy imbalance) lead to    C  v b   = 1   and   0 <  σ C  < 1  .



In the present analysis, we computed the power spectral density of the trace of   z +   and   z −  , along with   e v   and   e b   and computed   σ C   and   σ R   in the frequency domain. Figure 3 shows the comparison between the fast (red) and the AS1 interval (blue), taken as an example. In particular, the top panel displays   σ C   vs. frequency, while the middle and bottom panels show the power spectra of   z +   and   z −   for the fast wind and the AS1 interval, respectively. It is worth noting that for frequencies below   10  − 3    Hz, the fast wind shows, in general, higher   σ C   (apart from a peak in AS1 at   3 ×  10  − 4     Hz) while for higher frequencies the behavior of   σ C   is more similar in the two cases. It must be noted that the decrease of   σ C   is linked to a flattening of   e −   rather than a decrease of   e +   (see middle and bottom panels).



Figure 4 shows similar plots for   σ R   (top panel),   e v   and   e b   in middle and bottom panels for for fast and AS1, respectively. Both cases show an imbalance in favor of the magnetic energy with values in the range −0.35 to −0.2 for AS1 and −0.2 to −0.1 for the fast wind in the frequency range between   3 ×  10 5    Hz and 0.04 Hz where   σ R   values are more stable, avoiding the high-frequency part of the spectrum. Indeed, it must be noted that the tendency of   σ R   to vanish and to an imbalance in favor of kinetic energy at higher frequencies is linked to a flattening of   e v  , related to instrument noise (for frequencies > 0.04 Hz), rather than a decrease of   e b  . These results basically suggest that the fast stream is closer to equipartition of energy.



To corroborate our results, besides the comparison between F and AS1, we also included a comparison of   σ C   and   σ R   spectra between the fast stream (red) and the three Alfvénic slow streams (blue, from top to bottom panel: AS1, AS2, and AS3 in Figure 5).



Figure 5 confirms the previous findings and clearly suggests that, although being these streams somehow similar, they also show some peculiarities related to each stream. While the behavior of   σ C   of AS2 overall is similar to the fast wind case, AS3 shows some frequencies below   10  − 3    Hz characterized by lower values of   σ C  . The common feature that groups the three Alfvénic slow wind streams is the behavior of   σ R  , showing always absolute   σ R   greater than the fast wind (larger energy imbalance), while fast wind is generally closer to energy equipartition.




4. Discussion and Concluding Remarks


In this study, we contributed to better characterize Alfvénic fluctuations in different solar wind streams comparing the behavior of different parameters. Alfvénic solar wind streams can be identified basically by correlations between velocity and magnetic field components (high v-b correlation coefficient) [2] in the presence of incompressible conditions [4]. We studied   C  v b    along with the time series of the proton number density and magnetic field magnitude, of the relative amplitude of the magnetic field fluctuations with respect to the fluctuations in the magnitude, and the relative density amplitude with respect to the turbulent Mach number squared, to establish if the incompressible condition is satisfied. While high values of   C  v b    and   δ  b i  / δ B > 1   are robust conditions to identify Alfvénic intervals, our results show that further investigation is needed in order to understand to what extent the condition   δ  n p  /  n p  <   ( δ v /  c s  )  2    holds in solar wind displaying large-amplitude Alfvénic fluctuations. Indeed, comparing our findings with the results of a preliminary investigation on   δ  n p  /  n p    and    ( δ v /  c s  )  2   in [15] for different Alfvénic intervals (fast and slow), we notice that the behavior of   δ  n p  /  n p    respect to    ( δ v /  c s  )  2   in the Alfvénic slow wind shown in that paper at 1 AU is more similar to the fast wind of the present paper. Remarkably, when moving to PSP’s first encounter, the two quantities are on average comparable in the selected interval. On the other hand, the dependence of this condition on the solar wind regime was investigated also by [4] using Helios data. In general, they found that the turbulent Mach number increases in fast flows and the relative amplitude of density fluctuations decreases to an order of magnitude lower, while the two quantities are comparable in the slower stream (which however are not Alfvénic). Similar results are found at two different scales.



The characterization of solar wind fluctuations can be performed by comparing the normalized power spectra for velocity and magnetic field. The result of this analysis along with the ones shown in [34] suggest that, although the relative fluctuations in the Alfvénic slow wind are larger than in the typical slow wind and then similar to those in the fast wind (in the same cases, the power of the fluctuations are superimposed), each stream has a typical signature. This remark stands also for different fast wind streams, not shown here.



In order to identify the scales that are Alfvénic we also studied the dependence of   σ C   on frequency. Most Alfvénic scales range from tents of minutes to hours in agreement with previous studies [35]. Ref. [23] showed a depletion of   σ C   for larger and larger time scales, that are then less and less Alfvénic. The depletion of the Alfvénic character of the outwardly propagating fluctuations, within the hourly frequency range, was investigated by [50] who suggested that a role might be played by the interaction between Alfvénic fluctuation with static structures or magnetosonic perturbations able to modify the homogeneity of the background medium on a scale size comparable with the wavelength of the fluctuations. This issue deserves further investigation. On the other hand, we observe a decrease of   σ C   for small scales (high frequencies) that depends on the flattening of   e −   rather than a decrease of   e +  .



Moreover, we studied the spectra of   σ R   to evaluate the energy balance of solar wind fluctuations at different scales. In principle,   σ R   should be close to 0 (indicating equipartition between kinetic and magnetic energy) in Alfvénic intervals. However, our findings showed that there is an imbalance in favor of the magnetic energy which is confirmed by previous studies. Indeed, [51] observed the same behavior in   σ R   (in terms of the Alfvén ratio   r A  , which is the ratio between kinetic energy and magnetic energy in Alfvén units,    e v  /  e b   , and linked to   σ R   by    (  r A  − 1 )  /  (  r A  + 1 )   ), a distance close to 1 AU using Helios data. Refs. [2,22,52] showed that   r A   is usually less than unit and reaches a limit value around 0.45 at some AU and then stabilizes [22,53], thus determining a limit value also for   σ R   around −0.38, well in agreement with our findings, although the fast wind stream is closer to energy equipartition than the Alfvénic slow wind intervals. The behavior of   σ R   to be different from 0 is still an open issue. Although numerical simulations predict    r A  < 1   [54,55] that may be due to the Alfvén effect [56] competing with a local dynamo effect [4,57,58], it would predict general values of    r A  ≠ 1   resulting also in a final excess of kinetic energy. Although corrections have been suggested to take into account the role played by the presence of alpha particles, or anisotropy in the thermal pressure [2] or the three fluid effects [59], these are not able to explain the observed depletion of   r A   thus suggesting that it might be due to a natural evolution of turbulence determining a state dominated by magnetic energy [4,55,60,61] or, it might be due to the high occurrence of magnetic structures as the ones described by [62].



Refs. [44,63,64] studied the scaling of the power spectra of the cross-helicity (   H c  =  e +  −  e −   ), the residual energy (   E r  =  e v  −  e b   ) and the total energy (   E  t o t   =  e v  +  e b   ) finding that while the slope of   E r   is close to −5/3, that of   E  t o t    and   H c   are much closer to −3/2. In particular, [63] found that the spectral index of   E  t o t    is a function of   σ C  , varying from roughly 5/3 when    σ C  ≈ 0   to approximately 3/2 when    σ C  ≈ 1  . Moreover, the same authors found that   E  t o t    and   H c   spectra are usually well correlated in the inertial range. We performed a similar analysis on F, AS1, AS2, and AS3 (not shown here) basically confirming these scalings. As highlighted by [64], the scaling of   E  t o t    is related to the residual energy of the solar wind. Indeed, correspondence is found between magnetically dominated intervals, with    σ R  ≈ − 1  , and steeper magnetic spectra. When    σ R  ≈ − 1  , the magnetic energy dominates the kinetic energy; accordingly, the total energy is approximately equal to the magnetic energy (close to 5/3). When there is equipartition between kinetic and magnetic energy, the scalings of kinetic and magnetic energy spectra are similar and the scaling of the total energy is close to 3/2. The same authors suggested that the observed difference between the spectral indices of velocity and magnetic field turbulent fluctuations is due to the presence of negative residual energy caused by intermittent events (e.g., current sheets) in the magnetic field that are not accompanied by signature in the velocity fluctuations. Within this context, the different residual energy characterizing fast and Alfvénic slow streams would suggest a different content of intermittent structures. This aspect should be further investigated since intermittency has not yet been studied in Alfvénic slow streams.



This study basically confirms similarities between fast and slow wind streams provided that the latter are Alfvénic. Moreover, the results of this paper suggest that, despite the similarities between fast wind and Alfvénic slow wind streams, each stream shows also peculiar features, that can be linked to the intrinsic evolution history that each of them has experienced and that should be taken into account. Since several questions remain still open, further studies are needed, aimed at investigating a larger number of Alfvénic streams and the dependence of the quantities studied in the paper on the scale.



The characterization of the Alfvénic turbulence in the Alfvénic slow wind is extremely important to interpret future observations of the same solar wind regime and, to a large extent, to improve our understanding of the general problem of solar wind acceleration. Although our results, compared to previous findings at 1 AU, suggest that the Alfvénic slow wind might undergo an evolution similar to the fast wind [65], with large amplitude Alfvénic fluctuations evolving towards a state of smaller amplitude and less Alfvénic fluctuations and growing magnetic energy excess [66], it is still unclear why the Alfvénic content of the fluctuations we find to be dominant close to the Sun (at Helios perihelion and closer to the Sun with PSP) in slow streams appear to be rapidly lost by 1 AU, in most cases, while surviving in other cases, e.g., [15].



This is why it is particularly relevant to study solar wind Alfvénicity with PSP and Solar Orbiter. While PSP will provide information on the solar wind in the immediate surroundings of the Sun, Solar Orbiter will contribute to identifying the solar source of the Alfvénic slow wind and the link with plasma properties in the interplanetary medium. Launched in August 2018 and February 2020, respectively, during the minimum of solar cycle 24, the two missions will indeed be in operation during the maximum of solar cycle 25 that is expected to peak between 2023 and 2026. This phase of the solar cycle is particularly interesting for our purpose since it is characterized by a higher incidence of the Alfvénic slow wind, as derived from previous studies, due to a higher occurrence of overexpanded open field regions on the solar surface. Future observations will then be crucial to study Alfvénic slow wind streams identified in alignments of the two spacecraft or same stream crossings by the same spacecraft for PSP [67]. The sampling of solar wind from the same solar sources at different radial distances or in consecutive solar rotations will help to elucidate how and why Alfvénicity in the solar wind evolves in the inner heliosphere.
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Figure 1. Time series of relevant parameters for a fast wind stream (left) and for an Alfvénic slow wind stream (right): (a,f) solar wind bulk speed,   V  s w   ; (b,g) v-b correlation coefficient,   C  v b   ; (c,h) relative magnetic field fluctuations respect to the fluctuations in the magnetic field magnitude,   δ  b i  / δ B  ; (d,i) relative density fluctuations,   δ  n p  /  n p    (black) and the turbulent Mach number squared,    ( δ v /  c s  )  2   (shaded red); (e,j) number density,   n p   (black) and magnetic field magnitude, B (red). The RMS of all the above parameters were computed at 30 min scale. The compression region, main portion of the stream and rarefaction region are indicated as green, orange and light blue dashed boxes, respectively. 
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Figure 2. Normalized power spectral density of the trace of velocity (a–c) and magnetic field fluctuations (d–f) for fast wind (red, labeled F) and Alfvénic slow wind intervals (blue, labeled AS1, AS2 and AS3). The Kraichnan and Kolmogorov power laws,   f  − 1 / 4    and   f  − 1 / 3   , respectively, are indicated as dashed lines. 
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Figure 3. (Top panel)   σ C  , vs. frequency referring to the main portion of the streams of the two solar wind intervals displayed in Figure 1, labeled F (red) and AS1 (blue), respectively. PSD of the trace of   z +   and   z −   modes (  e +   and   e −  , respectively) for the fast wind (middle panel) and for the Alfvénic slow wind (bottom panel). 
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Figure 4. (Top panel)   σ R  , vs. frequency referring to the main portion of the streams of the two solar wind intervals displayed in Figure 1, labeled F (red) and AS1 (blue), respectively. PSD of the trace of V and B (  e v   and   e b  , respectively) for the fast wind (middle panel, labeled F) and for the Alfvénic slow wind (bottom panel, labeled AS1). 
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Figure 5. (a–c) Normalized cross-helicity,   σ C   and (d–f) residual helicity,   σ R  , vs. frequency for the three Alfvénic slow wind streams (blue, labeled AS1, AS2 and AS3) compared to the fast wind (red, labeled F). 
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Table 1. Average bulk parameters of the solar wind bulk speed,   V  s w   ; proton number density,   n p  ; proton temperature,   T p  ; magnetic field magnitude, B, within each selected interval. The different time windows, corresponding to the most Alfvénic part of the streams, are labeled ‘F’ (fast wind) or ‘ASn’ (Alfvénic slow wind with n = 1, 2, 3) and are indicated with a year and DoY (Day-of-Year) format.
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	Label
	Year:DoY
	   V sw   

[km/s]
	   n p   

[cm     − 3    ]
	   T p   

   10 5    [K]
	B

[nT]





	F
	1995:

030.5–033.5
	644
	3.50
	2.52
	5.79



	AS1
	2002:

154.0–155.5
	453
	4.92
	1.82
	7.29



	AS2
	2001:

352.0–355.0
	422
	2.73
	1.03
	5.47



	AS3
	2000:

324.0–326.5
	387
	5.37
	1.11
	6.33
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